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SYNOPSIS

Campylobacter is a genus of microaerophilic, fas-
tidious, gram-negative, occasionally partially 

anaerobic, non–spore forming, motile bacteria with 
a characteristic spiral or corkscrew-like appear-
ance (1). Such morphology enables the bacteria to 
colonize the mucosal surfaces of the gastrointesti-
nal tract in humans and other animal species (2). In 
France, C. fetus is the most commonly isolated Cam-
pylobacter species, after C. jejuni and C. coli, found in 
fecal samples during diarrheal episodes in humans 
(3), and the leading species recovered from invasive 
infections, such as bacteremia and secondary local-
izations; both C. jejuni and C. coli have been identi-
fied in 43% of cases (4).

Earlier reports have revealed the incidence, 
clinical characteristics, and outcomes of bactere-
mia caused by C. fetus (4,5). Disease severity and 
risk for death from C. fetus systemic infection are of 
concern for clinicians; fatality rate is ≈15% (4,5). C. 
fetus is also known to have a predilection for vas-
cular endothelium, causing mycotic aneurysms, 
thrombophlebitis, endocarditis (including infec-
tions of prosthetic heart valves), and multivisceral 
complications (4–11). A bactericidal antimicrobial 
drug treatment based on use of a β-lactam (such 
as amoxicillin/clavulanic acid or a carbapenem) 
should be favored (4).

Using data for January 2000–December 2021, we 
conducted a retrospective observational and descrip-
tive study in Nord Franche-Comté Hospital, located 
in eastern France. Our primary objective was to de-
scribe clinical and paraclinical features (including 
antimicrobial susceptibility) in patients with C. fetus 
infections by comparing patients with and without 

bacteremia. Our secondary objective was to evaluate 
the risk factors for 30-day mortality in patients with 
bacteremia caused by C. fetus.

Patient consent was obtained by sending patients 
a letter informing them of the use of their medical 
data for research purposes and receiving no objection 
by 30 days later. Because of the retrospective nature 
of the study, with no patient involvement and use of 
already available data, the local Ethics Committee of 
Nord-Franche-Comte Hospital determined that pa-
tient consent was sufficient. The confidentiality of 
participant data has been respected in accordance 
with the Declaration of Helsinki.

Methods

Study Population and Design
Nord Franche-Comté Hospital has a capacity of 1,216 
beds across all sites. The Nord-Franche-Comté Hos-
pital practice has ≈100,000 visits to its emergency 
rooms and ≈3,600 deliveries per year (12,13). Our 
study included all adults (>18 years of age) with a C. 
fetus infection, defined by identification of C. fetus in 
a microbiological sample (blood, fecal, or other site 
culture) of hospitalized patients over a 21-year period 
(January 1, 2000–December 31, 2021).

Data Collection
We collected clinical data regarding demographic 
and baseline characteristics and underlying condi-
tions from patients’ medical records. We also extract-
ed laboratory and imaging findings, outcomes, and 
results of antimicrobial susceptibility to amoxicillin, 
amoxicillin/clavulanic acid, imipenem, gentamicin, 
azithromycin, doxycycline, and fluoroquinolones 
(ofloxacin and ciprofloxacin).

Definitions
We defined secondary localizations as a positive result 
on biopsy, graft, blood culture samples (or a combina-
tion of those) or evocative images on computed tomog-
raphy or 18F-fluorodeoxyglucose-positron emission to-
mography/computed tomography (18F-FDG PET/CT). 
Endocarditis, also considered as a secondary localiza-
tion, was defined by a positive valvular biopsy sample, 
blood culture, or both, associated with evocative imag-
es on echocardiography, 18F-FDG PET/CT, according 
to the European Society of Cardiology 2015 modified 
criteria for diagnosing infective endocarditis (14).

According to the Third International Consensus 
Definitions for Sepsis and Septic Shock (Sepsis-3) (15), 
adult patients with suspected infection can be rapidly 
identified as being more likely to have poor outcomes 
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Campylobacter fetus accounts for 1% of Campylobacter 
spp. infections, but prevalence of bacteremia and risk for 
death are high. To determine clinical features of C. fetus 
infections and risks for death, we conducted a retrospec-
tive observational study of all adult inpatients with a con-
firmed C. fetus infection in Nord Franche-Comté Hospi-
tal, Trevenans, France, during January 2000–December 
2021. Among 991 patients with isolated Campylobacter 
spp. strains, we identified 39 (4%) with culture-positive 
C. fetus infections, of which 33 had complete records 
and underwent further analysis; 21 had documented 
bacteremia and 12 did not. Secondary localizations were 
reported for 7 (33%) patients with C. fetus bacteremia, 
of which 5 exhibited a predilection for vascular infections 
(including 3 with mycotic aneurysm). Another 7 (33%) 
patients with C. fetus bacteremia died within 30 days. 
Significant risk factors associated with death within 30 
days were dyspnea, quick sequential organ failure as-
sessment score >2 at admission, and septic shock.



 C. fetus Invasive Infections and Risks for Death

typical of sepsis if they have >2 of the following clini-
cal criteria that together constitute a new bedside 
clinical score termed quick sequential (sepsis-related) 
organ failure assessment: respiratory rate of >22 min-
utes, altered mentation, or systolic blood pressure of 
<100 mm Hg.

Microbiological Diagnosis
Until November 2016, strains were identified to the 
species level by biochemical tests associated with 
culture conditions and antimicrobial susceptibility 
and then by matrix-assisted laser desorption/time-
of-flight ionization mass spectrometry methods 
(Microflex; Bruker Daltonics, https://www.bruker.
com). Antimicrobial susceptibility was determined 
by using the disk-diffusion method; we reinterpret-
ed susceptibility for this study according to guide-
lines of the Comité de l’Antibiogramme de la Société 
Française de Microbiologie (CA-SFM)/European 
Committee on Antimicrobial Susceptibility Testing 
(EUCAST) 2021 version 1. CA-SFM/EUCAST is a 
version of EUCAST translated into French and ad-
justed for practices in France (16). We considered an-
timicrobial treatment to be appropriate if the strain 
was susceptible to >1 of the drugs prescribed, ac-
cording to the CA-SFM/EUCAST recommendations 
(17). C. fetus is naturally resistant to third-generation 
cephalosporins, ticarcillin, and piperacillin, so we 
considered those drugs to be inappropriate. Some 
strains were tested by automated broth microdilu-
tion system (Vitek-2; bioMérieux, https://www.
biomerieux.com), and results could not be reinter-
preted according to current recommendations.

Data Analysis
Unless otherwise indicated, we expressed discrete 
variables as numbers and percentages and continu-
ous variables as mean/average, SD, and 95% CI. We 
performed comparisons among patients with and 
without C. fetus bacteremia by using a χ2 or Fisher 
exact test for qualitative variables and a Student t or 
Wilcoxon test for quantitative data. Risk factors for 
death are expressed as odds ratios (ORs), and sta-
tistical analysis was performed by using univariate 
logistic regression. We used a significance level of 
p>0.05 and performed all analyses by using R ver-
sion 4.2.1 (The R Project for Statistical Computing, 
https://www.r-project.org). We defined a signifi-
cant trend as p<0.06.

Results
We considered conventional methods to be the stan-
dard combined with matrix-assisted laser desorption/ 

time-of-flight ionization mass spectrometry identifi-
cation, which enabled us to identify 991 Campylobacter 
species. The main species found was C. jejuni (823 
[83%]), followed by C. coli (70 [7%]). The third most 
frequently found species was C. fetus (39 [4%]) and 
the fourth was C. upsaliensis (12 [1%]). Campylobacter 
species were not identified in 47 (5%) isolates.

During the study period, we identified 39 pa-
tients with culture-positive C. fetus infections; of 
those, 33 had complete records and underwent fur-
ther analysis, 21 with documented bacteremia and 12 
without (Figure 1). Among bacteremic patients, fecal 
cultures were negative for 20 (95.3%). For only 1 pa-
tient were simultaneous peripheral blood and stool 
cultures positive, isolating C. fetus, and that patient 
was included in the bacteremia group. With regard to 
patients without documented bacteremia, most (11 of 
12) isolates were from fecal samples; gastroenteritis 
was reported for 10 (83%) patients, of which 9 had 
liquid diarrhea. Peripheral blood cultures were per-
formed for 8 (66%) of 12 patients without document-
ed C. fetus bacteremia and were negative.

Demographic and Epidemiologic Data
The mean prevalence of C. fetus infection was 1.5 
cases/year. During the study, the highest incidence 
rate was noted in 2011 (6 [18%] cases) (Figure 2). 
The mean age of the study population was 73 (SD 
18) years, and male patients (54%) were predomi-
nant. Patients with C. fetus bacteremia were older 
than patients without bacteremia, but the differ-
ence was not significant (77 [SD 16] vs. 66 [SD 19] 
years; p = 0.12). Immunosuppression was more fre-
quent in patients with C. fetus bacteremia, and the 
trend was significant (52% [11/21] vs. 16% [2/12]; 
p = 0.06); malignancy/cancers were the leading 
cause (7/21 [33%]). Among the 21 patients with 
bacteremia, the main underlying conditions were 
cardiovascular disease (15 [71%]), diabetes mel-
litus (7 [33%]), renal failure (6 [29%]), and pros-
thetic heart valves (4 [19%]); no significant differ-
ence compared with patients without documented 
C. fetus bacteremia was noted. Not represented by 
our study population were pregnancy, contact with 
livestock, poultry consumption, and similar cases 
in the household (Table 1).

Clinical Features, Laboratory Data, and Imaging Findings
The predominant clinical sign was fever; no sig-
nificant difference was found between the 2 groups 
(62% [13/21] vs. 73% [8/11]; p = 0.7). Gastrointes-
tinal signs/symptoms were more common among 
patients with no bacteriemia (abdominal pain, 58% 
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vs. 19%; p = 0.052; diarrhea, 75% vs. 24%; p = 0.009); 
the difference was significant. At admission, aver-
age leukocyte count was higher for patients with C. 
fetus bacteremia (13,550 [SD 7.57] cells/mm3) than 
without bacteremia (9,950 [SD 3.31] cells/mm3); the 
difference was not significant (p = 0.076). C-reactive 
protein level was equivalent in both groups (116 [SD 
93] mg/L vs. 120 [±52] mg/L; p = 0.9). Transthoracic 
echocardiography (TTE) and 18F-FDG PET/CT were 
performed for 3 bacteremic patients. TTE indicated 
1 case of prosthetic valve endocarditis and revealed 
typical oscillating vegetation. 18F-FDG PET/CT con-
firmed the diagnosis of mycotic aneurysm in 3 other 
patients (Table 1).

Secondary Localizations
Secondary localizations were exclusively observed in 
one third of patients with C. fetus bacteremia (7/21 
[33%]; p = 0.03). A predilection for vascular infections 
was noted for 5 patients (3 with mycotic aneurysm, 
2 with percutaneous implantable port-related infec-
tion/thrombophlebitis), and 1 had endocarditis, and 
1 had septic arthritis (Table 2).

Therapeutic Management and Outcomes
Among 29 patients receiving antimicrobial therapy, the 
most commonly used drug was amoxicillin/clavulanic 
acid (12 [41%]). The most common choice for treating 
C. fetus bacteremia was dual-regimen therapy (8/20 
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Figure 1. Flowchart of patient enrollment in study of Campylobacter fetus invasive infections and risks for death, Nord Franche-Comté 
Hospital, France, 2000–2021.

Figure 2. Distribution over time 
of bacteremia in 33 patients with 
Campylobacter fetus infection, 
Nord Franche-Comté Hospital, 
France, 2000–2021.
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Table 1. Baseline characteristics, clinical features, and laboratory, and imaging findings for patients with Campylobacter fetus 
infections, Nord Franche-Comté Hospital, Trévenans, France, 2000–2021* 

Characteristics All patients, n = 33 

Patients without 
documented C. fetus 
bacteremia, n = 12† 

Patients with 
documented C. fetus 
bacteremia, n = 21 p value 

Baseline      
 Sex    0.7 
  M 18/33 (54) 6/12 (50) 12/21 (57)  
  F 15/33 (45) 6/12 (50) 9/21 (43)  
 Age, y (SD) 73 (18) 66 (19) 77 (±16) 0.12 
 Underlying comorbidities 27/33 (82) 8/12 (67) 19/21 (90) 0.2 
  Immunosuppression 13/33 (39) 2/12 (16) 11/21 (52) 0.06 
   Malignancy/cancers 8/33 (24) 1/12 (8.3) 7/21 (33) 0.2 
   Transplantation 0/33  0/12 0/21   
   Cirrhosis 1/33 (3.0) 0/12  1/21 (4.8) >0.9 
   HIV infection 0/33  0/12  0/21   
   Connective tissue disease‡ 3/33 (9.0) 1/12 (8.3) 2/21 (9.5) >0.9 
   Other§ 1/33 (3.0) 0/12 (8.3) 1/21 (29) >0.9 
  Prosthetic heart valves  8/33 (24) 4/12 (33) 4/21 (19) 0.4 
  Renal failure  7/33 (21) 1/12 (8.3) 6/21 (29) 0.2 
  Diabetes mellitus  12/33 (36) 5/12 (42) 7/21 (33) 0.7 
  Cardiovascular disease¶  20/33 (61) 5/12 (42) 15/21 (71) 0.14 
 Recent abdominal surgery  1/33 (3.0) 0/12 1/21 (4.8) >0.9 
 Pregnancy  0/33  0/12  0/21  

 

 Contact with livestock/cattle  0/31  0/11  0/20 
 

 Poultry consumption  0/31  0/11  0/20  
 

 Recent travel#  1/31 (3.2) 1/11 (9.1) 0/20  0.4 
 Similar cases in household/entourage  0/31  0/11  0/20  

 

 Recent abdominal trauma injury  4/31 (13) 2/11 (18) 2/20 (10) 0.6 
 Transmission or contamination, food or pet 2/31 (6.5) 0/11 2/20 (10) 0.5 
Clinical features     
 Fever  21/32 (66) 8/11 (73) 13/21 (62) 0.7 
 Headache  1/32 (3.1) 0/11  1/21 (4.8) >0.9 
 Asthenia/anorexia  16/33 (48) 4/12 (33) 12/21 (57) 0.3 
 Abdominal pain  11/33 (33) 7/12 (58) 4/21 (19) 0.052 
 Confusion  8/31 (26) 2/10 (20) 6/21 (29) >0.9 
 Dyspnea, respiratory rate >22 cycles/min  8/31 (26) 1/10 (10) 7/21 (33) 0.2 
 Hypotension, systolic pressure <100 mm Hg 7/31 (23) 1/10 (10) 6/21 (29) 0.4 
 qSOFA score     0.4 
  0 20/31 (65) 8/10 (80) 12/21 (57)  
   1 3/31 (10) 1/10 (10) 2/21 (10)  
   2 6/31 (19) 0/10  6/21 (29)  
   3 2/31 (6.5) 1/10 (10) 1/21 (4.8)  
 Sepsis: qSOFA ≥2 8/31 (26) 1/10 (10) 7/21 (33) 0.22 
 Diarrhea, n = 33     
  Total 16/33 (48) 10/12 (83) 6/21 (29) 0.004 
  Liquid 14/33 (42) 9/12 (75) 5/21 (24) 0.009 
  Bloody 2/33 (6.1) 1/12 (8.3) 1/21 (4.8) >0.9 
Laboratory and imaging findings     
 Leukocyte count, cells/mm3 (SD); reference  
 range 4,000–10,000 cells/mm3 

12,387 (6,665) 9,949 (3,307) 13,548 (7,571) 0.076 

 CRP, mg/L (SD), reference range <5 mg/L 118 (79) 120 (52) 116 (93) 0.9 
 Peripheral blood culture     
  No. (SD) NA NA 2.52 (1.63) NA 
  Negativation, d (SD) NA NA 2.89 (3.14) NA 
Transthoracic echocardiography**  4/32 (12) 1/11 (9.1) 3/21 (14) >0.9 
18F-FDG PET/CT  3/32 (9.4) 0/11 (0) 3/21 (14) 0.5 
*Values are no./total (%) except as indicated. Boldface indicates p<0.05 or a significant trend defined by p<0.06. Blank cells for p values indicate no p 
value was calculated. 18F-FDG PET/CT, 18F-fluorodeoxyglucose-positron emission tomography/computed tomography; CRP, C-reactive protein; qSOFA, 
quick sequential organ failure assessment; NA, not applicable.  
†Campylobacter fetus was isolated from 11 fecal cultures and from 1 bile fluid culture; only 1 patient had simultaneous positive peripheral blood and fecal 
cultures in which C. fetus was isolated with the same antimicrobial testing susceptibility pattern. 
‡All patients with connective tissue diseases (bacteremia; n = 2) had multiple sclerosis. 
§Defined by hematologic diseases, long-term steroid therapy, or immunomodulatory treatment. 
¶Defined by cardiac failure, arrhythmia, coronary heart disease, stroke, peripheral arterial obstructive disease and thromboembolic disease. 
#28-y-old patient sought care for bloody diarrhea without fever 8 d after a travel in Spain. 
**The 3 patients who underwent transthoracic echocardiography were different patients than those who underwent 18F-FDG PET/CT. No patient had both 
endocarditis and mycotic aneurysm. 
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[40%]). Amoxicillin/clavulanic acid was prescribed 
for 7 (88%) of 8 patients with bacteremia treated with 
dual-regimen therapy. We found no significant dif-
ference in mean duration of treatment between the 2 
groups (9 [SD 8] vs. 5 [SD 5] days; p = 0.2). Five pa-
tients underwent surgery, including 4 with bacteremia 
(2 for mycotic aneurysm, 1 for prosthetic valve endo-
carditis, and 1 for septic arthritis). Four patients were 

transferred to an intensive care unit for septic shock. 
Two patients experienced a relapse with fever as the 
main clinical sign after 26 and 50 days; 1 patient died 
of septic shock during the second episode.

Antimicrobial Susceptibility Testing
Among patients with C. fetus bacteremia, the rate of 
resistance was 10% (2/20) to both amoxicillin and 
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Table 2. Secondary localizations, therapeutic management, and outcomes of patients with Campylobacter fetus infections among 
patients with and without bacteremia, Nord Franche-Comté Hospital, Trévenans, France, 2000–2021* 

Characteristics 
All patients,  

n = 33 

Patients with no  
C. fetus bacteremia, 

n = 12 

Patients with  
C. fetus 

bacteremia, n = 21 p value 
Secondary localizations†     
 Site infection     
 Total  7/33 (21) 0/12  7/21 (33) 0.03 
 Mycotic aneurysm  3/33 (9.0) 0/12  3/21 (14.3) 0.28 
 Endocarditis  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
 Infection associated with a medical device  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
 Thrombophlebitis  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
 Bone or joint infection  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
 Skin or soft tissue/abscesses  0/33 (0) 0/12  0/21 (0) NA 
 Meningitis  0/33 (0) 0/12 0/21 (0) NA 
Antimicrobial therapy     0.6 
 Amoxicillin 0/29 (0) 0/9  0/20 (0)  
 Amoxicillin–clavulanic acid 12/29 2/9 10/20 (50)  
 Imipenem 2/29 (6.9) 0/9  2/20 (10)  
 Gentamicin 3/29 (10) 0/9) 3/20 (15)  
 Azithromycin 1/29 (3.4) 1/9 (11) 0/20 (0)  
 Ciprofloxacin 3/29 (10) 2/9 (22) 1/20 (5.0)  
 Other 11/29 (38) 3/9 (33) 8/20 (40)  
No. antimicrobial drugs/patient     0.065 
  0 4/29 (17) 2/9 (22) 2/20 (10)  
  1 11/29 (38) 5/9 (56) 6/20 (30)  
  2 10/29 (34) 2/9 (22) 8/20 (40)  
  3 4/29 (14) 0/9  4/20 (20)  
Dual-therapy regimens      
 Amoxicillin/clavulanic acid + gentamicin 3/10 (30) 0/2  3/8 (38)  
 Amoxicillin/clavulanic acid + azithromycin 1/10 (10) 0/2  1/8 (12)  
 Amoxicillin/clavulanic acid + ciprofloxacin 2/10 (20) 0/2  2/8 (25)  
 Amoxicillin/clavulanic acid + doxycycline 3/10 (30) 2/2 (100) 1/8 (12)  
 Imipenem + gentamicin 1/10 (10) 0/2  1/8 (12)  
 Treatment duration, d (SD) 8 (8) 5 (5) 9 (8) 0.2 
Outcomes and mortality rates     
 Long-term complications, n = 33     
  Total  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
  Aneurysmal rupture/aortic dissection  1/33 (3.0) 0/12  1/21 (4.8) >0.9 
  Acute coronary syndrome  0/33 (0) 0/12  0/21 (0) NA 
  Irritable bowel syndrome  0/33 (0) 0/12 0/21 (0) NA 
  GBS (polyradiculoneuritis)  0/33 (0) 0/12  0/21 (0) NA 
 Surgery‡ 5/31 (16.1) 1/10  4/21 (19) 0.6 
 Relapse§ 2/33 (6) 0/12  2/21 (9.5) 0.5 
 Transfer to intensive care  4/33 (12) 0/12  4/21 (19) 0.3 
 Septic shock  4/33 (12) 0/11  4/21 (19) 0.3 
 Infection-related mortality 6/29 (21) 1/8 (12) 5/21 (24) 0.6 
 30-day mortality rate¶ 10/33 (30) 3/12 (25) 7/21 (33) 0.9 
*Values are no./total (%) except as indicated. Boldface indicates p<0.05 or a significant trend defined by p<0.06. Blank cells for p values indicate no p 
value was calculated. GBS, Guillain-Barré syndrome; NA, not applicable. 
†Mycotic aneurysm (n = 3) with infectious native aortic aneurysm (n = 2); prosthetic aortic valve and a positive culture of the aneurysm after surgery (n = 
1); prosthetic valve endocarditis (n = 1) with typical oscillating vegetation (15 mm) confirmed by transthoracic echocardiography; abdominal aorta 
thrombophlebitis (n = 1); hematogenous medical device infection with a percutaneous implantable port-related infection (n = 1); osteoarticular (n = 1) with 
glenohumeral shoulder arthritis and a positive culture of the articular fluid after surgery, suggesting a contiguous infection. 
‡Four patients with bacteremia caused by C. fetus underwent surgery: mycotic aneurysm (n = 2), endocarditis (n = 1), and septic arthritis (n = 1). 
§Two patients exhibited a relapse with fever after 26 and 50 d; the second patient died of septic shock during the second episode. The first patient 
received ciprofloxacin orally for 5 d, and the second patient received IV vancomycin for 7 d. 
¶Among the 7 bacteremic patients who died, 2 died in the context of evolutive/expanding malignancy (independently of the bacteremia). 
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azithromycin and 33% (6/18) to fluoroquinolones. No 
resistance to amoxicillin/clavulanic acid, imipenem, 
and gentamicin was noted (Table 3).

Mortality Rate
The global 30-day mortality rate was estimated at 30% 
(10/33); no significant difference between the 2 groups 
was noted (33% [7/21] vs. 25% [3/12]; p = 0.9) (Figure 
3). Seven (33%) patients with C. fetus bacteremia died 
within 30 days. Among them, 2 patients died of evolu-
tive/expanding neoplasia, independent of the C. fetus 
bacteremia. Significant risk factors associated with the 
30-day mortality rate were dyspnea (OR 15.0, 95% CI 
1.9–186.4; p = 0.017), quick sequential organ failure as-
sessment score at admission >2 (OR 4.9, 95% CI 1.6–
21.9; p = 0.012), and septic shock (OR not applicable; p 
= 0.006). Protective factors were initial prescription of 
amoxicillin–clavulanic acid (OR 0.09; 95% CI 0–0.75; p 
= 0.05) and use of dual antimicrobial therapy (OR not 
applicable; p = 0.001) (Table 4).

Discussion
The most commonly detected cause of Campylobacter 
bacteremia is C. fetus (5,6). However, cohorts or large 
case series exclusively involving patients with C. fetus 
bacteremia remain scarce. C. fetus is usually isolated 
from blood samples and is less frequently associated 
with enteritis (18,19). The Campylobacteremia Study 
(4), a retrospective multicentric study of Campylo-
bacter spp. bacteremia in France, also showed that one 
of the regions with the highest rate of Campylobacter 
spp. infection is the Franche-Comté region. 

Our study comprised 33 patients with C. fetus infec-
tion; the 21 patients with bacteremia were older than the 
patients without bacteremia, in keeping with data in the 
literature and previous reports. According to the medi-
cal literature of patients with Campylobacter bacteremia 
in one of the largest retrospective cohorts (n = 592), pa-
tients were elderly (median age 68 years) and most had 
underlying conditions, mainly immunosuppression  

(4). In our cohort, immunosuppression was more fre-
quent among patients with bacteremia caused by C. fe-
tus than among with patients with no bacteremia; the 
trend was significant (p = 0.06). The leading cause was 
malignancy or cancer (33%) (1,20). Two patients with 
documented C. fetus bacteremia had systemic sclero-
sis, which seems to be a predisposing condition among 
connective tissue diseases (1,21). Pacanowski et al. (5) 
showed that, compared with patients with bacteremia 
caused by other Campylobacter species, patients with C. 
fetus bacteremia were older and had underlying comor-
bidities (e.g., cardiovascular diseases, diabetes mellitus). 
That finding is consistent with our results and those of 
other reports (20,22).

Among patients with C. fetus bacteremia, one 
third exhibited secondary localizations with a predi-
lection for vascular infections. A recent multicenter 
study in France (252 patients with C. fetus bactere-
mia) found that 11.5% patients had vascular local-
ization and 4.4% had endocarditis (6). In our study 
population, we found more vascular localizations but 
less endocarditis. However, secondary endovascular 
localizations were not systematically searched and 
might have been underdiagnosed.
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Table 3. Antimicrobial resistance of Campylobacter fetus strains isolated from patients with and without bacteremia, Nord Franche-
Comté Hospital, Trévenans, France, 2000–2021* 

Antimicrobial tested 
All patients, no. (%), 

n = 33 

Patients with no C. fetus 
bacteremia, no. (%),  

n = 12 

Patients with 
C. fetus bacteremia, 

no. (%), n = 21 
 

p value 
Amoxicillin† 3/28 (10.7) 1/8 (12) 2/20 (10) 0.3 
Amoxicillin–clavulanic acid 0/28 0/8  0/20  
Imipenem 0/28  0/8  0/20   
Gentamicin 0/27  0/8  0/19   
Azithromycin 2/29 (6.9) 0/9  2/20 (10) >0.9 
Fluoroquinolones: ofloxacin and ciprofloxacin‡ 8/27 (30) 2/9 (22) 6/18 (33) 0.7 
Doxycycline 7/29 (24) 1/9 (11) 6/20 (30) 0.4 
*Values are no. resistant/no. tested (%) except as indicated. Blank cells for p values indicate no p value was calculated. 
†Susceptibility to amoxicillin was intermediate (susceptible with high doses) for 2 strains. 
‡Susceptibility to ofloxacin and ciprofloxacin was the same for all strains. 

 

Figure 3. Kaplan-Meier survival curve for 33 patients with 
Campylobacter fetus infection, with and without bacteremia, Nord 
Franche-Comté Hospital, France, 2000–2021. Dashed lines 
indicate 95% CIs.
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In our study, TTE and 18F-FDG PET/CT were 
each performed for only 14% of patients with bacte-
remia, which is a major limitation. We suggest per-
forming those radiologic examinations early for pa-
tients with C. fetus bacteremia (6,23). Late radiologic 
examination may partially explain the high mortal-
ity rate among patients with aneurysm rupture or 
endocarditis.

One of the major problems associated with C. fetus 
infection is empiric treatment. Infection with those fas-
tidious bacteria is uncommon, and recommendations 
for treatment of bacteremia are lacking. The standard 
choice for empiric treatment of Campylobacter spp. 
enteritis remains fluoroquinolones and macrolides 
(18). However, in our cohort, 33% of bloodstream 
isolates were resistant to fluoroquinolones, and 10% 
were resistant to azithromycin. No strain was resis-
tant to amoxicillin/clavulanic acid, aminoglycoside, 
or imipenem. The initial empiric treatment should be 
dual antimicrobial therapy (including amoxicillin/
clavulanic acid or imipenem with an aminoglyco-
side) (6,22,24). In our cohort, all dual-therapy regi-
mens consisted of amoxicillin/clavulanic acid (7/8 
[88%]) or imipenem (1/8 [12%]) with a second agent. 
We conclude that initial prescription of amoxicillin/
clavulanic acid and use of dual antimicrobial therapy 
were protective factors. Failure to administer appro-
priate antimicrobial therapy is strongly associated 
with fatal outcomes (4,5). 

Other independent risk factors for death were 
immunosuppression, cancers, and surgery (5,6). In 
our cohort, risk factors for death within 30 days after 
C. fetus bacteremia were dyspnea, quick sequential  

organ failure assessment score at admission >2, and 
septic shock. We found no significant difference 
between survivors and nonsurvivors with regard 
to antimicrobial therapy duration (p = 0.8), which 
could be explained by the longstanding clinician 
behavior of avoiding short antimicrobial regimens, 
even for patients who have positive fecal cultures 
without bacteremia.

In our cohort, the mortality rate was high (33% of 
patients with C. fetus bacteremia). It should be noted 
that among those 7 patients, 2 died in the context of 
evolutive/expanding malignancy and 1 died in the 
context of recurrent bacteremia with septic shock. In 
addition, 3 of 7 bacteremic patients who died were 
receiving 3 antimicrobial drugs, which suggests that 
in some cases, the number of antimicrobial drugs may 
have been a marker of illness severity.

Among the limitations of our study were the ret-
rospective method used and the limited number of 
patients. A prospective study might confirm and sup-
port our results. As we previously mentioned, sec-
ondary localizations are probably underdiagnosed 
because of lack of knowledge of this disease and 
therefore nonperformance of investigations.

In summary, we found that C. fetus bacteremia 
mainly affects patients who are elderly, are immu-
nocompromised, or have underlying conditions. 
Infections are associated with high mortality rates, 
especially if no dual antimicrobial therapy includ-
ing amoxicillin/clavulanic acid is prescribed. For pa-
tients with bacteremia caused by C. fetus, screening 
for secondary localizations may be warranted by per-
forming TTE and 18F-FDG PET/CT.
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Table 4. Risk factors for death within 30 d after Campylobacter fetus bacteremia, Nord Franche-Comté Hospital, Trévenans, France, 
2000–2021* 
Variable Total, n = 21 Survival, n = 14 Death, n = 7 p value†  OR (95% CI) 
Dyspnea, respiratory rate >22 cycles/min 7/21 (33) 2/14 (14) 5/7 (71) 0.017 15.0 (1.9–186.4) 
qSOFA score     0.017 NA 
 0 12/21 (57) 11/14 (79) 1/7 (14) 

 

 1  2/21 (10) 1/14 (7.1) 1/7 (14) 
 

 2 6/21 (24) 2/14 (14) 4/7 (57) 
 

 3 1/21 (4.8) 0/14  1/7 (14) 
 

qSOFA score    0.012 4.9 (1.6–21.9) 
 Sepsis: qSOFA score >2 7/21 (33) 2/14 (14) 5/7 (71) 0.021 13.7 (1.7–171.4) 
 Septic shock  4/21 (19) 0/14  4/7 (57) 0.006 NA 
 Transfer to intensive care  4/21 (19) 0/14  4/7 (57) 0.006 NA 
Treated with amoxicillin/clavulanic acid  10/21 (48) 9/14 (64) 1/7 (14) 0.05 0.09 (0.0–0.75) 
Antimicrobial drugs/patient     0.001 NA 
 0 3/21 (14) 0/14 3/7 (43) 

 

 1 6/21 (29) 5/14 (36) 1/7 (14) 
 

 2 8/21 (38) 8/14 (57) 0/7  
 

 3 4/21 (19) 1/14 (7.1) 3/7 (43) 
 

Antimicrobial drugs/patient, median 1.6 1.7 1.4 0.519 0.7 (0.2–1.9) 
Infection-related mortality  5/21 (24) 0/14 5/7 (71) 0.001 NA 
*Values are no./total (%) except as indicated. Blank cells for p values indicate no p value was calculated. qSOFA, quick sequential organ failure 
assessment; NA, not applicable; OR, odds ratio.  
†p<0.05 indicates significance. 
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Monkeypox virus, which causes mpox, is the most 
medically concerning member of the genus Or-

thopoxvirus. Monkeypox virus is related to the variola 
virus, the etiologic agent of smallpox before its eradi-
cation. Mpox has caused illness and death in endemic 
countries of Central and West Africa, where it infects 
thousands of persons annually. In 2022, a global out-
break of mpox occurred that has resulted in >87,000 
infections, most of which have occurred in nonen-
demic countries (1). We describe a case of stillbirth 

caused by congenital mpox after transplacental trans-
mission that occurred in the Democratic Republic of 
the Congo (DRC) in 2008. Although some aspects of 
this case have been previously reported (2–4), the on-
set of the 2022–2023 global mpox outbreak prompted 
reevaluation of the case for additional placental and 
perinatal pathology information.

Methods
To examine the clinical and epidemiologic aspects of 
monkeypox virus, the Institut National de Recherche 
Biomédicale (Kinshasa, DRC) and the US Army Med-
ical Research Institute of Infectious Diseases jointly 
designed and conducted a prospective study at the 
Kole Hospital in Kole, located in the Sankuru District 
of Kasaï-Oriental Province in DRC (2). The Kole Hos-
pital is the sole health facility in the region where per-
sons infected with mpox are hospitalized and treated. 
The region is rural and consists of areas of savanna 
and tropical rainforest with interspersed traditional 
agricultural fields. The inhabitants are members of 
a subtribe of the Nkutu (or Okutshu) ethnic group 
and are mostly hunters and subsistence farmers who 
are depend on wildlife, predominantly monkeys 
and rodents, for their main source of protein. The in-
habitants reside in small villages of <100 persons in 
clearings and have a communal lifestyle composed 
of extended family groups of <15 persons living in 
simple wattle and daub houses. Because participants 
for the study were not actively recruited, some mpox 
cases might have occurred in the region but not been 
included in the study, and other cases might not have 
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We report the autopsy pathology findings of a 21-week 
stillborn fetus with congenital mpox syndrome that oc-
curred in the Democratic Republic of the Congo in 2008. 
The fetus acquired mpox from the mother after intrauter-
ine transplacental monkeypox virus transmission. We 
confirmed monkeypox virus infection in the mother, fetus, 
and placenta by using a monkeypox virus–specific quan-
titative PCR. Subtyping of the virus was not performed, 
but the mother and fetus were almost certainly infected 
with the clade I variant that was endemic in the Demo-
cratic Republic of the Congo at the time. Risk for intra-
uterine infection appears to differ between virus clades, 
but clinicians should be aware of potential for intrauterine 
monkeypox virus transmission among pregnant persons 
during ongoing and future mpox outbreaks.



Congenital Mpox in Stillborn Fetus, DRC, 2008

been detected because the relative isolation of the re-
gion limits access to medical care and hospitalization.

As part of the original study, in 2008, a 22-year-
old G3P2 pregnant person was seen at 19 weeks’ ges-
tation. She was well-nourished and had a positive 
malaria status but had no allergies or obstetric-related 
underlying conditions. At enrollment, the mother had 
moderate mpox with a maculopapular rash and lesion 
count of 113, accompanied by fever and submandibu-
lar lymphadenopathy, but no genital lesions. Mpox 
infection was confirmed by quantitative PCR (qPCR). 
She had become febrile at 18 weeks’ gestation and 
had mpox viremia confirmed by virus-specific qPCR. 
Two weeks after enrollment, she noted absence of fe-
tal movement, which was confirmed both clinically 
and by 2 sequential obstetrical ultrasounds, leading 
to diagnosis of intrauterine fetal death. 

Maternal viremia rose rapidly from 102 to 106 vi-
ral copies/mL over a 3-day period after cessation of 
fetal movement. Transcutaneous amniocentesis was 
positive for mpox virus. Labor was induced by using 
oxytocin. After membrane rupture, a 21-week gesta-
tion stillborn female fetus was delivered vaginally. 
Umbilical vein blood was positive for mpox virus 
by qPCR. Oral and written autopsy consent was ob-
tained in the native language from the mother, per 
the study protocol, which included photography and 
use of all body specimens, including tissue samples, 
for further study and publication. After the delivery, 
the mother was monitored in the hospital; although 
depressed, she recovered from the mpox infection 
and was discharged to home in good health. She was 
well when she returned for her 75-day postpartum 
follow-up visit.

Fetal Autopsy
The fetal autopsy was performed in a surgical operat-
ing suite at the Hôpital General du Référence in Kin-
shasa. The lighting was suboptimal for photography, 
and equipment for measuring organ weights and 
taking dictation was not available. Photographs of 
the fetus were taken by using a digital Stylus 790 SW 
camera (Olympus, https://explore.omsystem.com).

The female fetus was macerated and had an esti-
mated weight of 300–350 g. Body measurements were 
crown-heel length 27 cm, crown-rump length 16 cm, 
arm span 20 cm, head circumference 17–18 cm, and 
abdominal circumference 30 cm. The outer canthal 
distance and interpupillary distance were normal. 
No evidence of either symmetric or asymmetric fe-
tal growth restriction was noted. The fetus displayed 
nonimmune hydrops fetalis, an abnormal accumula-
tion of fluid in >2 body areas. The eyelids were closed 

and appeared swollen and edematous. The skin of 
the scalp and face showed multiple distinctive pale 
pink to white maculopapular lesions (pox) involving 
the right nostril, upper mid-lip, forehead, right cheek, 
and temporoparietal regions of the scalp. The lesions 
on the head were not as well developed as lesions 
on other parts of the body. Many maculopapular le-
sions, varying from 0.3–0.5 cm in size, were noted on 
the skin of the extremities, including the soles of the 
feet and palms of the hands bilaterally, back, chest, 
shoulders, abdomen, and buttocks (Figure 1). Many 
of the lesions were bright red surrounded by white 
halos, and some had superficial ulcerations. Results 
of internal organ examination were unremarkable ex-
cept for the liver, which demonstrated hepatomegaly 
and measured 8 × 6 × 4 cm (Figure 2, panel A). No 
pox lesions were noted on any surfaces of the inter-
nal organs of the chest or abdomen. Ascites was pres-
ent and was sampled for viral analysis. The placenta 
was examined at the time of autopsy, was of normal 
shape, and weighed ≈250 g. The maternal surface was 
abnormal, showing multiple punctate hemorrhages 
varying from 0.4–0.8 cm in diameter (Figure 2, panel 
B). The amniotic surfaces of the umbilical cord, extra-
placental membranes, and placental disc had no pox-
like lesions.

Microscopic Findings
Because fetal organs had extensive postmortem autol-
ysis, the only slides available for histological exami-
nation were from the fetal skin, liver, and placenta. 
We stained those formalin-fixed specimens by using 
immunohistochemistry with vaccinia virus antibod-
ies. Because vaccinia virus is also an orthopoxvirus 
agent, its antibodies have strong cross-reactivity to 
monkeypox virus. Strong immunohistochemical pos-
itivity for poxvirus was detected in the skin, liver, and 
placental tissues. In particular, the placenta was re-
evaluated by a perinatal pathologist during the global 
2022–2023 mpox outbreak. It demonstrated extensive 
and diffuse positive staining of villous stromal cells 
that were consistent with Hofbauer cells, the native 
population of villous macrophages (Figure 3). Those 
cells were increased in number within the chorionic 
villi, a finding termed Hofbauer cell hyperplasia. 
We searched for Guarnieri bodies, intracytoplasmic 
inclusions consisting of aggregates of orthopoxvirus 
virions often seen in infected epithelial cells, but none 
were definitively identified.

Viral Analysis
Results of quantitative PCR testing for monkeypox 
virus were positive from multiple samples: fetal  
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organs, skin lesions, sterile peritoneal fluid, umbilical 
cord blood, and placenta. Tissue obtained from the 
fetus at autopsy had 1.7 × 107 genome copies/mL, the 
placenta had 2.4 × 107 genome copies/mL, and fetal 
blood obtained from the umbilical cord vein blood 
had 2.5 × 107 genome copies/mL. During autopsy, 
sterile peritoneal fluid was obtained from the fetus 
and found to contain 1.6 × 103 genome copies/mL of 
monkeypox virus. Although subtyping of the virus 
was not performed, the mother and fetus were almost 
certainly infected with the clade I mpox variant that 
was endemic in DRC at the time.

Discussion
Most of our knowledge of the effects of mpox in preg-
nancy is derived from investigations reported as part 
of the Kole Human Monkeypox Infection Study in the 
Sankuru Province of DRC during March 2007–July 
2011 (2,3). Among a cohort of 222 symptomatic mpox 
patients (36% female, 64% male) who were seen at the 
General Hospital of Kole in DRC, 4 were pregnant 
persons with mpox infection. One pregnancy resulted 
in birth of an uninfected healthy infant, 2 pregnan-
cies resulted in first trimester miscarriage, and the 
fourth pregnancy (described in this report) resulted 

in intrauterine fetal death at 21 weeks’ gestation. Un-
fortunately, no information is available on the other 2 
stillborn fetuses, except that both mothers had active 
mpox disease. 

A case of suspected congenital mpox occurred in 
DRC in the 1980s, in which a pregnant woman devel-
oped a rash, was confirmed to have mpox, and subse-
quently delivered a live-born 24-week gestation neo-
nate, who at the time of delivery exhibited a generalized 
rash that was consistent with mpox (5). In Nigeria, fetal 
losses associated with maternal mpox infection during 
2017–2018 were reported at 16- and 21-weeks’ gesta-
tion, but no fetal studies were performed (6,7).

The microscopic findings in the placenta of our 
case were remarkable, consisting of diffuse and in-
tense immunohistochemical positivity for orthopox-
virus antigen in villous stromal cells that were consis-
tent with Hofbauer cells and virus-positive staining 
in the skin and liver. No definitive Guarnieri bodies 
were identified. Unlike in cases of smallpox, in which 
those intracytoplasmic aggregates of viral material 
often were identified, much less is known regarding 
their occurrence in monkeypox-infected tissues, but 
similar structures have been identified in infected cu-
taneous lesions (8).
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Figure 1. Cutaneous lesions on 
a stillborn fetus with congenital 
mpox after placental monkeypox 
infection and intrauterine 
transmission, Democratic 
Republic of the Congo, 2008.  
A) Buttocks; B) right upper arm; C) 
right shoulder and back; D) palm 
of left hand (arrow); E) plantar 
surface of left foot (arrow).
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This report adds additional details to the previ-
ously published autopsy pathology findings on a 
stillborn fetus with confirmed congenital mpox syn-
drome (2,4). This case report adds new information 
on confirmed fetal intrauterine mpox infection and 
serves as an example of the characteristic macroscop-
ic presentation of congenital mpox. The occurrence of 
cutaneous pox lesions diffusely extant on all parts of 
the body is similar that those seen in cases of congeni-
tal smallpox infection before its eradication (4). The 
finding of poxvirus antigen staining within the chori-
onic villi of the placenta in this stillborn fetus is indic-
ative of intrauterine transplacental transmission and 
is similar to that seen in placentas from viral TORCH 
(an acronym for toxoplasmosis, other agents, rubel-
la, cytomegalovirus, and herpes simplex) infections, 
including cytomegalovirus, Zika virus, and SARS-
CoV-2 (9–11). As with those viral diseases, the chori-
onic villi of the placenta in our case were found to be 
infected, providing a potential pathway for crossing 
the maternal–fetal interface. The death of the fetus in 
this case was the result of infection with monkeypox 
virus clade I (formerly the Congo Basin clade). Risk 
for adverse perinatal outcomes appears to differ de-
pending on virus clades. According to published lit-
erature, clade I virus has a 75% perinatal fatality rate 
(2). In contrast, at least 58 cases (likely more) of preg-
nant women infected with mpox occurred during the 
2022–2023 global mpox outbreak, but no confirmed 
cases of fetal infection or intrauterine transmission 
were reported (4,12,13). 

Phylogenetic analysis identified the 2022–2023 
mpox outbreak strain to be an offshoot of the clade II 
(West African) virus and that it had sufficient novel 

mutations to be classified as a new subclade, clade 
IIb (14). The absence of perinatal disease from clade 
IIb corresponds to the <0.1% overall case-fatality rate 
among nonpregnant persons (13,15). Clade IIb has 
produced less severe disease than have the mpox 
clade I or IIa variants (13), but the large predomi-
nance of men who have sex with men that were in-
fected during the 2022–2023 outbreak might also play 
a role. The difference in perinatal death between the 
various mpox clades might be analogous to the differ-
ences in the frequency of miscarriage and stillbirth as-
sociated with differing variants of SARS-CoV-2 dur-
ing the COVID-19 pandemic (16).
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Figure 2. Evidence of congenital 
mpox syndrome from a stillborn 
fetus after placental monkeypox 
infection and intrauterine 
transmission, Democratic 
Republic of the Congo, 2008. 
A) Marked hepatomegaly 
demonstrating liver twice normal 
size for gestational age, ascites, 
and hydrops. B) The maternal 
surface of the placenta had 
numerous discrete punctate 
hemorrhages. 

Figure 3. Immunohistochemistry of placenta from a stillborn fetus 
after placental monkeypox infection and intrauterine transmission, 
Democratic Republic of the Congo, 2008. Microscopic findings 
show diffuse and intense positive staining for orthopoxvirus antigen 
in Hofbauer cells in the chorionic villi. Immunohistochemistry with 
antibody to vaccinia virus counterstained with hematoxylin and 
eosin. Original magnification ×10.
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In conclusion, we report a case of fetal death after 
placental infection and intrauterine transmission of 
monkeypox virus clade I in the Democratic Republic 
of the Congo in 2008. Risk for intrauterine infection 
appears to differ between virus clades. Nonetheless, 
clinicians should be aware of potential for placental 
infection and intrauterine transmission of monkey-
pox virus among pregnant persons during ongoing 
and future mpox outbreaks.

Opinions, interpretations, conclusions, and  
recommendations are those of the authors and are not nec-
essarily endorsed by the US Army or US Department  
of Defense.
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Streptococcus pyogenes, or group A Streptococcus 
(GAS), causes a wide spectrum of disease rang-

ing from superficial skin infection and pharyngitis to 
invasive infections, such as sepsis, empyema, necro-
tizing fasciitis, meningitis, osteomyelitis, and septic 
arthritis (1). GAS is responsible for the toxin-medi-
ated complications of scarlet fever and streptococcal 
toxic shock syndrome, as well as the postinfectious 
sequelae rheumatic fever and poststreptococcal  
glomerulonephritis (2).

Primary peritonitis is defined as a bacterial infec-
tion within the peritoneal cavity in the absence of as-
cites or an intraabdominal source of infection, such 
as appendicitis (3,4). Primary peritonitis is an uncom-
mon manifestation of invasive GAS (iGAS) disease; 
a 2016 report found it accounted for 4.6% of children 
with iGAS in Finland (5). Pediatric primary peritoni-
tis itself is rare, reportedly accounting for 1%–3% of 
children experiencing acute abdomen (sudden onset 
of severe abdominal pain), and is most commonly 
caused by S. pneumoniae, gram-negative organisms, 
and staphylococcal species (3).

In late 2022, the United Kingdom, United States, 
Australia, and several countries in Europe reported 
unexpectedly high rates of iGAS and scarlet fever, 
particularly in children <10 years of age (6–10). Rates 
of iGAS in the United Kingdom during this period 
are reported to be higher than in the years before the 
COVID-19 pandemic (2017–2019) and substantially 
higher than those reported during 2020–2021 (11). 
With increased GAS circulation, media coverage, and 
heightened community awareness, clinicians globally 
should be aware of the vast spectrum of invasive dis-
ease caused by GAS, including primary peritonitis.

In New Zealand, iGAS disease is not notifiable 
to Public Health authorities (12). Surveillance relies 
on individual laboratories sending clinically rel-
evant iGAS isolates to the Institute of Environmen-
tal Science and Research (ESR) for typing (13). The 
most recent ESR report (2016) describes an iGAS in-
cidence of 9.0/100,000 population in New Zealand;  

rates were inequitably high among New Zealand 
Māori (23.5/100,000 population) and Pacific peo-
ples (73.9/100,000 population) compared with rates 
among persons of European or other ethnicities 
(4.3/100,000 population) (13). Incidence of iGAS is 
highest in children <1 year of age (13). Although 
ESR laboratory surveillance provides some informa-
tion on the burden of iGAS in New Zealand, its pas-
sive nature suggests that reported rates are likely to 
be an underestimate.

Consistent with the high burden of iGAS dis-
ease in children in New Zealand, clinicians at Star-
ship Children’s Hospital in Auckland have observed 
that GAS is a major cause of primary peritonitis in 
the pediatric population. We evaluated the incidence, 
clinical features, and management of children admit-
ted to this tertiary pediatric center with GAS primary 
peritonitis during January 1, 2010–June 30, 2022, to 
provide a better understanding of the clinical features 
of GAS primary peritonitis in a contemporary setting 
with a high burden of iGAS disease. In addition, we 
reviewed and compared identified cases with reports 
in the English language literature.

Methods
We performed a retrospective observational study 
of children admitted to Starship Children’s Hospital 
with GAS primary peritonitis during January 1, 2010–
June 30, 2022. Starship Children’s Hospital is a tertia-
ry hospital with a surgical department that primarily 
serves Auckland and northern New Zealand. It con-
tains the country’s only pediatric intensive care unit 
(PICU), and complex cases from across New Zealand 
are frequently transferred to the facility for surgical 
management.

We included children <15 years of age who had 
primary peritonitis, defined as bacterial infection 
within the peritoneal cavity in the absence of asci-
tes or an intraabdominal source of infection either 
confirmed on abdominal imaging (typically free in-
traabdominal fluid and peritoneal enhancement with 
small bowel dilation and bowel wall thickening) (14) 
or operative findings (free fluid in the abdomen with-
out intraabdominal or gynecological pathology) (3); 
and from whom GAS had been isolated from culture 
or molecular methods from blood culture, peritoneal 
fluid, peritoneal tissue, or intraoperative peritoneal 
swab samples (3,4). We excluded children with peri-
tonitis secondary to preexisting ascites or an indwell-
ing peritoneal dialysis catheter or device; children in 
whom an intraabdominal source of infection, such as 
a perforated viscus, acute appendicitis, or gyneco-
logical pathology, had been identified; or in whom  
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Group A Streptococcus (GAS) primary peritonitis is a 
rare cause of pediatric acute abdomen (sudden onset 
of severe abdominal pain); only 26 pediatric cases have 
been reported in the English language literature since 
1980. We discuss 20 additional cases of pediatric pri-
mary peritonitis caused by GAS among patients at Star-
ship Children’s Hospital, Auckland, New Zealand, during 
2010–2022. We compare identified cases of GAS pri-
mary peritonitis to cases described in the existing pediat-
ric literature. As rates of rates of invasive GAS increase 
globally, clinicians should be aware of this cause of unex-
plained pediatric acute abdomen. 
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another bacterial cause of primary peritonitis had 
been identified, by culture or molecular method, from 
any of blood culture, peritoneal fluid, peritoneal tis-
sue, or intraoperative peritoneal swab sample.

A.T. reviewed electronic notes, imaging, opera-
tive findings, and microbiology of all possible cases to 
determine whether persons met the study criteria. A 
multidisciplinary team of the remaining authors then 
discussed possible cases; the team consisted of  pedi-
atric surgeons, pediatric infectious disease specialists, 
and a clinical microbiologist.

We reviewed 4 data sources for case ascertain-
ment. The first source was Pediatric Infectious Dis-
eases (ID) daily handover lists from the Starship Pedi-
atric ID service inpatient consultation service, which 
are Microsoft Word documents stored in a password-
protected folder on the Starship hospital server. They 
are manually updated each day by the Starship Pedi-
atric ID team with a summary of all active referrals, 
including patient diagnosis and relevant microbiol-
ogy. We searched all handover lists during the study 
period were electronically searched for the terms 
“peritonitis,” “group A Streptococcus,” “GAS” and/
or “Streptococcus pyogenes.” Second, we searched for 
codes from the International Classification of Diseas-
es, 10th Revision (ICD-10), from discharge summa-
ries of patients at Starship Children’s Hospital dur-
ing the study period for primary diagnosis peritonitis 
or acute peritonitis (codes K65.-, P78.0, P78.1, N73.3, 
N73.4, N73.5, K35.2, K35.3, K57.0-, K57.2-, K57.4-, K57. 
8-), with or without secondary group A streptococcus 
(codes B95.0, A40.0). Third, we requested national 
reference laboratory data from the New Zealand ESR 
for children <15 years of age with iGAS isolates sent 
from LabPLUS (Starship Hospital laboratory service) 
for emm typing. All laboratories in New Zealand are 
asked to send clinically relevant iGAS isolates to ESR 
for typing. Clinically relevant iGAS isolates are de-
fined as GAS from a normally sterile body site (e.g., 
blood, cerebrospinal fluid, pleural fluid, peritoneal 
fluid, synovial fluid) consistent with the US Centers 
for Disease Control and Prevention definition of 
iGAS (13). Last, we reviewed LabPLUS microbiology 
data for children with GAS culture–positive or molec-
ular test–positive peritoneal or abdominal aspirates, 
tissue, or peritoneal swab samples and GAS-positive 
blood cultures.

We subsequently conducted a review of the 
English literature from 1980 onward using PubMed 
and the search terms “streptococcus pyogenes” 
[MeSH] OR “group A streptococc*” OR “strepto-
coccal infection* OR “invasive GAS” OR “invasive 
group A streptococc*” AND primary peritonitis 

[MeSH]. We identified additional cases by review-
ing references and citations of articles identified 
from the initial PubMed search. We excluded cas-
es in which a primary etiology of peritonitis (e.g., 
peritoneal dialysis, gynecological or abdominal pa-
thology) had been identified. 

This study received Auckland Health Research 
Ethics Committee approval (AH24823). We per-
formed data collection and descriptive analyses using 
Microsoft Excel.

Results
We identified 253 possible cases at the hospital dur-
ing the study period. Of those, 20 cases met the 
study inclusion criteria for GAS primary peritoni-
tis (Appendix Table, http://wwwnc.cdc.gov/EID/
article/29/11/23-0211-App1.pdf). Only 2/20 (10%) 
were identified from all 4 data sources and 5/20 (20%) 
were notified to ESR by LabPLUS. We compared pa-
tient demographics and clinical features to features 
described in previous case reports (Table).

Ethnicity was recorded as New Zealand Māori for 
3/20 (15%) children and Pacific peoples for 8/20 (40%) 
children. Comorbidities were present in 3 children: 1 
child was born at 29 weeks’ gestation with hypoxic 
ischemic encephalopathy, 1 had suspected immuno-
deficiency, and 1 child had a periodic fever syndrome.

Median symptom duration before admission 
was 3.5 days (range 1–8 days). We reviewed clini-
cal notes to identify possible skin or pharyngeal 
sources. A possible skin source was identified in 
5/20 (25%) children; sources were a foot wound 
with cellulitis, a leg wound with cellulitis, vaginal 
erythema and discharge, groin cellulitis, and scro-
tal erythema with discharge. Skin swab samples 
were culture-positive for GAS in 4/5 children with 
possible skin sources. One child was documented 
as having pharyngitis the week before admission, 
although no throat swab sample was collected. Al-
though the presence of skin or pharyngeal infection 
in household contacts was infrequently document-
ed, 1 child’s father had confirmed GAS pharyngitis 
the week before the child’s hospitalization.

Of the 22 cases identified as primary peritonitis 
on ICD-10 codes, 13/22 had positive microbiology. 
GAS was cultured from 11/22 (50%). One case each 
of S. pneumoniae and S. anginosus primary peritonitis 
was identified.

A total of 19/20 cases of GAS primary peritoni-
tis were culture-positive for GAS from blood or in-
traoperative peritoneal samples. In 3/19 cases, GAS 
was cultured from blood or peritoneal samples at the 
original hospital before the patient was transferred to 
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Starship Hospital. In 7/20 cases, both blood culture 
and peritoneal culture were GAS-positive (on tissue, 
aspirate, or intraoperative swab sample). Two of 20 
cases were blood culture–positive and peritoneal cul-
ture–negative. Half (10/20) were peritoneal culture–
positive and blood culture–negative. No patients 
were identified by molecular methods.

We included 1 patient despite negative blood 
and peritoneal cultures because intraoperative and 
imaging findings were consistent with primary peri-
tonitis and because GAS was cultured from a swab 
sample of vaginal discharge taken at admission. That 
patient had 2 intraoperative peritoneal swab samples 
(obtained after antimicrobial treatment) that were 
culture-negative but demonstrated gram-positive 
cocci. No molecular method could be performed on 
the swabs. It was the multidisciplinary team’s con-
sensus opinion that this patient should be included as 
a probable case of GAS primary peritonitis.

One quarter (5/20) of iGAS isolates from this se-
ries were sent to ESR from LabPlus for typing and 
surveillance. In total, primary peritonitis represented 
4.6% (5/108) of pediatric iGAS isolates sent to ESR 
from LabPLUS during the study period.

US Centers for Disease Control and Prevention 
criteria for streptococcal toxic shock syndrome (STSS) 

were met in 6/20 cases (30%), and 10/20 (50%) pa-
tients were admitted to the PICU; 5/10 (50%) patients 
required ventilation and 6/10 (60%) required inotro-
pes (9). A total of 4/20 (20%) patients were given ad-
junctive clindamycin, and 1/20 received intravenous 
immunoglobulin. Of those who received clindamy-
cin, 2 patients had STSS, 1 had presumed β-lactam–
induced neutropenia, and 1 had clindamycin added 
to their existing treatment for evolving empyema. 
The average duration of total antibiotic treatment in 
our series was 21 days (range 14–42 days), and the av-
erage hospital stay was 13 days (range 5–31 days). No 
deaths occurred within 90 days of hospital admission. 
One patient was readmitted to the hospital because of 
intolerance of oral antibiotics.

Discussion
GAS primary peritonitis is a rare but noteworthy cause 
of pediatric acute abdomen; only 26 pediatric cases 
have been reported in the English literature since 1980 
(Table) (3,5,14–30). We describe a large single-center 
pediatric cohort of 20 cases in patients admitted to 
Starship Children’s Hospital, New Zealand, during 
2010–2022. This study contributes to existing knowl-
edge of the clinical manifestations, treatment, and 
trajectory of children with GAS primary peritonitis.  
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Table. Comparison of characteristics of cases of pediatric GAS primary peritonitis at Starship Children’s Hospital, New Zealand, 2010–
2022, to previously described cases* 

Pediatric GAS primary peritonitis 
Cases from literature review, 1980–

2022, n = 26 [3,4,14–30] 
Cases from Starship Hospital, Jan 1, 

2010–Jun 30, 2022, n = 20 
Median age (range) 7 y (2 wk–16 y) 2 y (3 wk–13 y) 
Sex   
 F 16/19 (84) 11/20 (55) 
 M 3/19 (16) 9/20 (45) 
Preceding throat or skin infection   
 Pharyngitis 4/18 (22) 1/20 (5) 
 Skin 3/18 (17) 5/20 (25) 
STSS 7/18 (39) 6/20 (30) 
Microbiology   
 Peritoneal fluid or tissue 25/26 (96) 17/20 (85) 
 Blood culture 5/26 (19) 9/20 (45) 
 Other 1/26† 4/20 (20)‡ 
 Molecular method (16S) 3/25 (12) 0/20 
 Culture 22/25 (88) 19/20 (95) 
Surgery  ,  
 Laparoscopy or laparotomy 21/25 (84%)§ 19/20 (95) 
 VATS only NA 1/20 (5) 
Median antibiotic duration (range), d 14 (10–61) 21 (14–42) 
Clindamycin treatment 4/14 (29) 4/20 (20) 
IVIG treatment 3/14 (21) 1/20 (5) 
Median length of hospital stay (range), d 10 (4–47) 13 (5–31) 
Deaths 0/19 0/20 
emm types 3.1 (n = 1) 88 (n = 1), 65/69 (n = 1), 114 (n = 2), 

118 (n = 1)§ 

M-type M3 (n = 1), M81 (n = 1), M2 (n = 1) NA 
*Values are no. (%) except as indicated. IVIG, intravenous immunoglobulin; NA, not available; STSS, streptococcal toxic shock syndrome; VATS, video-
assisted thoracoscopic surgery. 
†From pleural aspirate. 
‡From skin swab samples; 3/4 GAS-positive skin swabs also had a positive blood or intraoperative peritoneal culture. 
§5/20 isolates were sent for emm typing. 
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In the context of increasing rates of iGAS globally, our 
case series should increase awareness among clini-
cians of this manifestation of iGAS disease.

In our series, GAS was the most common patho-
gen isolated from children with an ICD-10 discharge 
code of primary or acute peritonitis. This finding con-
trasts with previous reports that found more common 
pediatric primary peritonitis causes were S. pneu-
moniae, staphylococci, and gram-negative organisms 
(3). Although this retrospective, observational study 
did not aim to assess the causative pathogens of all 
primary peritonitis cases, key pathogens could have 
changed over time; this possibility should be the fo-
cus of further study. Our findings could be explained 
by the high burden of iGAS in New Zealand children, 
particularly among Māori and Pacific peoples, who 
were overrepresented in our case series (accounting 
for 55% of cases).

Postulated causes of GAS primary peritonitis 
include hematogenous spread from the skin or re-
spiratory tract, ascending infection from the female 
genital tract, and gastrointestinal translocation (4,30). 
Although GAS is known to colonize the throat, skin, 
and female genital tract, it is not typically present 
in intestinal flora (30). Among previously reported 
pediatric cases, a possible skin or throat source was 
found in 50% of cases (14). In our cohort, a skin or 
throat source was identified in a similar proportion 
of cases (30%). Because of the retrospective nature of 
our study, clinical records were not always complete. 
Future studies would benefit from standardized, pro-
spective collection of cases detailing recent pharyn-
geal, skin, or genitourinary infections (1,3).

Previous reports have suggested that girls are 
disproportionally affected by GAS primary peritoni-
tis because of ascending genitourinary infection; in 
84% (16/19) of previous pediatric case reports where 
sex was given, the child was a girl (30). This effect 
was not seen in our cohort, where the median age 
was younger than that previously reported and 55% 
of case-patients were girls, suggesting that this route 
might be less common in younger children (30).

As in previous reports, symptoms of children in 
our cohort were abdominal pain, nausea, vomiting, 
and diarrhea. Several cases were initially diagnosed 
as viral gastroenteritis before deteriorating into peri-
tonism and sepsis (3,14). Of the children in our co-
hort, 30% met STSS criteria, which is comparable with 
previous case reports that found an overall STSS inci-
dence of 39% (5,14,15).

Although adult clinical practice guidelines advise 
nonoperative management, particularly in persons 
with underlying ascites, previous case reports found 

that most (83%) pediatric patients undergo surgery 
to rule out secondary peritonitis (14,30). This practice 
was also demonstrated in our series; 95% of patients 
underwent laparoscopy or laparotomy. Surgical 
management might aid source control, particularly in 
patients with STSS where reduction of bacterial load 
plays a major role (4,14,31). Operative management 
has also been hypothesized to decrease the duration 
of illness: a 2020 case report describes a child who 
was managed nonoperatively and in whom a multi-
loculated abscess developed that required multiple 
drains and 61 days of antibiotics (30).

The median total duration of antibiotic treat-
ment in our cohort was 21 days (range 14–42 days), 
which is 1 week longer than the median duration 
of 14 days (range 10–61) seen in previous case re-
ports. The additional benefit of clindamycin or in-
travenous immunoglobulin in the management of 
GAS primary peritonitis remains unclear; however, 
those adjunct treatments might have a role in pa-
tients with STSS.

Observational case reports alone make it difficult 
to comment on the importance of operative manage-
ment or the optimal duration of antibiotic treatment 
for GAS primary peritonitis; however, despite sub-
stantial rates of severe illness in our series (10 cases 
[50%] required PICU admission), no deaths occurred, 
and only 1 patient required readmission to the hospi-
tal. Furthermore, no deaths have been reported in any 
pediatric case report of GAS primary peritonitis since 
the 1980s (14). As such, shorter durations of antibi-
otics may be reasonable for patients with less severe 
clinical manifestation, particularly when early surgi-
cal source control is achieved.

Although this report describes iGAS infection in 
a population with an identified high burden of GAS 
infection, as reports emerge from Europe, the United 
Kingdom, and the United States describing an in-
crease in iGAS and scarlet fever, pediatricians should 
be aware of this cause of acute abdomen (6). Identify-
ing iGAS promptly enables antibiotic treatment to be 
rationalized to penicillin and might enable STSS to be 
recognized earlier. The international rise in iGAS cas-
es might also provide an opportunity to evaluate the 
best treatment approach for GAS primary peritonitis 
and how best to manage close contacts. In New Zea-
land, no guidelines exist around routine assessment 
of household contacts of persons with iGAS. The risk 
for secondary iGAS disease in household contacts is 
estimated to be 2,000 times higher than the general 
population risk, substantially higher than that re-
ported for meningococcal disease (500–800 times), 
which is a notifiable condition in New Zealand (32).  
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Therefore, identifying highly transmissible iGAS 
should prompt timely review, collection of throat 
swab specimens, and consideration of chemopro-
phylaxis for high-risk household contacts through 
existing public health communicable disease control 
services for meningococcal disease and other high-
priority close contact infectious diseases (32).

During the study period, GAS primary peritoni-
tis accounted for 4.2% of pediatric iGAS isolates sent 
to the national reference laboratory from Starship 
Children’s Hospital for emm-typing and surveillance. 
Although this is comparable with a 2016 national sur-
veillance study of pediatric iGAS disease in Finland, 
which reported a primary peritonitis incidence of 4.6% 
(7/151) (5), in our series only 5/20 patients with GAS 
primary peritonitis had their isolates sent for emm-
typing and surveillance. Starship Hospital is a tertiary 
referral center, and 3/19 iGAS isolates were cultured at 
other hospitals in New Zealand. Those isolates could 
have been sent to ESR by those hospital laboratories, 
but our observation that only a small number of cul-
ture-positive samples at our hospital were sent to ESR 
suggests that passive surveillance is likely to underes-
timate the true burden of iGAS in New Zealand. This 
case series highlights the difficulties of case ascertain-
ment, disease surveillance, and the ability to monitor 
circulating emm-types when a disease is not monitored 
through prospective national surveillance. In a time of 
increasing global rates of iGAS disease, the results of 
this study strengthen calls for enhanced, prospective, 
national iGAS surveillance (1,6,12,32). Although this 
cohort is small, strengths include robust case ascertain-
ment from multiple data sources and comprehensive 
classification of cases through detailed review by a 
multidisciplinary team of clinicians.

In conclusion, GAS primary peritonitis is an un-
common cause of iGAS disease in children but can 
cause severe illness. This contemporary case series 
describes 20 children over a 12.5-year period, 30% of 
whom met the criteria for STSS and 50% of whom re-
quired PICU admission. Our findings reflect the sub-
stantial burden of GAS disease in New Zealand. In a 
time of increasing iGAS rates globally, GAS primary 
peritonitis should be considered in children experi-
encing unexplained acute abdomen.
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Zoonotic infections associated with animal 
bite injuries are common and can result in 
severe illness. Approximately 5 million ani-
mal bites occur annually in North America, 
and 10 million injuries occur globally from 
dog bites alone. Pathogens causing infec-
tions after dog or cat bites are well de-
scribed; pathogens from other animal bites 
are less well defined, although their oral mi-
crobiota are known. 
In this EID podcast, Dr. Niaz Banaei, a profes-
sor of pathology and medicine at Stanford 
University in California, discusses Mycobac-
terium marinum infection after an iguana 
bite in Costa Rica.



Neisseria meningitidis causes invasive meningo-
coccal diseases (IMDs), such as meningitis and 

septicemia. N. meningitidis is classified into 12 de-
fined serogroups; however, most IMDs are associ-
ated with the serogroups A, B, C, W, X, and Y (1). 
Serogrouping is critical for IMD control because me-
ningococcal vaccines have serogroup-specific effects 
(2). Whole-genome sequencing (WGS)–based typ-
ing, such as high-resolution core genome multilocus 
sequence typing (MLST), is the most powerful meth-
od for analyzing meningococcal isolates. However,  

standard MLST, which identifies sequence types 
(STs) of isolates according to the unique allelic 
profiles of 7 housekeeping genes, is still applied to 
meningococcal epidemiology studies because the 
most invasive isolates belong to a limited number 
of clonal complexes (CCs). For example, ST11 and 
the locus variants comprising CC11 meningococci 
are well-known hypervirulent N. meningitidis strains 
that have caused many pandemics (3), including 
IMD outbreaks that predominately occurred among 
men who have sex with men (MSM) (4–9).

N. gonorrhoeae is also a human pathogen capable 
of infecting the urethra, cervix, rectum, and orophar-
ynx. Most gonococcal infections manifest clinically 
as urethritis in men or cervicitis in women, both of 
which are sexually transmitted infections (STI). Me-
ningococcus and gonococcus are generally regarded 
as distinct taxa that cause specific diseases; however, 
recent findings suggest a greater overlap than was 
originally reported. N. gonorrhoeae is rarely identified 
as a causative agent of systemic infection; N. menin-
gitidis has been reported to cause STIs, such as ure-
thritis. An outbreak of meningococcal urethritis pre-
dominantly among MSM was reported in multiple 
cities in the United States (10). Causative agents were 
identified as CC11 N. meningitidis isolates with sev-
eral unique features and classified as US N. meningiti-
dis urethritis clade (US_NmUC) (11–14). The capsular 
polysaccharide (cps) locus in US_NmUC meningo-
cocci is disrupted by insertion sequence (IS) 1301 that 
replaced ccsA, cssB, and cssC genes and part of the csc 
gene causing loss of encapsulation (12). That genetic 
mutation also caused the loss of wild-type lipooligo-
saccharide sialylation, which appeared to increase 
mucosal surface adherence (15). Moreover, the fac-
tor H binding protein (fHbp), which binds to human 
factor H and inhibits the alternative complement ac-
tivation pathway in the human immune system (16), 
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Neisseria meningitidis causes invasive meningococcal 
diseases and has also been identified as a causative 
agent of sexually transmitted infections, including ure-
thritis. Unencapsulated sequence type 11 meningo-
cocci containing the gonococcal aniA-norB locus and 
belonging to the United States N. meningitidis urethri-
tis clade (US_NmUC) are causative agents of urethral 
infections in the United States, predominantly among 
men who have sex with men. We identified 2 subtypes 
of unencapsulated sequence type 11 meningococci in 
Japan that were phylogenetically close to US_NmUC, 
designated as the Japan N. meningitidis urethritis clade 
(J_NmUC). The subtypes were characterized by PCR, 
serologic testing, and whole-genome sequencing. Our 
study suggests that an ancestor of US_NmUC and J_
NmUS urethritis-associated meningococci is disseminat-
ed worldwide. Global monitoring of urethritis-associated 
N. meningitidis isolates should be performed to further 
characterize microbiologic and epidemiologic character-
istics of urethritis clade meningococci.
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was highly expressed in US_NmUC N. meningitidis 
isolates and might promote evasion from immune re-
sponses in the human urogenital tract (12). The most 
unique feature of US_NmUC meningococci is their 
acquisition of the N. gonorrhoeae denitrification appa-
ratus that comprises gonococcal alleles encoding ni-
trate reductase AniA and nitric oxide reductase NorB 
and the intergenic promoter region, which confers 
survival in the urogenital tract (12,17).

Most US_NmUC isolates have been recovered 
from patients with urethritis in the United States. 
However, 2 US_NmUC meningococci isolates were 
identified in 2019 in rectal swab samples from MSM 
in the United Kingdom (18), and 19 US_NmUC me-
ningococci were isolated in Vietnam in 2019 and 2020 
(19). US_NmUC meningococci have not yet been re-
ported in other countries. We report the genomic and 
phenotypic features of 3 unencapsulated ST11 ure-
thritis-associated N. meningitidis strains isolated in 
Japan that were phylogenetically close to US_NmUC 
but classified as novel urethritis meningococcus 
clade subtypes.

Methods

N. meningitidis Isolates
Although IMDs are legally notifiable diseases in 
Japan, STIs caused by N. meningitidis are not. In 
Japan, meningococcal isolates from patients with 
STIs are typically collected as part of the country-
wide gonococcal surveillance program (headed by 
M.Y.). Urethral swab samples from male patients 
suspected of having urethritis and cervical swab 
samples from female patients suspected of having 
cervicitis were sent to Sapporo Medical University 
from ≈100 clinics across Japan. We isolated strains 
by selective growth on Thayer-Martin medium 
and analyzed those isolates by using Biotyper ma-
trix-assisted/laser desorption time-of-flight mass 
spectrometry (Beckman Coulter, https://www.
beckmancoulter.com) and commercially available 
mass spectrometry profiles to identify species. We 
collected >1,000 gonococcal isolates annually and 
isolated ≈10 N. meningitidis strains under the gono-
coccal surveillance program, in which no misiden-
tification of N. meningitidis as N. gonorrhoeae has oc-
curred. We characterized 3 N. meningitidis isolates 
at the National Institute of Infectious Diseases by 
using serologic and genetic analyses.

Typing and Antimicrobial Drug Susceptibility Tests
We performed serogrouping by using PCR (20) and 
slide agglutination tests with meningococcal rabbit 

antiserum (Remel, http://www.remel.com, or Difco/
Becton Dickinson, https://www.bd.com) and a com-
mercial latex agglutination kit (Pastorex Meningitis 
assay; Bio-Rad Laboratories, https://www.bio-rad.
com). We conducted MLST by using the standard 
method (21). We performed antimicrobial drug sus-
ceptibility tests by using E-tests (bioMérieux, https://
www.biomerieux.com) and Mueller-Hinton agar 
with 5% sheep blood (Becton Dickinson), which we 
interpreted according to the Clinical and Laboratory 
Standards Institute criteria for agar dilution, as previ-
ously described (22).

WGS, Genome Assembly, and Phylogenetic Analysis
We extracted genomic DNA by using the MagMAX 
DNA Multi-Sample Ultra 2.0 Kit, which we then 
purified by using the KingFisher Duo Prime Purifi-
cation System and measured concentrations by us-
ing a Qubit dsDNA HS assay kit (all from Thermo 
Fisher Scientific, https://www.thermofisher.com). 
We prepared genomic libraries for short read se-
quencing by using the QIAseq FX DNA Library 
Kit (QIAGEN, https://www.qiagen.com) and se-
quenced 300-bp paired-end reads on a MiSeq in-
strument (Illumina, https://www.illumina.com). 
For long-read sequencing on a MinION sequencer 
(Oxford Nanopore Technologies, https://nano-
poretech.com), we prepared genomic libraries by 
using a Rapid Barcoding Kit (Oxford Nanopore 
Technologies) and sequenced them by using an 
R9.4.1 flow cell. We basecalled raw data by using 
Guppy 6.5.7 (23) and removed adaptors before as-
sembly by using Porechop 0.2.3 (https://github.
com/rrwick/Porechop). We generated draft ge-
nome sequences for both long and short reads by 
using Unicycler version 0.5.0 in conservative mode 
(24) and performed annotations of complete ge-
nomes and genome assemblies by using the DDBJ 
Fast Annotation and Submission Tool (https://
dfast.ddbj.nig.ac.jp) (25). We used draft genome as-
semblies for PorA and FetA typing and determin-
ing the Meningococcal Deduced Vaccine Antigen 
Reactivity Index through PubMLST (https://www.
pubmlst.org). We performed phylogenetic analyses 
of N. meningitidis from urethritis patients by using 
26 publicly available genomes and constructed core 
gene alignments by using Roary version 3.12.0 and 
the -s and -e–mafft options (26), which were subject 
to SNP-sites version 2.5.1 (27) to extract single-nu-
cleotide variants. We constructed the phylogenetic 
tree by using IQ-TREE version 2.0.3 (http://www.
iqtree.org) with 1,000 ultrafast bootstrap replicates 
and visualized the tree by using iTOL (28).
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Repositories
We deposited the short reads sequence data for 
NIID835, NIID836, and NIID838 in the DDBJ Se-
quence Read Archive (https://www.ddbj.nig.
ac.jp) under accession nos. DRR494404 (NIID835), 
DRR494405 (NIID836), and DRR494406 (NIID838) 
and in the PubMLST database under nos. 135430 
(NIID835), 135431 (NIID836), and 135432 (NIID838). 
The annotated complete genome assemblies of 
NIID835, NIID836, and NIID838 strains are also 
available in the GenBank, EMBL (https://www.
ebi.ac.uk), and DDBJ databases under accession 
nos. AP028680 (NIID835), AP028681 and AP028682 
(NIID836), and AP028683 (NIID838).

Results
The 3 J_NmUC N. meningitidis strains (NIID835, 
NIID836, and NIID838) were isolated from 3 men 
with urethritis that developed 4–5 days after con-
tact with commercial sex workers for oral sexu-
al services (Appendix 1 Table, https://wwwnc.
cdc.gov/EID/article/29/11/23-1082-App1.xlsx).  
Although N. meningitidis strains from patients 
with urethritis in Japan are typically classified as 
ST11026, which is also isolated from healthy carri-
ers (29), or ST23, which is also isolated from IMD 
patients and healthy carriers (30), we identified all 
3 J_NmUC N. meningitidis strains as ST11 (Appen-
dix 1 Table). To further characterize the 3 J_NmUC 
N. meningitidis isolates as urethritis clade meningo-
cocci, we performed WGS, phylogenetic, and sero-
logic analyses.

aniA-norB Locus
We conducted phylogenetic analysis of the 3.5-kb 
aniA-norB gene sequence (Appendix 2 Figure 1, 
https://wwwnc.cdc.gov/EID/article/29/11/23-
1082-App2.pdf) for 3 J_NmUC N. meningitidis iso-
lates from Japan, 2 N. meningitidis US_NmUC iso-
lates, N. gonorrhoeae FA1090 (GenBank accession no. 
NC_002946.2), N. meningitidis MC58 (31), and 6 N. 
meningitidis serogroup C isolates from IMD patients 
in United States that were genetically very close to 
US_NmUC (32) (Figure 1). Moreover, we included 
3 ST23 N. meningitidis isolates (NM001, NM003, and 
NIID574) from Japan harboring the gonococcal aniA-
norB locus (30), designated as J_NmUC-II (Figure 1). 
The aniA-norB locus in the 3 ST11 J_NmUC isolates 
was 100% identical to that in US_NmUC meningo-
cocci (12,17), indicating the aniA-norB locus in the 3 J_
NmUC strains was of gonococcal origin. In the 3 ST11 
J_NmUC and 3 J_NmUC-II isolates, the aniA-norB lo-
cus was located between gpxA and NMB1624 genes 
(Appendix 2 Figure 1), which was identical to that in 
US_NmUC N. meningitidis strains (12). Collectively, 
those results indicated that the 3 ST11 J_NmUC iso-
lates acquired the gonococcal aniA-norB locus, similar 
to US_NmUC meningococci.

Serogrouping and cps Locus Analysis
Although we initially identified the 3 ST11 J_NmUC 
N. meningitidis strains as serogroup C meningococci 
(MenC) by PCR (20), the strains were agglutination 
negative when we tested with serogroup C–specific an-
tiserum. To clarify this discrepancy, we characterized 
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Figure 1. Phylogenetic analysis of 
the 3.5-kb aniA-norB gene locus 
of Neisseria spp. isolates in study 
detecting novel US N. meningitidis 
urethritis clade subtypes in 
Japan. Tree was constructed by 
using the unweighted pair group 
method with arithmetic mean and 
1,000 bootstrap replicates. The 
gonococcal aniA-norB locus was 
derived from N. gonorrhoeae 
FA1090 (GenBank accession 
no. NC_002946.2); all others 
are from N. meningitidis isolates. 
Scale bar indicates nucleotide 
substitutions per site. IMD, invasive 
meningococcal disease; Nm, N. 
meningitidis, ST, sequence type; 
STI, sexually transmitted infection.
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the cps gene locus (Figure 2). In NIID835 and 
NIID838 isolates, cssA, cssB, and cssC genes, and part 
of the csc gene (region A) were deleted and replaced 
with IS1301, but the ctrABCD gene cluster (region C) 
was also deleted. In contrast to 2 copies of IS1301 in 
US_NmUC isolates (12), only 1 copy of IS1301 was 
found in the cps locus of NIID835 and NIID838 iso-
lates. In the NIID836 J_NmUC isolate, deletions of 
cssA, cssB, cssC, csc genes were identical to those in 
NIID835 and NIID838, but the ctrABCD gene cluster 
remained, containing the pylA, gltS, lipA, and lipB 
genes, which are typically proximal to the csc and 
cssE genes. Furthermore, 2 copies of the rfbC, rfbA, 
and rfbB gene cluster were identified in the NIID836 
J_NmUC isolate; only 1 copy was found in NIID835 
and NIID838 isolates. Although the cps locus in the 
3 J_NmUC meningococcal strains were not identical 
to that in US_NmUC meningococci, the J_NmUC 
meningococci were genotypically nongroupable. 
All of the genetic features within the cps and aniA-
norB loci confirmed that the 3 nongroupable ST11 
J_NmUC meningococci were classified into the ure-
thritis clade.

fHbp Locus
In US_NmUC meningococci, fHbp was speculated 
to be highly expressed because the fHbp promoter se-
quence belonged to high fHbp–expressing promoter 
clade I (33). In the 3 ST11 J_NmUC N. meningitidis 
isolates, the fHbp promoter sequence, fHbp peptide, 
and fHbp allele were identical to those in US_NmUC 
meningococci strains (Appendix 2 Figure 2), suggest-
ing fHbp might also be highly expressed in J_NmUC 
meningococci (12).

Phylogenetic Analysis by Using WGS
To gain insights into the origin of J_NmUC menin-
gococci, we performed phylogenetic analysis by us-
ing WGS to compare 9 ST11 IMD isolates from Japan 
(29), 1 STI isolate (NmJP12–1) (30), and 7 IMD MenC 
isolates from the United States that were genetically 
close to US_NmUC (32) (Figure 3). ST23 J_NmUC-II, 
ST11 serogroup W meningococci SK001 (NmJP12–1), 
8 IMD MenC, and 5 STI MenC (30) isolates were ge-
netically separate from J_NmUC and US_NmUC me-
ningococci; 7 US IMD MenC that were close to US_
NmUC (32) were also genetically close to J_NmUC. 
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Figure 2. Organization of genes within the cps locus of Neisseria meningitidis isolates in study of detection of novel US N. meningitidis 
urethritis clade subtypes in Japan. N. meningitidis isolates from Japan (NIID835, NIID836, NIID838) and United States (US_NmUC) were 
compared with N. meningitidis strain FAM18 (GenBank accession no. AM421808). Open red arrows indicate the cssA, cssB, cssC, csc, 
and cssE genes in region A responsible for capsule synthesis and open blue arrows the ctrD, ctrC, ctrB, and ctrA genes (in that order) 
in region C responsible for capsule transport. Insertion sequence IS1301 is indicated. Open reading frames identical to NMC0044 (solid 
red), NMC0049 (gray), NMC0068 (yellow), NMC0071 (green), NMC0073 (pink), and NMC0075 (blue) in FAM18 are shown for each 
isolate. Partial deletion is indicated for the csc gene (csc′). The cps locus for US_NmUC had 2 configurations created by a ≈20-kb genome 
inversion between 2 IS1301 sequences (designated as A and B). Gene alignments in the region between the 2 IS1301 sequences have 
been omitted and are indicated by the dashed line. Although ctrD, ctrC, ctrB, and ctrA genes were shown to be proximal to dnaJ (12), 
contigs containing the dnaJ-rfbC, rfbA, and rfbB genes and the ctrD, ctrC, ctrB, and ctrA genes (shown on the left side of A and B), as well 
as 2 IS1301 and pykA genes (shown on the right side of A and B), were not connected by our analysis because of the absence of US_
NmUC long-read sequences. Therefore, unidentified connections of the 2 contigs are indicated by a dotted line.
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However, J_NmUC strains were the phylogenetically 
closest to US_NmUC, eliminating the possibility that 
J_NmUC was originally derived from MenC strains 
in Japan.

Susceptibility to Antimicrobial Drugs
Antimicrobial resistance in N. meningitidis is consid-
ered to be acquired by transmission of genetic ma-
terial from N. gonorrhoeae, such as the gonococcal 
aniA-norB locus (14). However, US_NmUC menin-
gococci isolated in the United States were susceptible 
to the third-generation cephalosporin ceftriaxone, 
ciprofloxacin, and rifampin, whereas ≈75%–85% of 
US_NmUC meningococci were nonsusceptible (in-
termediate susceptibility) to penicillin G (34,35). The 
3 J_NmUC meningococci were susceptible to most 
antimicrobial drugs tested, except the NIID836 strain 
had intermediate susceptibility to penicillin G, simi-
lar to US_NmUC meningococci (34,35). Those results 
suggest that genetic material related to antimicrobi-
al resistance genes might not be transmitted into J_
NmUC N. meningitidis isolates. Of note, the NIID835 

strain was susceptible to penicillin G and ceftriaxone 
despite having the penA327 allele, which typically re-
duces susceptibility to penicillin G and third-genera-
tion cephalosporins (36).

Discussion
Meningococcus and gonococcus generally colonize 
distinct niches in humans causing systemic (menin-
gococcus) and sexually transmitted (gonococcus) dis-
ease; few cases exist that identify N. meningitidis as a 
causative agent for STI (14). Meningococcal urethritis 
is symptomatically indistinguishable from gonococ-
cal urethritis; one of the main problems in clinical and 
public health is that meningococcal urethritis cannot 
be diagnosed by the existing nucleic acid amplifica-
tion test, a standard method for STI diagnosis (14,34). 
Urethritis clade meningococci, such as US_NmUC 
and J_NmUC, have been isolated only from urethritis 
patients (10), rectal swab samples of asymptomatic 
MSM (18), and 1 neonatal patient with conjunctivitis 
(37); virulence was considered equal to gonococci. 
However, urethritis clade meningococci were also 
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Figure 3. Phylogenetic analysis of Neisseria meningitidis from different countries in study of detection of novel US N. meningitidis 
urethritis clade subtypes in Japan. Strains isolated from patients with IMD (red font) or STI (blue font), serogroup (NG or C), and 
country of origin are indicated. US_NmUC, J_NmUC, and J_NmUC-II N. meningitidis isolates have detailed profiles (Appendix 1 Table, 
https://wwwnc.cdc.gov/EID/article/29/11/23-1082-App1.xlsx). We included 1 sequence type 11 N. meningitidis strain isolated in Japan 
from a patient with an STI (SK028) and 4 serogroup C meningococci (MenC) that were phylogenetically close to SK028 (PE5, PE6, 
PE7, and LNP26948) (29). Moreover, we included 7 MenC phylogenetically close to US_NmUC (IMD strains in the United States) 
(31), 2 sequence type 11 MenC isolated from IMD patients during 2003–2020 in Japan (NIID647 and NIID716) (28), and 6 MenC 
phylogenetically close to the 2 MenC from Japan (28). Scale bar indicates nucleotide substitutions per site. C, serogroup C; IMD, 
invasive meningococcal disease; NG, nongroupable; STI, sexually transmitted infection.
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speculated to colonize the upper respiratory tracts of 
sexual partners of persons who eventually manifest-
ed urethritis. No published studies exist regarding 
carriage of urethritis clade meningococci in the upper 
respiratory tract; thus, the public health threat of ure-
thritis clade meningococci is unclear, and emergence 
of this clade should be continuously monitored. 

Although deletion of the cps locus or genes with-
in this locus, which results in loss of encapsulation, 
is a main features of urethritis clade meningococci 
(12,14), the pattern of deletion within the cps locus 
was different between J_NmUC and US_NmUC iso-
lates, despite the identical junctions between the csc 
gene and IS1301 sequences. Because meningococcal 
loss of encapsulation enhances adherence to human 
cells (15,38–44), loss of the capsule might promote N. 
meningitidis–induced urethritis. However, some cases 
of meningococcal urethritis might be caused by en-
capsulated N. meningitidis isolates (30). Therefore, the 
relationship between loss of encapsulation by dele-
tions within the cps locus in N. meningitidis and me-
ningococcal urethritis should be further examined.

Acquisition of the gonococcal aniA-norB locus 
(12) was another main feature of urethritis clade me-
ningococci (Figure 1). In some N. meningitidis strains, 
such as M-17541 (Appendix 2 Figure 1), the menin-
gococcal aniA gene was disrupted by an insertion or 
missense mutation (45,46). Moreover, if the menin-
gococcal aniA gene was intact, expression was lower 
than that of gonococcal aniA genes (45). However, the 
gonococcal aniA-norB locus was not detected in some 
N. meningitidis isolates from patients with meningo-
coccal urethritis (30), suggesting that acquisition of 
the gonococcal aniA-norB locus was advantageous 
(12,13,17) but not essential to cause urethritis.

A phylogenetic analysis using WGS data sup-
ports the hypothesis that US_NmUC and J_NmUC 
might be derived from the same ancestor (Figure 3). 
US_NmUC appears to have originated during 2006–
2012 in the United States (32), and the ancestral strain 
might have been imported into Japan during the same 
period. However, MenC, serogroup W, and CC11 
meningococci have rarely been detected in Japan for 
>40 years, even in IMD patients (29,47,48). Although 
CC11 meningococci have never been identified as a 
causative agent for meningococcal urethritis in Ja-
pan (29), J_NmUC meningococci, as well as the ST11 
ancestral strain, might be dormant in the urethra or 
pharynx of persons in Japan. Therefore, further anal-
yses of meningococcal isolates from healthy carriers 
and patients with urethritis will provide insights into 
dissemination of the N. meningitidis urethritis clade 
among the human population in Japan.

In conclusion, few studies have attempted to es-
timate the prevalence of meningococcal infections, 
including the urethritis clade. J_NmUC meningo-
cocci identified in this study are new subtypes of 
US_NmUC, and microbiologic characteristics, such 
as virulence and transmissibility, remain unclear. 
Continuous monitoring and analyses of J_NmUC 
meningococci will elucidate more precise features, 
including transmissibility and pathogenicity. More-
over, detection of J_NmUC in Japan suggests poten-
tial dissemination of several types of urethritis clade 
meningococci (US_NmUC and J_NmUC) worldwide. 
Global monitoring of urethritis-associated N. menin-
gitidis isolates should be required to reveal further 
microbiologic and epidemiologic aspects of urethritis 
clade meningococci and to improve laboratory diag-
nostic testing for urethritis.
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Melioidosis, caused by the environmental gram-
negative bacterium Burkholderia pseudomallei, is 

endemic in northern Australia (1). The most common 
clinical manifestation of the infection is pneumonia, 
with or without bacteremia, but almost any organ can 
be involved, including the liver, spleen, prostate, skin, 
bones, joints, and central nervous system (2). B. pseudo-
mallei is an opportunistic pathogen that usually affects 
adults, ≈90% of whom have underlying conditions 
that predispose them to developing the disease (1,3).

Melioidosis is uncommon in children. In a large 
prospective series from northern Australia, children 
represented only 4% of cases (1). The infection is usu-
ally subclinical in children, and a case series from 
Thailand estimated that only 1 in 4,600 antibody-

producing exposures resulted in symptomatic dis-
ease (4). When clinical disease occurs, children with 
melioidosis usually have limited cutaneous disease; 
however, invasive disease, including bacteremia and 
meningoencephalitis, also can occur, particularly in 
children with underlying conditions (5–8).

B. pseudomallei is saprophytic and is in soil of 
endemic tropical and subtropical areas. During the 
dry season, the organism is found at soil depths 
of >30 cm, but during the wet season, monsoonal 
rains cause the rising water table to bring bacteria 
to the surface where they proliferate (9), increasing 
the risk for human exposure to the organism. That 
bacterial cycle also explains the strong seasonality 
of the disease (10–12). 
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Melioidosis, caused by the environmental gram-negative 
bacterium Burkholderia pseudomallei, usually develops in 
adults with predisposing conditions and in Australia more 
commonly occurs during the monsoonal wet season. We 
report an outbreak of 7 cases of melioidosis in immunocom-
petent children in Australia. All the children had participated 
in a single-day sporting event during the dry season in a 
tropical region of Australia, and all had limited cutaneous 

disease. All case-patients had an adverse reaction to oral 
trimethoprim/sulfamethoxazole treatment, necessitating its 
discontinuation. We describe the clinical features, environ-
mental sampling, genomic epidemiologic investigation, and 
public health response to the outbreak. Management of this 
outbreak shows the potential benefits of making melioido-
sis a notifiable disease. The approach used could also be 
used as a framework for similar outbreaks in the future.



 Melioidosis among Children after Sporting Event

Melioidosis is usually acquired through per-
cutaneous inoculation, inhalation of contaminated 
dust, or ingestion of contaminated water (1,13). 
Although inoculation events are often not evident, 
many infected persons report recent recreational 
activities, such as gardening, or occupational ex-
posure to soil or surface water (1). In Far North 
Queensland, a tropical area of Australia, the inci-
dence of melioidosis in the region’s main city has 
increased 10-fold in the past 22 years (14). The rea-
sons for the increase are not completely understood 
but could be related to the local construction of ma-
jor infrastructure and the expansion of the urban–
rural fringe (14).

Cases of melioidosis acquired through sporting 
activities are exceptionally rare, even in endemic ar-
eas where soil sampling confirms the presence of B. 
pseudomallei on sports fields, likely because sports par-
ticipants lack predisposing conditions for melioidosis 
(15). Although sporadic melioidosis cases have been 
linked to sporting events, no outbreaks have been ge-
nomically linked to the site of the sporting event. We 
report the clinical characteristics, case management, 

and patient outcomes, as well as genomic evalua-
tion and the public health response, for a melioidosis 
outbreak among children after a sporting event in a 
tropical region of Australia.

Methods

Sporting Event
On 1 day in November 2022, children in a primary 
school in Queensland participated in a sporting event. 
The event occurred at the end of the region’s dry sea-
son, when cases of melioidosis are uncommon, and 
minimal rain had fallen in the preceding months (16). 
The sporting event involved an obstacle course on 
the school grounds that included crawling through a 
mud pit.

Nineteen days after the event, an 8-year-old fe-
male child (case 1) was seen by her general practi-
tioner for a 2-cm pustular lesion on her left arm. She 
received oral cefalexin for 5 days, but the lesion per-
sisted, and further lesions appeared on her left leg, 
right leg, and back. B. pseudomallei was isolated from 
a swab of one of the lesions. 
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Figure 1. Timeline of clinical manifestations and treatment of melioidosis among 7 children after sporting event, Australia. Limited 
cutaneous melioidosis developed in children after crawling through a mud pit on an obstacle course in a tropical region of Queensland. 
All children experienced an adverse drug reaction to trimethoprim/sulfamethoxazole, the preferred oral antimicrobial agent. All case-
patients had good clinical outcomes, suggesting that a shorter duration of antimicrobial drugs might be appropriate for limited cutaneous 
melioidosis in some children.
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Public Health Response
Melioidosis is a notifiable disease in Queensland, 
which expedited the public health response. Pathol-
ogy providers directly alerted the local public health 
team after culture confirmation, enabling the prompt 
alert of the school, the children’s parents, and health-
care providers. Those notifications encouraged par-
ents of affected children to seek healthcare, particu-
larly for nonhealing skin lesions. 

A total of 7 melioidosis cases were detected among 
children who participated in the obstacle course event 
(Figure 1). Besides the case-patients, ≈265 other stu-
dents also participated in the event, which included a 
mud pit. The pit had been formed 10 years previously 
and was dug each year to a depth of ≈50 cm and filled 
with water. After each year’s event, the soil was re-
turned to the pit. When not in use, the pit site had be-
come a shallow depression that allowed water to pool 
(Figure 2). The rest of the obstacle course was located 

on undisturbed sports fields. For the November 2022 
event, the pit had been filled with chlorinated tap wa-
ter. All 7 case-patients had crawled through the pit 
multiple times during the event (Figure 3).

All 7 infected children were immunocompetent. 
All had limited cutaneous disease (Figure 4), and 4 
were aware of a pre-existing lesion, usually insect 
bites, before participating in the event. None reported 
sustaining an injury during the event. 

Wallabies, marsupials in the Macropodidae fam-
ily, had been observed on the school grounds. The wal-
laby troupe had increased to ≈200 members during the 
previous 5 years and were often seen near the site of 
the mud pit (Figure 2, panel A). Wallabies previously 
have been hypothesized to spread melioidosis through 
fecal shedding (17). None of the case-patients reported 
any notable interaction with the wallabies. Construc-
tion has previously been hypothesized to increase the 
risk of melioidosis, likely by the inhalation route (14), 
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Figure 2. Site of exposure in an 
outbreak of limited cutaneous 
melioidosis among children after 
a sporting event, Australia. A) 
Mud pit site when not in use for 
the sporting event; members of 
a wallaby troupe surround the 
site. B) Mud pit site when not in 
use for the sporting event; water 
pooling is evident.
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and 6 of the 7 case-patients regularly walked past road-
works taking place at the edge of the school grounds 
on their journey to school.

Antimicrobial Drug Treatments
The clinical management of melioidosis usually con-
sists of 2 phases: an intensive phase consisting of 
intravenous meropenem or ceftazidime for a mini-
mum of 14 days, then an eradication phase of oral 
trimethoprim/sulfamethoxazole (TMP/SMX) for a 
minimum of 12 weeks (18). Case-patient 1 received 
intravenous ceftazidime for 14 days, then TMP/
SMX. However, 9 days after commencing TMP/
SMX, a widespread, erythematous, pruritic rash 
developed (Figure 5, panel A). Her antibiotics were 
ceased, and her rash improved after 5 days. Case 2 
also had an adverse reaction to TMP/SMX (Figure 5, 
panel B). The remaining cases also had adverse re-
actions to TMP/SMX, necessitating cessation of the 
drug and prompting an investigation of the adverse 
drug event (Figure 1).

In all, 5 children received oral therapy only, and 1 
received only 2 days of intravenous therapy (Appendix, 
https://wwwnc.cdc.gov/EID/article/29/11/23-0951-
App1.pdf). Because of the adverse reactions to TMP-
SMX, amoxicillin/clavulanate (AMOX/CLAV) was the 
predominant antibiotic used in 4 cases (Table 1). 

Adverse Drug Event Investigation
When a skin reaction developed in the second patient, 
the Therapeutic Goods Administration was notified 
by the hospital pharmacist involved in the care of the 
patient. Liquid chromatography quadrupole time-of-
flight mass spectrometry of 1 patient’s urine sample 
detected TMP/SMX but no unexpected additional 
compounds. TMP/SMX tablets from separate batch-
es, all of which had been given to the case-patients, 
were sent to the Therapeutic Goods Administration 
for further investigation, but only controlled impuri-
ties within the control limit specified in the pharma-
copeia monograph were identified.

Environmental Sampling and Analysis
We hypothesized that the mud pit was the source of 
the outbreak and performed environmental sampling 
13 weeks after the obstacle course event. Sampling oc-
curred during the region’s wet season. We used inter-
national recommendations for sampling, but labora-
tory capacity limited the number of samples that we 
could process (9). In total, we obtained 18 environmen-
tal samples from various areas of the obstacle course 
event: 14 soil samples, 2 bore water samples from 
the source used to irrigate the field, and 2 separate  

collections of wallaby scat weighing 100 g each (Table 
2; Figure 6). 

We performed culture of soil and wallaby scat, as 
previously described (8). In brief, we placed 10 g of 
soil or scat into 10 mL Ashdown’s selective broth (Ox-
oid–Thermo Fisher Scientific, https://www.thermo-
fisher.com). For bore water, we filtered 1 L through a 
0.45 μm filter (Pall Life Sciences, https://www.pall.
com), then transferred to 10 mL Ashdown’s selective 
broth. We vigorously vortexed the broth, then incu-
bated at 37°C for 48 hours and subcultured to Ash-
down’s solid medium plates (Edwards Microbiology, 
https://www.edwards.com). We reviewed plates for 
B. pseudomallei morphotypes and screened up to 5 
suspect colonies by using Biotyper (Bruker Corpora-
tion, https://www.bruker.com) matrix-assisted laser 
desorption/time-of-flight (MALDI-TOF) mass spec-
trometry to capture potential strain variation. 

Of the 18 environmental samples, we isolated B. 
pseudomallei from 12 (67%), which included 49 indi-
vidual isolates. We screened those 49 isolates and 29 
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Figure 3. Images of participants immediately after a sporting 
event that resulted in an outbreak of limited cutaneous 
melioidosis, Australia. The sporting event was held in a tropical 
region of Queensland and involved crawling through a mud 
pit on an obstacle course. Children are extensively covered in 
mud immediately after participating in the event. Neither of the 
pictured children contracted melioidosis. However, Burkholderia 
pseudomallei was isolated in soil samples from the mud pit and 
genomically linked to B. pseudomallei isolated from cutaneous 
lesions on 7 children who participated in the event and had 
melioidosis diagnoses.
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returned a result of B. thailandensis using the MAL-
DI Biotyper Library (Bruker), an in vitro diagnostic 
(IVD) database, which cannot distinguish between B. 
thailandensis and B. pseudomallei. We further analyzed 
all IVD spectral profiles using a curated B. pseudom-
allei library and confirmed that all 29 B. thailandensis 
isolates were actually B. pseudomallei. The other 20 iso-
lates returned no identification using the IVD library, 
but we subsequently confirmed those as B. pseudomal-
lei by using the curated library. The 49 colonies dis-

played minimal colony variation, and we selected 32 
colonies for further testing.

Genomic Investigation
We performed whole-genome sequencing on all 7 
clinical isolates and 32 environmental isolates. We 
extracted and prepared DNA from the isolates for 
sequencing, as previously described (20). In brief, 
we prepared DNA by using the Nextera XT Kit (Il-
lumina, https://www.illumina.com) and sequenced 
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Figure 4. Clinical images of cutaneous 
melioidosis among children after sporting event, 
Australia. A) Cutaneous pustular lesion on the 
left arm of case 1; lesion initially appeared at 
19 days postexposure (dpi). B) Cutaneous 
ulcerative lesion on the right leg of case-
patient 2; lesion initially appeared at 14 dpi. C) 
Cutaneous lesion near the umbilicus of case-
patient 3; lesion initially appeared at 18 dpi. 
D) Cutaneous lesion on the left arm of case-
patient 4; lesion initially appeared at 31 dpi. 
E) Cutaneous lesion on the right arm of case-
patient 5; lesion initially appeared at 12 dpi.

Figure 5. Clinical images of 
adverse reactions secondary to 
trimethoprim/sulfamethoxazole 
among children treated for 
cutaneous melioidosis after a 
sporting event, Australia. A) 
Widespread, erythematous, 
pruritic rash in case-patient 
1 that began 9 days after 
commencing trimethoprim-
sulfamethoxazole. B) Lip 
swelling and a widespread 
erythematous rash in case-
patient 2 that began 16 days 
after commencing trimethoprim/
sulfamethoxazole.
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on the NextSeq 500 using the NextSeq 500 Mid Out-
put Version 2 Kit (Illumina) at 300 cycles, according 
to the manufacturer’s instructions. We used Trim-
momatic version 0.36 to trim sequences (21), and 
quality checked sequences by using FastQC version 
0.11.5 (Babraham Bioinformatics, https://www.bio-
informatics.babraham.ac.uk) and MultiQC version 
1.1 (https://multiqc.info) (22). We used SPAdes as-

sembler version 3.12.0 (23) to perform de novo assem-
bly of sequences into contigs. We performed multi-
locus sequence type (MLST) and core genome MLST 
(cgMLST) analysis by using Ridom SeqSphere+ ver-
sion 8.4 (Ridum Bioinformatics, https://www.ridom.
de) and publicly available schemes at PubMLST (24). 
We uploaded sequence data to GenBank (BioProject 
accession no. PRJEB61871).
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Table 1. Clinical features, antimicrobial drug treatment, and outcomes of limited cutaneous melioidosis among children after sporting 
event, Australia* 

Case 
no. 

Age, 
y/sex 

Location of 
cutaneous 
lesion(s) 

No. 
swabs† Immunocompetent 

Disseminated 
foci excluded‡ 

Intensive 
phase 

duration 

Eradication 
phase 

duration§ 

Primary 
antimicrobial 

drug# Outcome 
1 8/F Left arm, right 

leg, low back 
1 Y Y 14 d 9 d Ceftazidime Recovered 

2 8/F Right leg, left leg 2 Y Y 2 d 12 wk AMOX/CLAV Recovered 
3 10/F Abdomen 1 Y Y NA 8 wk Doxycycline Recovered 
4 7/M Left arm 1 Y Y NA 17 d AMOX/CLAV Recovered 
5 7/M Right arm 2 Y Y NA 12 wk AMOX/CLAV Recovered 
6 7/F Right arm 1 Y Y NA 9 wk Doxycycline Recovered 
7 9/F Right hip 1 Y Y NA 12 wk AMOX/CLAV Recovered 
*AMOX/CLAV, amoxicillin/clavulanate. NA, not applicable. 
†Number of swab samples collected before Burkholderia pseudomallei was cultured.  
‡Defined by no B. pseudomallei growth in blood cultures, and no evidence of infection on chest radiograph and abdominal ultrasound. 
§Defined as total duration of antimicrobial drug course, excluding treatment interruptions. 
#Antimicrobial drug used for longest time. 

 

 
Table 2. Environmental sample selections and sampling methods in an investigation of melioidosis among children after sporting 
event, Australia 
Sample 
site Rationale for site selection Sampling method 

No. 
samples 

Mud pit Epidemiologic review suggested the mud pit used during the 
event was the most plausible source of infection 

Soil samples were collected at a minimum  
of 2.5 m apart and in a grid format 

8 

Because this was the likely point of acquisition, the greatest 
number of samples were taken here 

Two additional samples taken in the center  
of the mud pit 

Earth 
works 

Determine whether earth works brought into the site 
introduced B. pseudomallei 

Area was condensed rock and soil, which was 
a barrier to reaching 30 cm depth. Soil was also 

well drained 

1 

Identify whether runoff from this site affected other parts of 
the school, sports field, or mud pit area 

 

Sample was collected at a random spot in  
the earth works area due to limited  

laboratory capacity 

 

 Identify whether this area had similar contamination as other 
areas 

  

Drainage 
area 
adjacent to 
earth 
works 

Identify whether runoff or sediment from earthworks or school 
grounds contained B. pseudomallei 

Samples were collected at random spots in 
sample area due to limited laboratory capacity 

3 

Determine if the stormwater diversion drains were introducing 
B. pseudomallei to the school site 

Sample location was identified because areas 
where runoff and sediment from the earthworks 

site and school might collect and settle 
Side 
sports field 
stormwate
r run off 

Area appeared to hold water runoff from earthworks site and 
sports field 

Samples were collected at random spots in 
sample area due to limited testing ability 

2 

Detection of B. pseudomallei might have supported theory 
that B. pseudomallei was introduced to the school site 

through earthworks 

Sample location was identified as an area 
where water runoff from earthworks site and 

sports field collected and pooled 
Wallaby 
scat 

Evidence that wallabies can carry B. pseudomallei that might 
have been spread across the site through their feces (17) 

Surface sampling of wallaby feces in areas 
witnessed to have a high population of 
wallabies grazing during sampling visit 

 

2 

 Scat collected from multiple droppings to meet 
the 100 g sample requirement 

Scat collected from ground 
Bore water 
pump 

Evidence that bore water has been found to contain B. 
pseudomallei (19) 

Two water samples taken, a first flush sample 
and then a sample after the bore had run for a 

2-min period. 

2 

 Samples required a minimum of 1 L  
collected into sterile containers 
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Among the clinical isolates, we found 3 different 
sequence types (STs): ST2027 in 5 cases, ST2028 in 1 
case, and ST2054 in 1 case. Environmental isolates 
showed much more diversity; we found 9 different 
STs, 3 of which matched STs of the clinical isolates 
(Table 3; Figure 7). Genomic analysis of cgMLST 
showed isolates of all 3 STs from the mud pit and the 
children had 0–2 cgMLST allele difference, a level of 
genetic similarity consistent with the mud pit being 
the source of the exposure (25).

We used BLAST (https://blast.ncbi.nlm.nih.
gov) analysis to investigate the fhaB3 gene, a viru-
lence factor involved in host cell attachment and 
associated with bacteremia, against full-length 

fhaB3 genes from the B. pseudomallei K96243 genome 
(GenBank accession no. NZ_CP009537) (26). Of the 
clinical cases, we found ST2028 isolates had the full-
length fhaB3 gene, but other STs had a truncated 
version of fhaB3 that reduced the peptide length 
from 3,103 to 739 amino acids in ST2027 and to 3,008 
amino acids in ST2054 (Figure 7). We are uncertain 
of the potential functionality of these truncated ver-
sions but suspect they might not have the same func-
tionality as the full-length version.

Discussion
This outbreak of melioidosis originating from a sport-
ing event is striking for several reasons. Although  
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Figure 6. Location of sporting 
event that resulted in an outbreak 
of limited cutaneous melioidosis, 
Australia. The sporting event 
involved crawling through a 
mud pit on an obstacle course. 
Inset shows detail of the mud 
pit area. Colored dots indicate 
environmental sampling sites 
and Burkholderia pseudomallei 
STs detected from samples. 
Among participants, 7 children 
who crawled through the mud 
pit had clinical manifestations 
of melioidosis. Burkholderia 
pseudomallei isolated in soil 
samples from the mud pit were 
later genomically linked to 
isolates from cutaneous lesions 
on 7 children. ST, sequence type.

 
Table 3. Microbiological and genomic results from environmental testing of Burkholderia pseudomallei from investigation of melioidosis 
outbreak among children after sporting event, Australia 

Sample site 

No. 
samples 
collected 

No. samples 
growing B. 

pseudomallei 

No. B. 
pseudomallei 

isolates 

 
Sequence type 

2027* 2028* 2054* 994 2052 2053 2049 2050 1952 
Mud pit 8 7 20 12 5 2 1      
Earth works, including 
drainage 

4 2 5  1  1 2 1    

Sports field 2 2 6   1    2 2 1 
Wallaby scat 2 0 0          
Bore water 2 1 1   1       
*Sequence type genetically matching a clinical case. 
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the outbreak occurred in an endemic area, the at-
tack rate was 2.6%, much higher than the 0.02% 
rate of symptomatic disease reported in seroposi-
tive children in Thailand (4). The difference could 
partly be explained by the higher rates of sero-
positivity generally seen in children in Thailand, 
which potentially results from increased exposure 
to B. pseudomallei from ingestion of unchlorinated 
tap water in early life (27,28). In the outbreak we 
describe, existing abrasions and minor skin trauma 
sustained during the obstacle course might have 
enabled inoculation in the mud pit. Our environ-
mental testing was not able to quantify B. pseudom-
allei in the mud pit samples, but a larger inoculum, 
which can contribute to the development of dis-
ease, might be partly responsible for the increased 
number of cases (29). The full and truncated fhaB3 
gene or other undefined virulence factors also 
might have contributed to the higher attack rate, al-
though absence the fhaB3 gene has previously been 
correlated with cutaneous disease (26). In addition, 
limited cutaneous melioidosis in immunocompe-

tent children occasionally will heal spontaneously 
(6). Public health messaging and greater awareness 
in this outbreak might have improved the detection 
of cases in persons who otherwise would not have 
sought medical attention.

The exposure event occurred at the end of the 
region’s dry season, when cases of melioidosis are 
uncommon, highlighting that human modification 
of the environment can increase exposure to B. pseu-
domallei (30,31). MLST matching of the children’s B. 
pseudomallei isolates to those found in the mud pit 
confirmed that the pit was the source of the outbreak. 
Contaminated unchlorinated bore water supplies 
have been implicated in other melioidosis outbreaks 
(19). In this outbreak, bore water was used regularly 
on the school’s sports fields, but it had not been used 
to fill the mud pit. However, sampling of the bore wa-
ter did identify an MLST that matched 1 child and 
2 samples from the pit, suggesting that both the pit 
and the bore might have become contaminated by 
organisms from the surrounding soil. For this sport-
ing event, the pit had been filled with chlorinated tap 
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Figure 7. Core multilocus 
sequence typing of Burkholderia 
pseudomallei isolated in an 
outbreak of melioidosis among 
children after a sporting event, 
Australia. The phylogenetic 
neighbor-joining tree shows 
the relationships between 
environmental and clinical 
isolates; isolate sources are 
noted. The tree was constructed 
by using SeqSphere version 
9.0.8 (Ridom, https://www.ridom.
de) on the fhaB3 gene and iTOL 
(https://itol.embl.de) was used to 
add the annotations. Identified 
B. pseudomallei STs are noted. 
Scale bar indicates nucleotide 
substitutions per site. ST, 
sequence type. 
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water, but we were unable to ascertain if a different 
water source was used in previous years. In addition, 
because of resource limitations, we were unable to 
collect extensive environmental samples, including 
from irrigation equipment that might have been used 
to fill the pit.

In 2 of the children, an initial swab sample test-
ed negative. Culture of B. pseudomallei remains the 
standard for diagnosing melioidosis, and those cases 
highlight that even in well-equipped laboratories, 
multiple or repeat swab samples from skin lesions 
might be needed to confirm the diagnosis (32). When 
melioidosis is clinically suspected or a history of soil 
or water exposure exists, clinicians should advise the 
laboratory so that appropriate selective and differen-
tial media can be used.

Although the same pit had been used in the obsta-
cle course for 9 years before this outbreak, participa-
tion in the event had not previously been associated to 
any confirmed melioidosis cases. However, repeated 
use and subsequent ground sinkage and water pool-
ing could have resulted in greater soil water content, 
creating an optimal environment for B. pseudomallei 
growth (33). No B. pseudomallei was detected in the 2 
wallaby scat samples, making the presence of a large 
troupe of wallabies an unlikely explanation for the 
outbreak. However, testing of further samples would 
be required to fully exclude wallabies as the source of 
B. pseudomallei (17).

The clinical management of melioidosis usually 
consists of an intensive phase of intravenous me-
ropenem or ceftazidime for a minimum of 14 days, 
then an eradication phase of oral TMP/SMX for a 
minimum of 12 weeks (18). However, an eradication 
phase–only regimen using oral TMP/SMX has been 
proposed for limited cutaneous disease in children 
without risk factors for invasive disease and with-
out disseminated foci (6). In our series, 5 children 
received oral therapy only, and 1 received only 2 
days of intravenous therapy. Also, because of the 
adverse reactions to TMP/SMX, AMOX/CLAV 
was the predominant antibiotic used in 4 cases. In 
adults, AMOX/CLAV is associated with higher re-
lapse rates than TMP/SMX–based regimens (34), 
but AMOX/CLAV has been successfully used as 
eradication therapy in some children (28). However, 
the recommended dosing of 20 mg/kg amoxicillin 
and 5 mg/kg clavulanate 3 times a day could influ-
ence tolerability and adherence (35). In 2 cases, dox-
ycycline was the predominant antimicrobial drug 
therapy, and both children recovered. Doxycycline 
has previously been avoided in children <8 years of 
age because of concerns about dental staining, but 

durations <21 days are considered safe in any age 
group. Rarely, longer courses of doxycycline can be 
required in children when no suitable alternative is 
available (36). However, adverse events, such as ero-
sive esophagitis and photosensitivity, particularly in 
tropical climates, require consideration. In our cases, 
a doxycycline dose of 2 mg/kg twice daily was ad-
ministered and was well tolerated by the children.

The clinical course of the children in this out-
break supports recommendations that oral antibi-
otics alone are appropriate for children with lim-
ited cutaneous melioidosis (6). Although TMP/
SMX remains first-line therapy, alternative agents 
can be substituted if TMP/SMX is not tolerated. A 
3-month course is recommended for limited cuta-
neous disease, but recovery is possible with shorter 
durations (6,28). In this outbreak, 4 cases received 
substantially less than 3 months of oral therapy, 
suggesting that, in immunocompetent children 
without signs of dissemination, a shorter duration 
could be sufficient (37).

Melioidosis is extant throughout tropical regions 
of the world, and outbreaks could occur in areas not 
yet considered endemic for the disease. However, 
acquiring melioidosis from participation in sport-
ing activities remains exceptionally uncommon, and 
the risk to children playing in mud or surface wa-
ter in melioidosis endemic areas is infinitesimally 
small. Furthermore, that none of the 7 cases in this 
outbreak developed into invasive disease and that 
all case-patients had a good clinical outcome is reas-
suring. Nonetheless, these cases highlight some of 
the challenges in the diagnosis and management of 
melioidosis, and the adverse reactions to TMP/SMX 
illustrate the potential risks associated with this an-
timicrobial agent (18). These cases also suggest that a 
shorter duration of antibiotics for limited cutaneous 
melioidosis might be appropriate for some children, 
and the use of doxycycline, a drug often avoided in 
children, could be useful in children with melioido-
sis if TMP/SMX is not tolerated. As a result of this 
outbreak, Far North Queensland guidelines have 
been updated to include advice about the risk to par-
ticipants of events that include exposure to deeper 
layers of soil, and consideration of risk assessment 
for such activities. 

In conclusion, the management of this outbreak 
highlights the virtue of making melioidosis a notifi-
able disease. The approach used for the public health 
response, environmental sampling, and genomic in-
vestigation of a melioidosis outbreak provided here 
could be used as a framework for similar outbreaks 
in the future.
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etymologia revisited
Scrapie
[skra′pe]

Scrapie is a fatal neurodegenerative disease of sheep and goats that was 
the first of a group of spongiform encephalopathies to be reported 

(1732 in England) and the first whose transmissibility was demonstrated 
by Cuille and Chelle in 1936. The name resulted because most affected 
sheep develop pruritis and compulsively scratch their hides against fixed 
objects. Like other transmissible spongiform encephalopathies, scrapie 
is associated with an alteration in conformation of a normal neural cell 
glycoprotein, the prion protein. The scrapie agent was first described as a 
prion (and the term coined) by Stanley Prusiner in 1982, work for which 
he received the Nobel Prize in 1997.
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The widespread use of matrix-associated laser de-
sorption/ionization time-of-flight (MALDI-TOF) 

mass spectrometry, 16s rRNA sequencing, and whole-
genome sequencing (WGS) have improved diagnostic 
accuracy. However, in using those methods, microbi-
ologists and clinicians can be confronted with uncom-
mon gram-negative, nonfermenting bacteria. Those 
microorganisms originate from the environment,  

and their pathogenic potential is often unclear. When 
they are cultured from a clinical specimen, determin-
ing whether such a finding represents a true patho-
gen or a contaminant can be difficult.

One example is the genus Pandoraea, which was 
described in 2000 when researchers reclassified sev-
eral Burkholderia- or Ralstonia-like organisms cultured 
from specimens of patients with cystic fibrosis (CF) 
(1). Pandoraea spp. are found in soil and water habi-
tats, where the bacteria contribute to soil formation 
and cycling of elements necessary for plant growth. 
By 2022, at least 29 species had been identified with-
in the genus, 19 of which were detected in clinical 
samples, most often from CF patients (2). Those spe-
cies are P. anapnoica, P. anhela, P. aquatica, P. apista, P. 
bronchicola, P. capi, P. captiosa, P. cepalis, P. commov-
ens, P. communis, P. faecigallinarum, P. iniqua, P. mor-
bifera, P. nosoerga, P. norimbergensis, P. pneumonica, P. 
pnomenusa, P. pulmonicola, and P. sputorum (2).

Pandoraea spp. can trigger inflammatory respons-
es and interleukin 6 and 8 elevation in cultures of lung 
epithelial cells and bacteria from some isolates are ca-
pable of crossing lung epithelial cell monolayers (3,4). 
In an in vivo model for killing Galleria mellonella lar-
vae, virulence of some Pandoraea strains was compa-
rable to that of Burkholderia cenocepacia (3,4). Various 
other virulence and resistance factors found in other 
pathogens also can be found in Pandoraea spp. (5,6).

Knowledge on the clinical significance of Pandoraea 
spp. is based on case reports and case series. Pandoraea 
spp. can chronically colonize lungs of CF patients and 
evolve over time by sequential mutations, leading to an 
adaptation to the CF host niche (7–10). Worsening lung 
function in CF patients has been linked to Pandoraea 
spp. colonization, but because CF patients often carry 
multiple other relevant pathogens, causality between 
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Pandoraea spp. are gram-negative, nonfermenting rods 
mainly known to infect patients with cystic fibrosis (CF). 
Outbreaks have been reported from several CF cen-
ters. We report a Pandoraea spp. outbreak comprising 
24 non-CF patients at a large university hospital and a 
neighboring heart center in Germany during July 2019–
December 2021. Common features in the patients were 
critical illness, invasive ventilation, antimicrobial pretreat-
ment, and preceding surgery. Complicated and relaps-
ing clinical courses were observed in cases with intraab-
dominal infections but not those with lower respiratory 
tract infections. Genomic analysis of 15 isolates identi-
fied Pandoraea commovens as the genetically most sim-
ilar species and confirmed the clonality of the outbreak 
strain, designated P. commovens strain LB-19-202-79. 
The strain exhibited resistance to most antimicrobial 
drugs except ampicillin/sulbactam, imipenem, and trim-
ethoprim/sulfamethoxazole. Our findings suggest Pan-
doraea spp. can spread among non-CF patients and 
underscore that clinicians and microbiologists should be 
vigilant in detecting and assessing unusual pathogens.
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Pandoraea spp. colonization and clinical deterioration 
is not always clear (9,11,12). The potential of Pandoraea 
spp. to cause acute illnesses has been exemplified by 
bloodstream and other life-threatening infections in CF 
patients and patients who received solid organ trans-
plantation (7,13–15). 

Single cases of Pandoraea spp. infections in pa-
tient populations other than those with CF or solid 
organ transplantation have been documented. Cases 
have occurred among persons without apparent im-
munodeficiency, causing illnesses such as nosocomial 
pneumonia, including infections associated with CO-
VID-19, as well as localized hemodialysis catheter in-
fections, prosthetic valve endocarditis, and skull base 
osteomyelitis (16–22). Nosocomial acquisition and 
antimicrobial pretreatment seem to be common fea-
tures among affected patients (16–22).

Pandoraea outbreaks have been documented in 
CF centers in Denmark and France, each comprising 
6 patients (9,12). One in-depth analysis described a 
large P. apista cluster affecting 18 CF patients serviced 
at the pediatric and adult CF centers in a city in Scot-
land and 1 other patient from south England (6). We 
report a Pandoraea spp. outbreak during July 2019–
December 2021 at a large university hospital and the 
directly neighboring heart center in Berlin, Germany, 
involving 24 non-CF patients colonized or infected 
with a novel P. commovens strain.

Methods

Patient Data
We retrospectively extracted patient data from hospi-
tal records. Data included length of hospital stay, time 
to isolate Pandoraea spp., antimicrobial drug treatment, 
intensive care unit (ICU) admission, renal dialysis, 
solid organ transplantation, underlying conditions ex-
emplified by the Charlson Comorbidity Index (CCI) 
scores, and patient outcome. We classified patients as 
either colonized or infected according to the judgment 
of 2 infectious disease consultants. Detection of Pan-
doraea spp. from otherwise sterile sites, such as blood, 
or from intraabdominal specimens was considered as 
infection. Culture from nonsterile sites (e.g., respirato-
ry samples) was considered colonization if further as-
sessment of antibiotic prescriptions, physicians’ notes, 
laboratory values, and radiology and pathology find-
ings did not reveal evidence of infection. For the diag-
nosis of pneumonia, >1 of the following criteria had to 
be met: new or progressive infiltrate, new or worsen-
ing respiratory signs and symptoms, or rising inflam-
matory markers and assessment of pneumonia by 
the treating physician. For difficult cases, 2 clinicians  

discussed and then agreed on a classification for 
each case (Appendix, https://wwwnc.cdc.gov/EID/
article/29/11/23-0493-App1.pdf).

Microbiology
All microbiological investigations were performed by 
Labor Berlin–Charité Vivantes GmbH in accordance 
with German Quality Standards for the Microbiologi-
cal Diagnosis of Infectious Diseases (https://www.
dghm.org). To detect aerobic bacteria, we plated clini-
cal specimens on conventional solid media, then incu-
bated in ambient air and 5% CO2 enriched atmosphere 
at 37°C. We read plates after 24 h and 48 h incubation. 
We tested suspicious gram-negative microorganisms 
on oxidase and catalase activity and identified micro-
organisms by using the VITEK 2 System (bioMérieux, 
https://www.biomerieux.com), VITEK MALDI-TOF 
mass spectrometry (bioMérieux), or both. Per our clini-
cal routine, we performed antimicrobial susceptibility 
testing of Pandoraea spp. by using the VITEK 2 AST 
GN-233 card, GN-248 card, or both. In addition, we 
subjected several isolates to further genomic analyses. 
For those isolates, we performed broth microdilution 
by using MICRONAUT-S test plates (MERLIN Diag-
nostika GmbH, https://www.merlin-diagnostika.de), 
and tested the following antimicrobial agents: piper-
acillin, piperacillin/tazobactam, temocillin, ceftazi-
dime, cefepime, ceftolozane/tazobactam, ceftazidime/
avibactam, meropenem, imipenem, ertapenem, aztreo-
nam, aztreonam/avibactam, ciprofloxacin, levofloxa-
cin, gentamicin, tobramycin, amikacin, trimethoprim/
sulfamethoxazole (TMP/SMX), fosfomycin, colistin, 
minocycline, and tigecycline. We used MIC strips (Lio-
filchem, https://www.liofilchem.com) to solve dis-
crepancies or to test antimicrobial agents that failed or 
were not included in VITEK 2 or MICRONAUT-S pan-
els. Were interpreted results according to non–species-
related pharmacokinetic/pharmacodynamic (PK/PD) 
breakpoints published by the European Committee on 
Antimicrobial Susceptibility Testing (23).

We also conducted environmental investigations 
for a point source of P. commovens. For environmental 
investigations, we probed respiratory tubes, nebuliz-
ers, suction catheters, washing gloves, toothbrushes, 
nutrition solutions, inhalation solutions, oral medi-
cations such as painkillers in solution, eye and nasal 
ointments, and eye drops.

Genomic Sequencing and Analysis
For exact species identification and determination 
of clonality, we subjected 15 clinical outbreak iso-
lates to WGS, by using either the Nextera Flex (Il-
lumina, https://www.illumina.com) or QIASeq FX  
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(QIAGEN, https://www.qiagen.com) library prepa-
ration kits, according to the manufacturers’ protocols. 
In brief, we extracted and enzymatically fragmented 
10–100 ng of DNA by using DNeasy PowerSoil Pro 
Kit (QIAGEN). We added indexed adapters and am-
plified libraries in limited-cycle PCRs. After clean-up, 
we quantified, normalized, and pooled sequence-
ready libraries before sequencing by using 2× 250 
cycles paired-end sequencing on a MiSeq (Illumina).

To close the genome, we performed nanopore se-
quencing on genomic DNA from isolate LB-19-202-
79 from our outbreak on GridION (Oxford Nanopore 
Technologies, https://nanoporetech.com) using an 
R9.4 flow cell (Oxford Nanopore). We prepared the 
sequencing library by using the SQK-LSK109 Ligation 
Sequencing Kit (Oxford Nanopore), according to the 
manufacturer’s protocol. We performed basecalling 
by using Guppy version 5.0.11 (Oxford Nanopore) on 
the SUP accuracy setting in GridION.

After adapter-trimming the Illumina sequenc-
ing reads by using fastp version 0.20.0 (24), we 
performed de novo genome assemblies by using 
SPAdes assembler version 3.15.5 (25). For the assem-
bly of nanopore sequencing reads, we tried several 
protocols using ont-assembly-snake version 1.0 (P. 
Menzel, unpub. data, https://doi.org/10.20944/
preprints202208.0191.v1) and eventually chose the 
protocol that showed the least differences with P. 
commovens strain LMG 31010 (National Center for 
Biotechnology Information [NCBI] RefSeq accession 
no. GCF_902459615.1). For that protocol, we used 
Filtong (https://github.com/rrwick/Filtlong) to 
quality-filter nanopore reads that passed the base-
calling quality filter to the top 500 megabases and as-
sembled reads using Flye version 2.9 (26). Then, we 
polished the initial assembly with the ONT reads by 
using Racon version 1.4.20 (27) and Medaka version 
1.4.3 (https://github.com/nanoporetech/medaka) 
and polished the Illumina reads by using Polypolish 
version 0.5.0 (28). We rotated the final assembly to 
start at the dnaA gene.

We screened the genome assembly of LB-19-202-
79 against all available Pandoraea spp. assemblies in 
the NCBI RefSeq database (29) as of July 21, 2022, by 
using mash-screen version 2.3 (30). We calculated av-
erage nucleotide identity (ANI) between genome as-
semblies by using FastANI version 1.33 (31). We used 
andi version 0.12 (32) to calculate pairwise genetic 
distances between the assembled genomes, from 
which we constructed a phylogenetic tree compris-
ing the isolate assemblies and the closest Pandoraea 
spp. by using the neighbor joining method of the ape 
package version 5.6 (33).

We uploaded the genome assembly to GenBank 
for annotation by using the NCBI Prokaryotic Ge-
nome Annotation Pipeline (34). The uploaded assem-
bly was then automatically annotated by the Bacterial 
and Viral Bioinformatics Resource Center (BV-BRC) 
pipeline (https://www.bv-brc.org).

Ethics, Consent, and Permissions
The study was approved by the internal review board 
of Charité–Universitätmedizin Berlin (registry no. 
EA4/145/21). The need for informed consent was 
waived because the study was retrospective.

Results
During July 2019–December 2021, we registered pheno-
typically identical Pandoraea spp. isolates in specimens 
from 24 patients, which is 8 times the number of all 
Pandoraea spp. detected at our laboratory in the 3 pre-
vious years (2016–2018). The cases clustered at Charité 
Campus Virchow Klinikum (CVK) and Deutsches 
Herzzentrum Berlin (DHZB), 2 neighboring institu-
tions that are on the same grounds; staff and patients 
regularly move between the 2 institutions. Thirteen 
patients were treated at DHZB and 9 were treated at 
CVK. One other patient was treated at Charité Campus 
Benjamin Franklin and 1 at Unfallkrankenhaus Berlin, 
a major trauma center; both of those institutions are 
in different districts of the city. A total of 7 ICUs, 3 at 
DHZB and 4 at Charité CVK, and 3 regular wards were 
affected by the outbreak. Cases were first observed at 
Charité CVK, then the outbreak shifted after a patient 
was transferred to 2 ICUs at DHZB. Since late August 
2019, nearly all isolates have been recovered on those 
2 ICUs (Figure 1). Environmental investigations per-
formed at those ICUs in September 2019 did not reveal 
any point source.

Patient Information and Outcomes
Among the 24 patients whose cultures grew Pandoraea 
spp., the median age was 67 (range 45–81) years; 50% 
were male and 50% female. Clinical data were avail-
able on 23 patients. Median time from admission to 
Pandoraea spp. detection was 22 days; 22 (96%) of the 
23 patients were treated in ICUs. Patients had numer-
ous underlying conditions, and the median CCI was 6 
(range 0–13). All patients had received antimicrobial 
drug treatment during their hospital stays before Pan-
doraea spp. detection, 65% had undergone surgery, 
and 65% received mechanical ventilation (Table 1).

We considered 12 patients colonized and 10 pa-
tients infected. For 2 cases, we were unable to make a 
classification. All 10 of the infected patients were on 
mechanical ventilation, compared with only 4 (33%) 
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colonized patients. Among infected patients, 8 had 
lower respiratory tract infections and 2 had intraab-
dominal infections. In 5 infected patients, Pandoraea 
spp. was part of a polymicrobial culture, and in the 
other 5 infected patients, no other pathogens were 
detected. Pandoraea spp. infections were treated with 
imipenem in 8 patients and meropenem in 2 patients. 
TMP/SMX was administered as stepdown therapy 
in 1 patient after initial treatment with imipenem. All 
respiratory tract infections resolved, whereas the 2 
patients with intraabdominal infections had compli-
cated clinical courses that involved several surgical 
interventions and protracted administration of vari-
ous antimicrobial agents in both cases (Appendix). 

Among the 10 infected patients, 4 died dur-
ing hospitalization. None of those deaths were 
judged to be directly related to the Pandoraea spp. 
infections (Table 2, https://wwwnc.cdc.gov/EID/
article/29/11/23-0493-T2.htm).

Microbiology Results
During July 2019–December 2021, Pandoraea spp. was 
cultured from 43 clinical specimens, including throat 

swabs, respiratory secretions, bile, ascites, intraab-
dominal specimens, and wound swabs. Numerous 
blood cultures were collected from 19 of the 24 pa-
tients. However, Pandoraea spp. was only detected in 
1 blood culture from a patient with a complicated in-
traabdominal infection. Pandoraea spp. isolates grew 
readily after overnight culture on commercial solid 
media, such as Columbia blood or MacConkey agars. 
Single colonies appeared pale to grayish, displayed 
weak oxidase activity, and were catalase negative. 
Neither a mucoid phenotype nor small colony vari-
ants were observed.

Using the VITEK 2 GN ID card, identification was 
possible only to the genus level. In 4 of 17 tested iso-
lates, a reliable discrimination between Pandoraea spp. 
and Bordetella hinzii could not be made by VITEK 2. 
In the remaining 13 isolates, we identified Pandoraea 
spp. with probabilities ranging from 95% to 99%. All 
36 isolates tested by VITEK MALDI-TOF mass spec-
trometry were identified as P. sputorum with a score 
of 99.9. We were able to perform WGS to differenti-
ate P. commovens from P. sputorum on isolates from 
patients 7, 9–11, and 14–24, as described in the next 
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Figure 1. Timeline of an outbreak of Pandoraea commovens among non–cystic fibrosis intensive care patients, Germany, 2019–2021. 
The cases clustered at Charité Campus Virchow Klinikum (university hospital) and Deutsches Herzzentrum Berlin (heart center), 2 
neighboring institutions that are on the same grounds and staff and patients regularly move between the 2 institutions. Wards 1–7 are 
located at the same grounds; wards 8 and 10 are located in facilities elsewhere in Berlin (indicated by grey background). X symbols 
indicate calendar weeks with detection of P. commovens.; horizontal bars in timelines indicate length of stay. ICU, intensive care unit; 
ND not done; Pt., patient; WGS ID, whole-genome sequencing identification number corresponding to the numbering in phylogenetic 
tree (Figure 2).
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section. Because of the local and temporal relation-
ship, identical colony morphology and antimicrobial 
susceptibilities, we assumed that the correct species 
identification was P. commovens in all patients report-
ed in this outbreak and that P. sputorum was a mis-
identification resulting from limitations in the VITEK 
mass spectrometry database.

We performed susceptibility testing on 35 isolates. 
For susceptibility testing methods, agreement between 
VITEK 2 and MICRONAUT-S broth microdilution 
plates was good for most tested antimicrobial agents. 
According to EUCAST PK/PD breakpoints, MICs ob-
tained for ampicillin/sulbactam and imipenem were 
consistently found to be susceptible at standard dos-
ing levels. MICs for TMP/SMX were <20 mg/L in all 
tested isolates. Cephalosporins including ceftazidime/
avibactam, ceftolozane/tazobactam, and cefiderocol 
tested resistant, as did fluoroquinolones, aminoglyco-
sides, tetracyclines, and colistin (Table 3).

Discrepancies between VITEK 2 and microdilu-
tion were apparent for piperacillin and piperacillin/
tazobactam; higher MICs were detected using VITEK 
2 (range 16 to >128 mg/L for both) than with micro-
dilution (range <4 to 32 mg/L for piperacillin and <1 
to 2 mg/L for piperacillin-tazobactam). MICs for me-
ropenem and ertapenem were also higher in VITEK 
2 (range 4–8 mg/L and 1 to >8 mg/L, respectively) 
than in microdilution (range 1–4 mg/L and <0.5 to 1 
mg/L, respectively).

Genomic Characterization and Phylogeny
We screened the genome assemblies from 15 isolates 
from our outbreak against genomes in RefSeq. We 
found the genome assembly GCF_902459615.1 of P. 
commovens strain LMG 31010 to be the most similar, 
then P. sputorum strain ATCCBAA64, and P. oxalativ-
orans strain DSM 23570. The average genome-wide 
nucleotide identity between isolate LB-19-202-79 and 
GCF_902459615.1 was 99.5% and identity between 
LB-19-202-79 and P. sputorum GCF_900187205.1 was 
94.1%. Thus, we designated our strain as P. commov-
ens strain LB-19-202-79. The phylogenetic tree derived 
from the pairwise phylogenetic distances showed 
that all our isolates are closely related to each other 
and distinct from P. commovens strain LMG 31010 and 
other Pandoraea spp. (Figure 2). We concluded that 
the outbreak isolates were from a single origin.

The assembly of isolate LB-19-202-79 (NCBI Bio-
Sample no. SAMN30015177) from nanopore sequenc-
ing data yielded 1 circular chromosome of 5.9-mega-
base length (GC content 57%; GenBank accession no. 
CP102780) and 1 plasmid of 80.7 kb length (GC con-
tent 63%, 2 copies; GenBank accession no. CP102779).

A search of the plasmid sequence against the 
NCBI BLAST nucleotide database (https://blast.
ncbi.nlm.nih.gov) revealed several alignments 
to the plasmid of Burkholderia aenigmatica strain 
CMCC(B)23010 (GenBank accession no. CP091649.1), 
totaling ≈22 kb and ≈99.9% sequence identity. That 
strain is a member of the Burkholderia cepacia com-
plex and was originally isolated from water purified 
for pharmaceuticals. Apart from that, we only found 
alignments to transposase genes in Klebsiella pneu-
moniae plasmids.

The annotation of the LB-19-202-79 chromosome 
yielded 2 β-lactamase family proteins that are also found 
in the P. commovens strain LMG 31010 genome assembly 
and have >99% amino acid identity. The β-lactamase 
with locus tag NTU39_20675 was identified as an oxacil-
linase (OXA) 62 family carbapenem-hydrolyzing class 
D enzyme and now is denoted as allele blaOXA-1149 
in the NCBI Reference Gene Catalog. The β-lactamase 
with locus tag NTU39_00730 was identified as a class 
C β-lactamase. We analyzed the complete resistome 
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Table 1. Patient characteristics in an outbreak of Pandoraea 
commovens among non–cystic fibrosis intensive care patients, 
Germany, 2019–2021* 
Characteristics Value† IQR 
Sex   
 M 12 (50) NA 
 F 12 (50) NA 
Age, y  67 (45–81) 61–69 
Length of stay, d  51 (0–131) 32–105 
Discharged alive 17 (74) NA 
Time to detect P. commovens, d  22 (0–131) 11–45 
Intensive care unit admission 22 (96) NA 
 Invasive ventilation 15 (65) NA 
 Renal replacement therapy 7 (30) NA 
Surgery 15 (65) NA 
Antimicrobial drug therapy   
 During hospitalization 23 (100) NA 
 During previous 3 mo 14 (82) NA 
Immunosuppressed 5 (22) NA 
Charlson Comorbidity Index  6 (0–13) 3–6 
Vascular disease or disorder   
 Myocardial infarction 4 (17) NA 
 Congestive heart failure 14 (61) NA 
 Peripheral vascular disease 3 (13) NA 
 Cerebrovascular accident 3 (13) NA 
Chronic lung disease 6 (26) NA 
Peptic ulcer disease 1 (4) NA 
Moderate to severe liver disease 3 (13) NA 
Moderate to severe CKD 9 (39) NA 
Diabetes mellitus 5 (22) NA 
 Diabetes mellitus with end-organ 
damage 

4 (17) NA 

Cancer   
 Solid tumor 2 (9)  NA 
 Leukemia 2 (9) NA 
 Lymphoma 2 (9) NA 
*Data reflect 23 cases, except for sex, median age, and median length of 
hospitalization (n = 24). CKD, chronic kidney disease. 
†Values are no. (%) or median (range). 
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comprising all genes associated with antimicrobial  
esistance as determined by the BV-BRC genome anno-
tation (Appendix Table). The complete genome anno-
tation is available at BV-BRC (accession no. 2508289.5; 
https://www.bv-brc.org/view/Genome/2508289.5).

Discussion
We describe a large Pandoraea spp. outbreak compris-
ing 24 non-CF patients. In contrast to earlier outbreaks 
that took place uniformly among CF patients (6,9,12), 
none of the patients in this outbreak had CF. However, 
all but 1 patient were treated in an ICU immediately be-
fore or during the time when P. commovens was isolated. 
All patients had received antimicrobial drugs before P. 
commovens isolation, and all likely acquired the patho-
gen in the hospital. Most of the patients had undergone 
surgery or were on mechanical ventilation, and their 
overall CCI was high (median 6, range 0–13). Those  

observations align with earlier case reports on Pan-
doraea spp. infections among non-CF patients (16–21).

As described by others (35), we experienced dif-
ficulties in correctly identifying the species of the out-
break strain. In several cases, P. commovens was mis-
identified as B. hinzii by biochemical means. Because 
P. commovens was not identified as a separate species 
before November 2019 (2), VITEK MALDI-TOF mass 
spectrometry analysis misidentified the outbreak 
strain as P. sputorum.

Pandoraea spp. can harbor multiple antimicrobial 
resistance and biodegradation genes, enabling the 
pathogen to persist in the hospital environment (6). 
Our resistome analyses and the course of this out-
break that lasted for 2.5 years suggest that P. commov-
ens LB-19-202-79 is equipped with such an armament.

Pandoraea spp. exhibit resistance to most antimi-
crobial agents, including penicillins, cephalosporins, 
fluoroquinolones, aminoglycosides, and colistin, but 
frequently are susceptible to imipenem and TMP/SMX 
(14,36,37). Resistance is mediated by different efflux 
pumps and β-lactamases with a carbapenem-resistant 
phenotype observed in isolates carrying OXA-62 or 
a homologue to OXA-153, both carbapenem-hydro-
lyzing oxacillinases. OXA-62 hydrolyzes meropenem 
more efficiently than imipenem, but expanded-spec-
trum cephalosporins are only poor substrates (5,6,38). 
Among the β-lactamase family proteins detected in 
our strain, one was identified as an OXA-62 family 
carbapenem-hydrolyzing class D β-lactamase, now 
denoted as OXA-1149. However, all our P. commovens 
isolates were susceptible to imipenem but showed el-
evated MICs (1–8 mg/L) for meropenem, correspond-
ing to susceptible to increased exposure according to 
EUCAST PK/PD non–species related breakpoints. The 
high-level resistance of P. commovens to all cephalospo-
rins might at least in part be mediated by the expres-
sion of a class C β-lactamase (39). Although all 8 pa-
tients with respiratory tract infections recovered with a 
single course of antimicrobial drugs, the 2 patients with 
P. commovens intraabdominal infections had relapsing 
courses of disease. Pandoraea spp. are environmental 
bacteria and can thrive in wet settings, such as an ab-
dominal area undergoing multiple surgeries. Under 
such circumstances, armed with a class D carbapen-
emase, P. commovens LB-19-202-79 might withstand 
even prolonged targeted antimicrobial treatment, as 
noted in patient 7 (Appendix).

The assessment of the clinical significance of de-
tection of P. commovens in the patients in this outbreak 
was not always straightforward, especially in cases 
where Pandoraea spp. was cultured from respirato-
ry secretions. Some cases could easily be classified  
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Table 3. Antimicrobial susceptibilities of Pandoraea commovens 
isolates in an outbreak among non–cystic fibrosis intensive care 
patients, Germany, 2019–2021 
Antimicrobial drugs 
tested MIC, mg/L 

Breakpoints, mg/L 
Susceptible Resistant 

Ampicillin >32 <2 >8 
Ampicillin/sulbactam <2 <2 >8 
Piperacillin 8 to >128 <8 >16 
Piperacillin/tazobactam <1 to >128 <8 >16 
Temocillin >128 IE IE 
Cefotaxime 8–16 <1 >2 
Ceftazidime >64 <4 >8 
Cefepime >64 <4 >8 
Ceftolozane/tazobactam 16 to >256 <4 >4 
Ceftazidime/avibactam 16 to >256 <4 >8 
Cefiderocol >256 <2 >2 
Meropenem 1–8 <2 >8 
Imipenem <0.25 to 1 <2 >4 
Imipenem/relebactam <1 <2 >2 
Ertapenem <0.5 to >8 <0.5 >0.5 
Aztreonam 32 to >128 <4 >8 
Aztreonam/avibactam >128 NA NA 
Ciprofloxacin >4 <0.25 >0.5 
Moxifloxacin >8 <0.25 >0.25 
Gentamicin 8 to >16 <0.5 >0.5 
Tobramycin >16 <0.5 >0.5 
Amikacin >64 1 >1 
TMP/SXT <20 IE IE 
Fosfomycin 128 to >256 IE IE 
Colistin >16 IE IE 
Minocycline 1–4 IE IE 
Tigecycline 1 <0.5 >0.5 
Doxycycline >16 IE IE 
*MIC results are from susceptibility testing of 35 Pandoraea spp. isolates. 
The table comprises results of different test methods VITEK 2 (bioMérieux, 
https://www.biomerieux.com), MICRONAUT-S broth microdilution 
(MERLIN Diagnostika GmbH, https://www.merlin-diagnostika.de), and MIC 
strips (Liofilchem, https://www.liofilchem.com). IE, insufficient evidence, no 
breakpoints available; NA, not applicable; TMP/SXT, 
trimethoprim/sulfamethoxazole. 
†According to pharmacokinetic/pharmacodynamic (non–species related 
breakpoints from European Committee on Antimicrobial Susceptibility 
Testing Clinical Breakpoint Tables version 11.0, 2021 
(http://www.eucast.org). 
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as colonization, such as when only throat swab sam-
ples were positive and patients had no other signs 
and symptoms of infection. However, P. commovens 
was part of polymicrobial cultures in some patients, 
and its role in those cases was difficult to estimate. 
P. commovens was the only relevant pathogen that 
could be detected in 5 of 8 patients with nosocomial 
pneumonia; however, it was only detected in low 
to intermediate quantities. Those cases were classi-
fied as infections because patients had nosocomial 
pneumonia, which cleared after administration of 
targeted antimicrobial drug treatment for P. com-
movens. The pathogenicity of P. commovens in the 2 
patients with complicated intraabdominal infections 
seemed evident. P. commovens was the predominant 
pathogen and was repeatedly isolated from different 
materials, even from blood culture in 1 case.

The first limitation of this study is that we were 
not able to sequence all Pandoraea spp. isolates from the 
outbreak. Some uncertainty remains about whether all 
isolates belonged to the outbreak strain P. commovens 
LB-19-202-79. However, given the identical phenotyp-
ic features and the temporal and spatial relationship, 
we assume the same strain was responsible for all  

cases. Second, we were not able to find an environmen-
tal source. Third, detection of Pandoraea spp. could not 
easily be classified as colonization or infection in sev-
eral patients; however, that is a well-known dilemma 
when low-virulent pathogens are cultured from non-
sterile sites, such as the respiratory tract.

In conclusion, our sequence analysis highlights 
the advantage of bacterial WGS for exact species 
identification and typing of outbreak isolates. On 
the basis of these findings, we conclude that Pan-
doraea spp. are not only capable of spreading among 
CF patients, as described before, but also to non-CF 
patients. The bacteria can also cause outbreaks on 
ICUs, in particular affecting patients with a history 
of intensive antimicrobial pretreatment, multiple 
abdominal surgeries, and mechanical ventilation. 
This outbreak report underscores the critical role 
of vigilance among both clinicians and microbiolo-
gists when unusual pathogens occur and the need 
for access to modern molecular sequencing tech-
niques in hospital laboratories.

All sequencing data are available from the NCBI under 
BioProject no. PRJNA849608.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2235

Figure 2. Phylogenetic tree of isolates from an outbreak of Pandoraea commovens among non–cystic fibrosis intensive care patients, 
Germany, 2019–2021. Genome assemblies from 15 isolates (labeled LB) compared with Pandoraea spp. genomes in the National Center 
for Biotechnology Information RefSeq database (https://www.ncbi.nlm.nih.gov) found the genome assembly GCF_902459615.1 of P. 
commovens strain LMG 31010 was the most similar. The tree was created by using neighbor joining the calculated pairwise phylogenetic 
distances between genome assemblies and available database sequences. Scale bar indicates nucleotide substitutions per site.
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Marburg virus (MARV) and Ravn virus (RAVV) 
(family Filoviridae, genus and species Orthomar-

burgvirus marburgense) are the causative agents of Mar-
burg virus disease (MVD). The prototypical filovirus 
and close relative of Ebola virus, MARV was identified 
in Germany and the former Yugoslavia in 1967 when 
laboratory workers had MVD develop after handling 

infected African green monkeys (Cercopithecidae: 
Chlorocebus tantalus) imported from Uganda (1,2). Since 
then, 16 additional MVD outbreaks have been report-
ed, with case-fatality rates of 23%–90% (3). A reported 
large MVD outbreak in Africa (>100 cases) occurred at 
the Gorumbwa mine in eastern Democratic Republic 
of the Congo during 1998–2000, followed nearly a de-
cade later by 2 small outbreaks, at the Kitaka mine in 
southwest Uganda in 2007 (4,5) and Python Cave in 
Queen Elizabeth National Park, ≈32 km from Kitaka 
mine, in 2008 (6).

Subsequent ecologic investigations identified the 
Egyptian rousette bat (ERB; Rousettus aegyptiacus), a 
cave-dwelling fruit bat, as the MARV natural reservoir 
based on the repeated detection or isolation of MARV 
and RAVV directly from ERBs captured at those and 
other locations (7–15). This conclusion is further sup-
ported by experimental infection studies showing that 
ERBs are capable of shedding MARV for up to 3 weeks, 
the highest amounts in oral secretions and urine and to 
a lesser extent in feces (16–18), and that sustained bat-
to-bat MARV transmission is possible under laboratory 
conditions in the absence of any other animals or arthro-
pods normally found in their natural habitat (18).

Many MVD outbreaks were associated with direct 
human encroachment into ERB roosts and presumably 
exposure to infectious ERB material such as urine or fe-
ces. However, more than half (9/17) of historic MARV 
spillover events are epidemiologically unlinked to 
ERB cave habitats or infected secondary hosts. Because 
ERBs in Africa prefer to roost in unpopulated forested 
areas, pinpointing the intersections between ERBs and 
humans is difficult. Moreover, human infection with 
MARV occurs through broken skin or mucous mem-
branes such as the eyes, nose, or mouth, implying the 
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Marburg virus disease, caused by Marburg and Ravn  
orthomarburgviruses, emerges sporadically in sub-Saharan 
Africa and is often fatal in humans. The natural reservoir is 
the Egyptian rousette bat (ERB), which sheds virus in sa-
liva, urine, and feces. Frugivorous ERBs discard test-bitten 
and partially eaten fruit, potentially leaving infectious virus 
behind that could be consumed by other susceptible ani-
mals or humans. Historically, 8 of 17 known Marburg virus 
disease outbreaks have been linked to human encroach-
ment on ERB habitats, but no linkage exists for the other 
9 outbreaks, raising the question of how bats and humans 
might intersect, leading to virus spillover. We used micro‒
global positioning systems to identify nightly ERB forag-
ing locations. ERBs from a known Marburg virus‒infected 
population traveled long distances to feed in cultivated fruit 
trees near homes. Our results show that ERB foraging be-
havior represents a Marburg virus spillover risk to humans 
and plausibly explains the origins of some past outbreaks.



GPS for Identifying Marburg Virus Spillover

need for direct or indirect contact with an infected bat or 
infectious bodily fluids.

The question remains then, how do MVD outbreaks 
that are geographically distant from and epidemiologi-
cally unlinked to caves or mines get started? One pos-
sibility is suggested by virus stability studies showing 
that MARV remains viable for up to 5 days on surfaces 
such as wool and glass (19) or up to 6 hours on the sur-
faces of banana and mango, favorite foods among wild 
ERBs (20). This level of virus stability might provide suf-
ficient time for humans, nonhuman primates (NHPs), 
or other potentially susceptible wildlife or domestic 
animals to be infected by indirect contact with contami-
nated surfaces or by consumption of fruits soiled with 
infectious ERB urine, feces, or saliva. ERBs routinely test 
bite and discard unwanted fruit or spit out masticated 
fruit pulp in the tree or on the ground (21,22), provid-
ing another means for releasing infectious virus into 
the environment. This behavior of test biting fruit most 
likely extends to all ERBs throughout their distribution 
in sub-Saharan Africa, where multiple other MVD out-
breaks have occurred (Figure 1). We used micro–global 
positioning systems (micro-GPS) to track nightly move-
ments of ERBs in Uganda to identify opportunities for 
MARV spillover to humans.

Methods

Ethics and Biosafety
All animal work was performed with approval of the 
Centers for Disease Control and Prevention Institu-
tional Animal Care and Use Committee (protocol 
no. 3063AMMBATX-A2) and with permissions from 
the Uganda National Counsel for Science and Tech-
nology (NS 614) and the Uganda Wildlife Authority 
(COD96/05) and through collaborations with Uganda 
Wildlife Authority and Uganda Virus Research Insti-
tute. All personnel wore appropriate personal protective 
equipment while performing all bat handling aspects of 
this field study as described (23). Those materials and 
procedures included disposable gowns or Tyvek cov-
eralls, double gloves (including bite-resistant gloves if 
necessary), face shields, and respiratory protection.

Bat Capture and Processing
To determine if ERBs, originating from a known MARV-
infected population, routinely travel long distances to 
forage in cultivated fruit crops near homes, we fitted 100 
male bats from Python Cave in Maramagambo Forest, 
part of Queen Elizabeth National Park in Uganda, with 
micro-GPS units and tracked their nightly movements. 
This process was performed over 2 separate capture ses-
sions, once in February 2022 and again in August 2022, 

marking 50 bats each time. We selectively captured the 
bats by using handheld sweep nets. Only adult male 
bats were used in this study, to avoid burdening preg-
nant female bats with the GPS units.

As part of an ongoing zoonotic virus surveillance 
effort at Python Cave, an additional 50 bats were cap-
tured for destructive sampling. The bats were humanely 
euthanized under anesthesia and necropsied following 
procedures outlined in Amman et al. (23). Tissues har-
vested were cardiac blood, liver, spleen, heart, lung, 
kidney, salivary gland, and axillary lymph node; tissues 
were either flash frozen in liquid nitrogen for storage or 
placed in of virucidal lysis buffer and homogenized (100 
mg tissue in 1 mL MagMax Lysis Buffer; Life Technolo-
gies, https://www.thermofisher.com) for RNA extrac-
tion and downstream PCR analysis. When handling bats 
and performing necropsies, all personnel wore appro-
priate personal protective equipment that included dis-
posable gowns, double gloves )including bite-resistant  
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Figure 1. Distribution of Rousettus aegyptiacus bats in Africa 
(dark gray shading), showing locations of known Marburg virus 
disease spillover events into humans (red dots) and Egyptian 
rousette bats (R. aegyptiacus) that previously tested positive for 
Marburg or Ravn viruses (yellow dots). The bat distribution was 
adapted from the International Union for Conservation of Nature 
and Natural Resources Red List of Threatened and Endangered 
Species distribution maps (https://www.iucnredlist.org), except 
for the shaded area in Sierra Leone indicated by the yellow dot 
and black arrow, which represents a range extension for Egyptian 
rousette bats not shown on the Red List website (7).
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gloves if necessary), and powered air-purifying respira-
tory protection.

Viral Detection
We extracted RNA from 125 µL of tissue homogenate 
on the MagMAX Express-96 Deep Well Magnetic Par-
ticle Processor (Thermo Fisher Scientific, https://www.
thermofisher.com) from homogenized tissues by using 
the MagMAX Total RNA Isolation Kit (Thermo Fisher 
Scientific). We then tested the extracted RNA by quan-
titative reverse transcription PCR (qRT-PCR) targeting 
the MARV protein 40 gene (VP40; see Amman et al. [7] 
for primer and probe sequences) and the eukaryotic 18S 
rRNA gene (Eukaryotic 18S rRNA Endogenous Control 
Kit; Thermo Fisher) by using the SuperScript III Plati-
num One-Step qRT-PCR Kit (Thermo Fisher Scientific).

GPS Tracking and Data Analysis
We attached small (<7 g) micro-GPS units (Telemetry 
Solutions, https://www.telemetrysolutions.com) to 
an area of the bat’s dorsum just between the scapulae 
(Figure 2) by using a veterinary adhesive (America’s 
Acres Inc., https://americasacres.com). We used male 
bats weighing >100 g (mean 161.0 g, range 118.0–188.0 
g) to keep the total percentage of unit weight to body-
weight ratio <10%. We kept bats fitted with GPS units 
in a screenhouse for several minutes to ensure a good 
GPS fit and unincumbered flight before release. The 
GPS units were preprogramed to begin collecting data 
at 5-minute intervals beginning at 7:00 pm and stop-
ping at 5:00 am the next morning for the duration of the  

battery life. We placed a base station capable of wire-
less data download (Telemetry Solutions) just inside the 
entrance of Python Cave so that the entire cave interior 
was within line-of-site. To preserve GPS battery life, we 
used a repeater antenna outside the cave to transmit sat-
ellite signal to the GPS units on the bats inside the cave.

We collected the base station 5–7 days after the last 
GPS unit was deployed and downloaded the data to 
the Collar software (Telemetry Solutions) where it was 
converted to KML (Keyhole Markup Language) file for-
mat and viewed on Google Earth Pro version 7.3.4.8642 
(https://www.google.com) to locate foraging sites and 
generate minimum convex polygons. We calculated 
average flight distance by using ArcGIS Pro 2.9.2 (En-
vironmental Systems Research Institute, Inc., https://
www.esri.com) to estimate movement by converting 
multiple KML layers to shapefiles and using the Gen-
erate Near Table Tool (https://pro.arcgis.com) with 
the Geodesic method selected for the Method param-
eter to calculate distances between the furthest 2 GPS 
locations. We defined foraging sites as areas where the 
GPS-fitted bats remained in the area, presumably feed-
ing, for >30 minutes. We examined GPS trajectories to 
locate bat visits within 0–30 m from houses, cultivated 
crops, or forest patches near farms or cultivated crops 
outside the contiguous forest preserve.

Results

MARV Circulation in ERBs
Analysis of samples acquired from the ongoing viral 
zoonoses surveillance has shown that MARV continues 
to circulate in the ERB population roosting in Python 
Cave. Of the 50 bats captured for destructive sampling, 
2 (4.0%) of 50 had detectable MARV RNA identified by 
qRT-PCR.

GPS Tracking
Of the 100 ERBs fitted with GPS units, data from 70 
bats were ultimately usable. Data from the other 30 
units either were never received or were not usable be-
cause the data points were so few that no discernable 
flight pattern could be determined. We suspect that 
complete GPS failures were caused by the unit being 
pulled off by the bat or its roost mates or by the bat not 
returning to that roost, preventing the wireless down-
load of data to the base station. Other reasons might 
include failure of the unit, including the battery; fail-
ure of the adhesive; or predation by one of the many 
snakes living in the cave or some other predator, such 
as birds of prey, in the surrounding area. 

Plotting the bat GPS coordinates onto satellite im-
agery showed that over a maximum battery life span 
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Figure 2. Micro‒global positioning system placement on an adult 
male Egyptian rousette bat (Rousettus aegyptiacus). Micro‒global 
positioning system units (<7 g; Telemetry Solutions, https://www.
telemetrysolutions.com) were attached to the dorsum of male bats 
weighing >100 g.
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of 4 days (range 1.5–4 days), ERBs from Python Cave 
had an average flight distance of 60.18 km (range 
0.83–1,176.10 km) and visited 6 different homes and 34 
independent cultivated crop localities in the surround-
ing agricultural communities. In some instances, bats 
visited the same location on consecutive nights. In to-
tal, 68/70 bats with GPS data (97.14%) made at least 1 
visit to a house, a cultivated crop, or a forest patch near 
a farm or home in an agricultural area outside of the 
forest preserve surrounding Python Cave.

We assessed the accuracy of the GPS data by per-
forming ground truthing, a method used to compare 
data from field measurements to data collected remote-
ly, at 2 locations in August 2022 at sites where bats vis-
ited, presumably foraging, for extended periods on con-
secutive nights. At 1 house, bat MV19 visited for 5 hours 
and 35 minutes (10:35 pm–4:10 am) overnight on Febru-
ary 12–13, 2022 (Figure 3, panel A). There, mango, papa-
ya, avocado, and bananas were directly observed grow-
ing in the yard and along the sides of the house (Figure 
4, panel A). Furthermore, a young pig (Sus scrofa) was 
observed rooting under the mango tree (Figure 4, panel 
B, C). An interview with the homeowner confirmed that 
the mango tree was fruiting in February 2022 when the 
GPS-tagged bat foraged in the tree. At a second site, bat 
MV18 spent 1 hour and 30 minutes (2:00 am–3:30 am) on 
February 13, 2022, and then foraged again at the same 
site for 1 hour and 20 minutes (2:40 am–4:00 am) the fol-
lowing night (Figure 3, panel B). The crops visited at this 
second site were predominantly bananas but also man-
gos. We have not published GPS coordinates for those 
locations to protect the privacy of the property owners. 

Movement Area
To quantify the estimated minimum movement area 
where the ERBs appeared to forage nightly, we created 
a minimum convex polygon (MCP) (24–27) by using 
the outermost peripheral sites (n = 9) where the GPS-
fitted bats foraged for >30 minutes (homes, crops, and 
forest patches) for both February and August 2022. In 
total, the area of bat foraging activity encompassed by 
this MCP was 1,887 km2, of which 44.8% (846 km2) was 
in agricultural or community areas outside the forest 
(Figure 5). Even though the shortest distance from Py-
thon Cave and the forest preserve to an agricultural 
area was just >0.5 km, the longest distance traveled by 
a single bat in 1 night was 57 km, suggesting a theo-
retical foraging zone radiating >50 km in any direction 
from an ERB roost. The GPS data also showed that sev-
eral ERBs came within 10 km of Kitaka mine, where, 
in 2007, 2.8% of an ERB colony containing >100,000 
animals, or ≈5,000 bats total, were found to be actively 
infected with either MARV or RAVV (13).

Discussion
Analysis of the tissues from the bats euthanized as part 
of ongoing zoonotic viral surveillance determined that 
MARV continued to circulate in Python Cave almost 15 
years after 2 tourists were infected there, once in Decem-
ber 2007 and again in July 2008 (6,28). Moreover, the level 
of active infection was consistent with that found among 
adult bats during previous studies at Python Cave (8), 
albeit with a much smaller sample size. The data report-
ed showed that ERBs at Python Cave, a forest-bound 
roost of >40,000 bats (8), routinely travel distances  
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Figure 3. Google Earth Pro https://www.google.com/earth/versions) images of Egyptian rousette bat (Rousettus aegyptiacus) foraging activity, 
southwest Uganda, February 2022. Both images show micro‒global positioning system locations of Egyptian rousette bats from a population 
of known Marburg virus‒infected bats foraging in fruiting trees and cultivated crops near homes in southwest Uganda. Red dots indicate 
individual global positioning system points taken at 5-minute intervals, connected by yellow lines indicating the track from one point to another. 
A) Home with mango, avocado, papaya, and banana crops ≈12 km northeast of Python Cave visited by bat MV19. Total time spent at this site 
was 5 hours and 35 minutes (10:35 pm‒4:10 am) overnight on February 12, 2022. Inset map shows study area in Uganda (yellow square). B) 
Banana crop visited by bat MV18 200 m northwest of a farm, ≈49 km south-southwest of Python Cave. Total time spent at this site was 1 hour 
and 30 minutes 02:00 am–3:30 am) on February 13, 2022, and again for 1 hour and 20 minutes (2:40 am–4:00 am) on February 14, 2022.
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up to 57 km to forage in peripheral agricultural areas 
where they have easy access to human cultivated fruits 
and wild fruiting trees opportunistically used by hu-
mans and domestic livestock. Given the known distri-
bution of ERBs in Africa, overlayed by locations of past 
MVD outbreaks and MARV-positive ERBs (Figure 1), 
the potential area in Africa at risk for virus spillover is 
considerable but, on a fine scale, might be limited to for-
aging range of ERB roosts. This behavior presents a pre-
viously underappreciated geographic range and poten-
tial mechanism of MARV spillover that might explain 
the origins of MVD outbreaks, such as those most re-
cently in Guinea in 2021, Ghana in 2022, and Equatorial  
Guinea and Tanzania in 2023. In all instances, ERBs 
were reported near the index case, but ensuing epide-
miologic investigations produced no links between the 
primary cases and known ERB colonies. 

At Python Cave, 6 of the 70 GPS-tagged ERBs for-
aged in fruiting trees near houses, sometimes on con-
secutive nights by the same bat; 1 house was later con-
firmed to have both mangoes and bananas growing 
within a few meters of the structure. In that instance, the 
ERB stayed at the location for >5.5 hours, vacating the 

area just 2 hours before sunrise, leaving a period of up to 
4 hours after sunrise for humans to encounter infectious 
virus shed in ERB excreta or oral secretions.

The role of secondary animal hosts must also be con-
sidered, and at the time of ground truthing, a young pig 
was observed rooting under the same mango tree the 
ERB visited, not far from children playing in the yard. 
Pigs are known to be susceptible to ebolavirus (Reston 
and Ebola virus) infection (29,30), which suggest a po-
tential susceptibility to MARV infection. Given that ex-
perimental infection studies of ERBs have shown that 
>104 50% tissue culture infectious doses/mL of MARV 
can be shed intermittently in oral secretions for up to 19 
days after infection (16,18,31), this mechanism of bat-to-
human MARV transmission is plausible, as well as po-
tential transmission events involving intermediate hosts 
such as pigs or NHPs. Such competition for cultivated 
fruit could draw ERBs and other animals together in 
time and space when they otherwise might not interact.

MVD and Ebola disease outbreaks have been ini-
tiated through hunting or scavenging of infected sick, 
dying, or recently dead animals or by unwitting impor-
tation of diseased NHPs for research (1,2,32–34). Both 
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Figure 4. House visited by 
Egyptian rousette bat (Rousettus 
aegyptiacus) MV19, southwest 
Uganda, February 2022. A) 
Front view of the house where 
bat MV19 spent 10:35 pm‒4:10 
am on February 12 and 13, 
2022, foraging: 1, mango tree; 
2, avocado tree; 3, papaya tree; 
4, banana crop. B) Pig rooting 
underneath a mango tree (yellow 
circle). C) Enlargement of yellow 
circled area from panel B.
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Reston virus, an ebolavirus, and Nipah virus, a para-
myxovirus carried by multiple species of Pteropus bats, 
have emerged in pigs (35,36), and Reston virus emerged 
in NHPs imported from the Philippines to the United 
States in 1989 (37). Moreover, domestic pigs were be-
lieved to have been infected with Nipah virus by eating 
fruit dropped by bats that was contaminated with bat 
excreta (38), and infectious MARV was recovered from 
experimentally inoculated banana and mango up to 6 
hours postinoculation (20).

Although the exact number of bats visiting the areas 
identified by the GPS units is unknown, newly indepen-
dent juvenile ERBs have been shown to use the same 
navigation routes and foraging areas as their mothers 
(39). Therefore, it is probable that older juvenile bats, the 
age cohort with the highest incidence of MARV infec-
tion (8), forage on the same cultivated crops as their male 
GPS-fitted ERB counterparts. This result is supported 
by findings that human-generated land use changes 
are linked to increases in the abundance of zoonotic 
reservoir species, along with decreases in nonreservoir 
species (40). This loss in biodiversity correlates with in-
creased human exposure to zoonotic pathogens (41–43). 
It is therefore not difficult to picture the remnants of a 
forest surrounded by drastically altered agricultural ar-
eas as having much reduced biodiversity, leading to in-
creased prevalence of ERBs practicing foraging patterns 
learned from older ERBs, thereby continuing to circu-
late MARVs in the surrounding altered habitat areas.

The GPS data showed that several ERBs came 
close to Kitaka mine, which supports earlier published 
accounts that infected ERBs at Python Cave, ≈32 km 
from Kitaka mine, routinely travel between roosts, ef-
fectively creating a small scale metapopulation within 
2 forest preserves (8). Combined with twice yearly 
breeding and seasonal pulses of up to 12% MARV in-
fection in juvenile ERBs, this finding could help explain 
how such a large amount of MARV genetic diversity is 
maintained at those 2 locations (8,13,44). The foraging 
data also suggest that other homes and agricultural 
areas in Uganda, beyond what is shown here, are fre-
quented by ERBs. To get a sense of the overall potential 
for ERB-human interactions, we can consider that 8.5% 
(6/70) marked bats visited fruit trees near homes over 
an ≈4-day period. Extending those values to an ERB 
population of 40,000 bats, 2.8% of which are actively in-
fected, translates to 95 home visits by MARV-infected 
bats every 4 days, or 8,668 infected bat visits per year. 
Although highly consequential if infection does occur, 
those numbers also suggest that, despite the large geo-
graphic zone of risk surrounding ERB roosts, actual 
spillover events that result in outbreaks are rare, prob-
ably requiring an alignment of multiple circumstances,  

including seasonal fruiting periods, akin to that pro-
posed for how Hendra virus spills over into horses 
(45). Nevertheless, a successful transmission event of 
this batborne virus or others, even if extremely rare, 
can be devastating. Examples include the recent Ebola 
outbreak in West Africa during 2013–2016 that infect-
ed >28,000 persons, primarily in Guinea, Sierra Leone, 
and Liberia, and, more recently, the COVID-19 pan-
demic caused by SARS-CoV-2, a batborne coronavirus 
that spilled over into humans, possibly from a horse-
shoe bat (Rhinolophus affinis) (46).

We report findings of visits to cultivated fruit crops 
near homes and farms by a known MARV natural  
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Figure 5. Minimum convex polygons (MCP) of Egyptian rousette 
bat (Rousettus aegyptiacus) total forage area, southwest Uganda, 
February and August 2022. Yellow lines indicate MCP of forage 
area overall (1,887 km2); orange lines indicate MCP of forage 
area in agricultural communities (846 km2). Red dots for all 
MCPs indicate the outermost peripheral sites where the bats 
fitted with micro‒global positioning system units foraged for >30 
minutes. MCPs are shown in relation to Python Cave, where the 
Egyptian rousette bats roost and were fitted with the micro‒global 
positioning system; the house visited by bat MV19; and Kitaka 
Mine, the site of a 2007 Marburg virus outbreak.
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reservoir, the ERB. Although this information has pub-
lic health usefulness, the study has several limitations, 
including battery limitations of the GPS units, shorter 
time frames for recording foraging activity, and that 
only male bats have been fitted with GPS units to this 
point in the study. Investigations of female and older 
juvenile bats >100 g, which are the more actively infect-
ed cohort of the population (8), will be useful. Longer 
monitoring periods with fewer data points collected to 
preserve battery life and increase the number of days 
the bats will be tracked will also be useful. 
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The global spread of carbapenem-resistant En-
terobacterales, particularly carbapenem-resistant 

Klebsiella pneumoniae (CRKP), poses a severe and on-
going public health threat because of high rates of 
illness and death (1). The production of carbapen-
emases is the most crucial carbapenem-resistance 
mechanism in gram-negative bacteria worldwide 
(2). One of the most prevalent carbapenemase genes, 
blaOXA-48 (oxacillin-hydrolyzing β-lactamase), is found 
predominantly on large and transferable plasmids 
in bacteria of order Enterobacterales. Prevalence of 
K. pneumoniae strains carrying a blaOXA-48–like gene in 

China increased during 2018–2022 (3–6). Nosocomial 
outbreaks, including among pediatric patients, have 
called attention to the importance of better under-
standing the transmission potential of CRKP isolates 
carrying the blaOXA-48–like gene (4–6). 

blaOXA-232, a variant among blaOXA-48 genes with 
limited carbapenem hydrolytic activity, was initially 
identified in France in 2011 (7). Most blaOXA-232 genes 
have been discovered on small and nonconjugative 
ColKP3-type plasmids (8). In China, some strains of 
sequence type (ST) 15, the predominant lineage of 
blaOXA-232–carrying K. pneumoniae, mediate low-level  
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Prevalence of carbapenem-resistant Klebsiella pneu-
moniae (CRKP) has compromised antimicrobial efficacy 
against severe infections worldwide. To monitor global 
spread, we conducted a comprehensive genomic epide-
miologic study comparing sequences from 21 blaOXA-232–
carrying CRKP isolates from China with K. pneumoniae 
sequence type (ST) 15 strains from 68 countries avail-
able in GenBank. Phylogenetic and phylogeographic 
analyses revealed all blaOXA-232–carrying CRKP isolates 
belonged to ST15 lineage and exhibited multidrug resis-

tance. Analysis grouped 330 global blaOXA-232–carrying 
ST15 CRKP strains into 5 clades, indicating clonal trans-
mission with small genetic distances among multiple 
strains. The lineage originated in the United States, then 
spread to Europe, Asia, Oceania, and Africa. Most recent 
common ancestor was traced back to 2000; mutations 
averaged ≈1.7 per year per genome. Our research helps 
identify key forces driving global spread of blaOXA-232–car-
rying CRKP ST15 lineage and emphasizes the impor-
tance of ongoing surveillance of epidemic CRKP.
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carbapenem resistance and many coexist with viru-
lence plasmids (6,9,10). Applying a previously pro-
posed reverse genomic epidemiology strategy en-
abled us to make genome comparisons of isolates to 
identify shared sources of infection on the basis of 
genomic similarity (11). This approach, developed in 
response to increasing rates of global spread of an-
timicrobial-resistant bacteria, emphasizes the need 
to explore transmission of infection from a global 
rather than a country- or case-specific perspective. 
Limited data from previous studies on the number 
and geographic diversity of blaOXA-232–carrying K. 
pneumoniae isolates has impeded full understanding 
of the genomic evolution and transmission dynam-
ics of CRKP (5,12). 

We aimed to perform a multicenter molecular 
epidemiologic study of carbapenem-resistant bla-
OXA-232–carrying K. pneumoniae ST15 isolates in Chi-
na, focusing on the genomic characterization of the 
lineage and the genetic context of the blaOXA-232–car-
rying plasmids. We performed large-scale compre-
hensive genomic epidemiologic analysis to investi-
gate the transmission histories, common ancestors, 
evolution rates, and population structures of all 
publicly available blaOXA-232–carrying K. pneumoniae 
of ST15 lineage. Our study provides data that will 
help monitor global spread and the epidemic ex-
pansion of K. pneumoniae ST15 lineage and provide 
insights for developing new infection control strat-
egies. The ethics committee of Sir Run Run Shaw 
Hospital, Zhejiang University School of Medicine, 
approved this study (2022–0227). 

Methods

Isolate Collection
We performed a retrospective microbiologic char-
acterization of 21 blaOXA-232–carrying CRKP isolates 
obtained from a collection of 2,398 nonduplicate K. 
pneumoniae clinical isolates recovered from 5 hospi-
tals across 3 areas of Zhejiang Province, China, dur-
ing August 2018–March 2022. Presence of the blaOXA-232 
gene was detected by PCR and validated by Sanger 
sequencing (13). We identified bacteria using VITEK 
2 (bioMérieux, https://www.biomerieux.com) and 
matrix-assisted laser desorption/ionization-time-
of-flight (MALDI-TOF) mass spectrometry (Bruker, 
https://www.bruker.com). 

Antimicrobial Susceptibility Testing 
We performed antimicrobial susceptibility testing 
(AST) using a broth microdilution method on anti-
microbial agents amikacin, aztreonam, fosfomycin, 

cefoxitin, cefepime, cefotaxime, cefiderocol, levoflox-
acin, imipenem, meropenem, polymyxin, tigecycline, 
and ceftazidime/avibactam. We determined MICs 
for cefiderocol using iron-depleted cation-adjusted 
Mueller-Hinton broth in custom-prepared MIC pan-
els (14). We interpreted antimicrobial susceptibil-
ity breakpoints according to Clinical and Laboratory 
Standards Institute 2020 (https://clsi.org) and EU-
CAST 10.0 (https://www.eucast.org/clinical_break-
points) guidelines. We used Escherichia coli ATCC 
25922 as a quality control strain for AST. 

Plasmid Conjugation
We used rifampin-resistant E. coli EC600 as the recipi-
ent. We selected transconjugants on Mueller-Hinton 
agar supplemented with rifampin (300 mg/L) and 
imipenem (4 mg/L). We counted numbers of trans-
conjugant colonies after overnight incubation at 
37°C and confirmed transconjugants using PCR and 
Sanger sequencing. 

Whole-Genome Sequencing
We performed whole-genome sequencing using the 
short-read Illumina HiSeq X10 (https://www.illumi-
na.com) with 150-bp paired-end protocol. We also se-
quenced the representative isolate (KP3295) selected 
from the 21 CRKP isolates on the long-read Oxford 
Nanopore MinION platform (Nanopore Technolo-
gies, https://nanoporetech.com). We assembled the 
derived short Illumina reads and long MinION reads 
using Unicycler version 0.4.8 (https://github.com/
rrwick/Unicycler) (15). 

Genomic Features and Plasmid Characterization
We annotated genomes using the National Center 
for Biotechnology Information (NCBI) Prokaryotic 
Genomes Annotation Pipeline (https://github.com/
ncbi/pgap). We determined antimicrobial resistance 
genes using ABRicate version 1.0.1 (https://github.
com/tseemann/abricate) against the NCBI AMRFind-
er database (16) and plasmid replicon types using the 
PlasmidFinder database (17). We detected virulence 
determinants using Kleborate version 2.1.0 (18) and the 
2022 Virulence Factor Database (19). We performed in 
silico multilocus sequence typing (MLST) analysis and 
bacterial source tracking using BacWGSTdb 2.0 (20). 
We used EasyFigure (21) and BLAST Ring Image Gen-
erator (22) to analyze genetic context and homologous 
regions of blaOXA-232 among the isolates. 

Phylogenetic Analysis
On June 3, 2022, we retrieved genome sequences of 
43,402 K. pneumoniae strains from 114 countries and 
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related clinical metadata from the NCBI pathogen 
detection portal (Appendix 1, https://wwwnc.cdc.
gov/EID/article/29/11/23-0463-App1.xlsx). After 
conducting in silico MLST analysis and detecting the 
presence of blaOXA-232 gene in K. pneumoniae, we selected 
330 blaOXA-232–carrying K. pneumoniae ST15 strains for 
further investigation. On the basis of geographic infor-
mation for each isolate, we created a minimum-span-
ning tree based on core genome MLST allelic profiles 
of K. pneumoniae ST15 isolates using chewieSnake (23) 
and visualized the phylogenetic tree using GrapeTree 
(24). We considered isolates to be closely related geno-
typically when separated by a distance of ≤20 alleles. 
We used Snippy version 4.6.0 (https://github.com/
tseemann/snippy) to align sequences and identify 
single-nucleotide polymorphisms (SNPs). We parsed 
genome alignment through Gubbins (https://github.
com/nickjcroucher/gubbins), which identified and re-
moved recombination regions, and inferred and con-
structed a maximum-likelihood phylogeny from those 
SNPs. We calculated pairwise SNP distances between 
the genomes of each isolate to define clades. 

Phylodynamic Analysis 
We performed root-to-tip regression analysis using 
TempEst version 1.5.3 (https://github.com/beast-
dev/Tempest) to confirm that the maximum-likeli-
hood tree had sufficient temporal signal. We used a 
Bayesian Markov Chain Monte Carlo approach imple-
mented in BEAST2 (25) to analyze alignment of puta-
tive substitution mutations identified by Gubbins, on 
which estimates the time-scaled phylogenetic tree was 
based, as well as time of most recent common ances-
tor (tMRCA) and mutation rates. We allowed each run 
300 million iterations, sampled from every 20,000th it-
eration, and discarded the first 10% of the samples as 
burn-in. We estimated the effective sample size using 
Tracer version 1.7.1 (https://github.com/beast-dev/
tracer/releases) to evaluate the operation convergence. 
We used RhierBAPS version 1.0.1 (26) to analyze the 
allele frequency parameters of the bacterial population 
and cluster individual sequences to identify the popu-
lation structure, then used the resulting clades as in-
put for the SkyGrowth package (https://github.com/
mrc-ide/skygrowth) to evaluate effective population 
sizes. We visualized and annotated phylogenetic trees 
using the interactive Tree of Life (iTOL) V5 web server 
(27). We analyzed and visualized transmission links 
for isolates and nodes with spatial phylogenetic recon-
struction of evolutionary dynamics using SpreaD3 (28) 
under a discrete trait model. We deposited genome se-
quences of the 21 CRKP isolates in GenBank (BioPro-
ject accession nos. PRJNA818898 and PRJNA745926). 

Results

Clinical and Microbiologic Characteristics
During August 2018–2022, we recovered blaOXA-232–
carrying K. pneumoniae strains from 21 of 2,398 K. 
pneumoniae patients among 5 hospitals in Zhejiang 
Province, an incidence rate of 0.87% (Table 1). Most 
patients with diagnosed K. pneumoniae infections 
experienced pulmonary infections accompanied by 
respiratory failure. According to AST data (Table 
2) most of the blaOXA-232–positive isolates were re-
sistant to amikacin, aztreonam, fosfomycin, imipe-
nem, meropenem, cefoxitin, cefepime, cefotaxime, 
and levofloxacin. Those isolates showed low-level 
resistance to carbapenems but remained suscepti-
ble to colistin, tigecycline, ceftazidime/avibactam,  
and cefiderocol. 

Genomic Features and Plasmid Characterization
To investigate the genetic characteristics of blaOXA-232–
bearing plasmids, we further subjected isolate KP3295 
to whole-genome sequencing using the Oxford Nano-
pore MinION platform. Whole-genome sequenc-
ing data revealed that KP3295 consists of a chromo-
some of 5,329,783 bp and 10 plasmids (177,848 bp, 
133,750 bp, 128,536 bp, 9,730 bp, 6,141 bp, 5,640 bp, 
4,510 bp, 3,770 bp, and 3,559 bp). The GC (guanine/
cytokine) content of KP3295 was 56.82%; the N50 
value was 5,329,783 bp. The blaOXA-232 gene was car-
ried by a ColKP3-type plasmid (6,141 bp) designated 
as pKP3295-5-OXA-232. Among the other 20 blaOXA-232 
strains, we identified the blaOXA-232 gene on ColKP3-
type plasmids of comparable sizes (5,934–6,141 bp). 
The plasmid included 9 open reading frames: repA, 
mobA, mobB, mobC, mobD, ΔISEcp1, blaOXA-232, ΔlysR, 
and ΔereA (Figure 1). In the conjugation experiment, 
the blaOXA-232–carrying plasmid could not be trans-
ferred to E. coli EC600, which is consistent with the 
absence of intact conjugal transfer elements in the 
backbone structure of that plasmid. 

Comparative analysis with the genetic surround-
ings of the 102 blaOXA-232–carrying plasmids in the 
NCBI nucleotide database revealed that the studied 
plasmid exhibited 100% coverage and 100% iden-
tity to plasmid pOXA-232, originally isolated from E. 
coli, which marked the initial discovery of blaOXA-232. 
When carried by the transposable elements ISEcp1 
and Tn1000, the compact 6.1 kb blaOXA-232–carrying 
plasmid could integrate into larger plasmids, such as 
pOXA-232_30929 (12,351 bp) reported in the Czech 
Republic and pAI1235M_P5 (9,117 bp) in India. We 
found the conserved 6.1 kb ColKP3 plasmid structure 
in association with the transposable element ISEcp1 in  
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IncFIB-ColKP3 (pBio73) and IncFIB-IncHI1B-ColKP3 
(pBio45 and pBio3) plasmids from Turkey. Furthermore, 
with the help of mobile genetic elements, such as ISEcp1 
and TnAs1, the ΔISEcp1-blaOXA-232-ΔlysR-ΔereA structure 
was integrated into plasmids from Bangladesh, specifi-
cally IncFIB-IncFII (p_dm730a_NDM5 and 730a-copy- 
1-OXA-232). Those Inc-type plasmids also carried  
other β-lactam resistance genes, including blaTEM, bleM-

BL, blaNDM-1, and blaCTM-X-15 (Figure 1; Figure 2, panel A). 

The 21 CRKP isolates carried several virulence 
determinants involving yersiniabactin (fyuA, ybtE, 
ybtT, ybtU, irp1, irp2, ybtA, ybtP, ybtQ, ybtX, and 
ybtS), aerobactin (iutA and iucABCD), and hyper-
mucoidity (rmpA2). All 21 isolates belonged to 
yersiniabactin sequence type 277 (ybST277) and 
carried ybt 16. Except for KP232, KP306, and KP77, 
all isolates belonged to aerobactin sequence type 
1 (AbST1) and contained the aerobactin synthesis 
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Table 1. Characteristics of 21 infected patients in China investigated in study of global phylogeography and genomic epidemiology of 
blaOXA-232–carrying carbapenem-resistant Klebsiella pneumoniae sequence type 15 
Isolate Age, y/sex Clinical diagnosis Specimen source Isolation date 
KP3 78/M Atrial fibrillation, severe pneumonia, respiratory failure Urine 2020 Nov 
KP41 66/M Cardiac failure, respiratory failure, urinary tract infection Urine 2020 Nov 
KP105 61/F Cholangiolithiasis Bile 2020 Nov 
KP232 86/M Cholangiolithiasis Urine 2020 Dec 
KP306 42/M Severe acute pancreatitis Excreta 2020 Dec 
KP5 61/M Hydrocephalus Urine 2021 Jan 
KP441 76/F Lung infection, heart failure Sputum 2021 Jun 
KP68 84/F Chronic obstructive pulmonary disease Bronchoalveolar lavage fluid 2021 Sep 
KP76 47/F Posttraumatic brain syndrome Blood 2021 Sep 
KP77 73/M Multiple brain contusion and laceration Sputum 2021 Sep 
KP79 54/M Chronic obstructive pulmonary disease Sputum 2021 Sep 
KP81 94/M Cerebral infarction, hypertension Sputum 2020 Aug 
KP85 56/M Inhalation lung injury Sputum 2021 Oct 
KP89 56/M Inhalation lung injury, respiratory failure Excreta 2021 Nov 
KP91 68/M Respiratory failure, diabetes Urine 2020 Dec 
KP97 55/F Exogenous injury, motor neuron disease, respiratory failure Sputum 2021 Dec 
KP9112 86/F Chronic obstructive pulmonary disease Sputum 2020 Sep 
KP135 76/M Cervical spinal fractures, high paraplegia Sputum 2021 Jan 
KP8474 49/M Intracranial space occupying lesions Sputum 2020 Jul 
KP12339 65/M Intracranial injury Sputum 2019 Jan 
KP3295 52/M Paraplegia Urine 2018 Aug 

 

 
Table 2. MICs for different antimicrobial drugs of 21 blaOXA-232–carrying sequence type 15 carbapenem-resistant Klebsiella 
pneumoniae isolates from patients in China* 

Isolate 
MIC, mg/L 

AMK ATM FOF FOX FEP CTX LVX IPM MEM CST TGC FDC CZA 
KP3 >128 >128 >128 64 >64 >128 64 8 4 <0.0625 1 2 0.25/0.125 
KP41 >128 >128 >128 16 >64 >128 16 4 2 <0.0625 0.25 2 0.5/0.25 
KP105 >128 >128 >128 128 >64 >128 128 >128 >128 <0.0625 2 1 0.5/0.25 
KP232 >128 >128 128 128 >64 >128 >128 8 4 0.0625 2 0.5 0.5/0.25 
KP306 >128 >128 >128 64 >64 >128 64 4 4 <0.0625 1 4 0.25/0.125 
KP5 >128 >128 >128 64 64 >128 32 2 4 0.5 2 0.25 2/1 
KP441 >128 >128 >128 32 >64 >128 16 0.5 2 0.125 2 1 2/1 
KP68 >128 >128 >128 64 >64 >128 32 32 32 0.5 1 1 4/2 
KP76 >128 >128 >128 32 >64 >128 16 1 1 0.25 1 1 1/0.5 
KP77 >128 >128 >128 32 >64 >128 16 0.5 1 0.5 2 0.5 2/1 
KP79 >128 >128 >128 32 >64 >128 32 1 1 0.25 1 16 2/1 
KP81 >128 >128 >128 128 >64 >128 128 16 32 0.125 4 1 2/1 
KP85 >128 >128 >128 32 >64 >128 16 2 1 0.125 1 0.25 2/1 
KP89 >128 >128 >128 32 >64 >128 32 1 2 0.125 2 0.25 2/1 
KP91 >128 >128 >128 128 >64 >128 64 1 2 0.125 0.5 0.5 1/0.5 
KP97 >128 >128 >128 64 >64 >128 128 16 32 0.0625 2 1 2/1 
KP9112 >128 >128 >128 64 >64 >128 64 2 2 <0.0625 1 0.5 2/1 
KP135 >128 >128 >128 64 64 >128 64 4 2 0.5 2 0.25 2/1 
KP8474 >128 >128 >128 >128 >64 >128 64 1 2 0.0625 1 0.5 2/1 
KP12339 >128 >128 >128 32 >64 >128 16 1 2 0.125 0.5 0.5 2/1 
KP3295 >128 64 >128 >128 >64 >128 >128 32 32 0.25 0.25 0.5 0.25/0.125 
*By broth microdilution method for amikacin, aztreonam, fosfomycin, cefoxitin, cefepime, cefotaxime, cefiderocol, levofloxacin, imipenem, meropenem, 
polymyxin, tigecycline, and ceftazidime/avibactam; iron-depleted cation-adjusted Mueller-Hinton broth in custom-prepared MIC panels (14) method for 
cefiderocol. Breakpoints are according to Clinical and Laboratory Standards Institute 2020 (https://clsi.org) and EUCAST 10.0 
(https://www.eucast.org/clinical_breakpoints) guidelines. Escherichia coli ATCC 25922 was the quality control strain. AMK, amikacin; ATM, aztreonam; 
FOF, fosfomycin; FOX, cefoxitin; FEP, cefepime; CTX, cefotaxime; LVX, levofloxacin; IPM, imipenem; MEM, meropenem; CST, colistin; TGC, tigecycline; 
FDC, cefiderocol; CZA, ceftazidime/avibactam. 
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locus iuc 1. Those virulence determinants were all  
located on an IncFIB/IncHI1B-type plasmid 
(177,848 bp), pKP3295-1, in KP3295, which exhibits 
99% identity and 91% coverage to classic virulence 
plasmid pLVPK (Figure 2, panel B). 

Occurrence and Divergence of ST15 Lineage 
We investigated global phylogenetic relationships of 
2,118 K. pneumoniae ST15 strains using core genome 
MLST analysis with a cutoff of 20 alleles to define 
clonality (Appendix 2 Table 1, https://wwwnc.cdc.
gov/EID/article/29/11/23-0463-App2.xlsx). China, 
the United States, Ireland, and the United Kingdom 
emerged as the countries with the highest prevalences 
of ST15. We identified multiple highly homogeneous 
strains common between countries, notably United 
States–China (n = 317), China–Nepal (n = 251), Unit-
ed Kingdom–United States (n = 162), and Vietnam–
Thailand (n = 124) (Figure 3). Antimicrobial resis-
tance gene testing identified blaKPC-2 (19.07%), blaOXA-232 
(15.58%), and blaNDM-1 (10.57%) as the predominant  
carbapenem-resistance genes carried by global K. 
pneumoniae ST15 strains. 

We identified all 21 blaOXA-232 CRKP isolates col-
lected in this study as ST15. We performed phyloge-
netic analysis between the 21 blaOXA-232–carrying CRKP 
isolates and 309 blaOXA-232–carrying K. pneumoniae ST15 
isolates obtained from NCBI (Appendix 2 Table 2). 
The blaOXA-232–carrying K. pneumoniae ST15 isolates 
originated from 10 different countries: China, Unit-
ed Kingdom, Nepal, Netherlands, Oman, Thailand, 
United States, France, India, and Australia. Evalu-
ation of clonal relatedness by core-genome SNPs 
revealed that the blaOXA-232–carrying K. pneumoniae 
ST15 isolates had an average distance of 29 (range 
0–208) SNPs. Phylogenetic analysis using hierarchi-
cal Bayesian clustering separated ST15 isolates into 
2 clusters, I and II, closely corresponding to China 
and other countries. Cluster I was further divided 
into clades 1–4, based on SNP distances ≤20. Among 
2 clades from Hangzhou, Zhejiang Province, China, 
clade 1 had distances of 0–14 (median 4) SNPs and 
clade 2, 0–20 (median 8) SNPs. Clade 3, primarily 
from Shanghai, China, had distances of 0–18 (medi-
an 10) SNPs. Clade 4, from Hangzhou and Taizhou,  
Zhejiang Province, showed distances of 0–17 (median 

2250	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023

Figure 1. Genetic context of blaOXA-232 identified in patients in China investigated in study of global phylogeography and genomic 
epidemiology of blaOXA-232–carrying carbapenem-resistant Klebsiella pneumoniae sequence type 15. Arrows represent coding sequences 
(red arrows, antimicrobial resistance genes; yellow or blue arrows, mobile elements) and indicate the direction of transcription. Arrow 
size is proportional to gene length. GenBank accession numbers are provided.



Carbapenem-Resistant K. pneumoniae ST15

5) SNPs. Strains outside those clades scattered across 
Shandong Province, Jiangsu Province, Jiaxing in Zhe-
jiang Province, and Shanghai, China, as well as in Ne-
pal. Of note, strains SHK022 and SHK012 from China 
displayed distances of 13 SNPs, and strains 2703 and 
2704 from Nepal, 14 SNPs. Strains from the other 9 
countries were predominantly found in cluster II 
(clade 5), with distances 0–202 (median 100) SNPs. 

Subsequently, we analyzed effective population 
size trajectories for each clade. Clade 1 has steadily as-
cended since its emergence in 2020. Clade 2 exhibited 
robust population growth beginning in 2017 and clade 3 
in 2016, an increase that projects to clades 2 and 3 domi-
nating global distribution of blaOXA-232–carrying K. pneu-
moniae ST15 lineage in the future. Clade 4 population 
sharply declined after emerging, later stabilized, and 
has increased in recent years. Clade 5 emerged earlier, 
but its population began to decrease in 2014 (Figure 4). 

In-depth phylogenetic analysis revealed details 
about origins and mutation rates of blaOXA-232–car-
rying K. pneumoniae ST15 isolates. The correlation 
coefficient and R2 for the root-to-tip genetic diver-
gence (0.773) compared with time in the TempEst 
analysis (0.598) indicated a strong linear relationship  
between accumulated mutations and sampling time, 
suggesting that enough signal was present to cali-

brate a strict clock model. The median molecular 
clock rate was estimated to be 3.40 × 10−3 (95% high-
est posterior density interval [HPD] 3.10–3.69 × 10−3) 
substitutions/site/year, which translates to ≈1.7 mu-
tations/genome/year. The tMRCA for blaOXA-232–car-
rying K. pneumoniae ST15 lineage was estimated from 
the temporal height, which dates to 2000 (95% HPD 
1996–2003). Strains from China appeared within a 
recent time window (after 2015) but have greatly in-
creased, apparently the result of a rapidly expanding 
epidemic of clonal transmission. 

We also compared carriage of antimicrobial resis-
tance genes and virulence genes by blaOXA-232–carrying 
K. pneumoniae ST15 strains with strains collected glob-
ally. Our findings suggest that the blaOXA-232–carrying 
K. pneumoniae ST15 strains in the study were multi-
drug-resistant high-risk clones. The ST15 strains car-
ried several genes that confer resistance to β-lactams 
(blaOXA-232, blaSHV-106, blaTEM-1, and blaCTX-M-15), aminogly-
cosides (aac(6′)-Ib, aph(6)-Id, and aph(3″)-Ib), chlor-
amphenicol (catB), quinolones (qnrB1), sulfonamides 
(sul2), 16S rRNA methylase (rmtF1), trimethoprim 
(dfrA14), and rifampin (arr2). Most strains also  
exhibited intrinsic antimicrobial resistance, potential-
ly attributed to genes like fosA6, oqxA6, and oqxB20. 
Of note, strain KP81 collected in this study harbored 
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Figure 2. Genetic comparison of blaOXA-232–carrying plasmids (A) and virulence plasmids (B) recovered from Klebsiella pneumoniae isolate 
KP3295 from China with reference plasmids. A) Alignment of blaOXA-232–carrying plasmids pKP3295-5-OXA-232 (this study), pAI1235M_P5 
(GenBank accession no. CP079136), pOXA-232_30929 (accession no. KX523904), pOXA-232 (accession no. JX423831), pBio45 (accession 
no. CP093855), pBio73 (accession no. CP093853), pBio3 (accession no. CP094228), p_dm730a_NDM5 (accession no. CP096174), and 
730a-copy-1-OXA-232 (accession no. CP096173). We used pAI1235M_P5 as the reference plasmid. Red indicates antimicrobial resistance 
genes. B) Alignment of virulence plasmids pKP3295-1 (this study), pWSD411_2 (accession no. CP045675), pvirhs2_HS-3501_NODE2 
(accession no. OM975892), p2579_1 (accession no. MK649822), kp7450_p1 (accession no. CP090469), pBA6740_1 (accession no. 
MK649823), pE16KP0290-1 (accession no. CP052259), pER17974.3 (accession no. CP059296), p2723–175k (accession no. CP072940), 
and pLVPK (accession no. AY378100). We used pLVPK as the reference plasmid. Red indicates virulence genes.
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2 carbapenemase genes, blaOXA-232 and blaKPC-2. In ad-
dition, this lineage carries various virulence determi-
nants, including yersiniabactin, aerobactin, and hy-
permucoidity (rmpA2). 

Transcontinental Dissemination of Epidemic  
ST15 Lineage in the 21st Century
The United States is the likely origin of the ST15 lineage 
(Figure 5), the offspring of which were introduced into 
other continents, including Europe, Asia, and Oceania. 
Transmission from the United States to Europe trig-
gered an epidemic in the United Kingdom. The ST15 
lineage was concurrently introduced from the United 
States to China, where it is the most common strain 
(93.33%, 308/330 isolates). Epidemic clonal transmis-
sions in China were linked to introductions from the 
United States (2011–2013), Nepal (2015), and the United 
Kingdom (2020). Additional global transmission events 
originated in China and reached the United States, Eu-
rope, and Australia. Transmission from China to Aus-
tralia in 2014 triggered subsequent transmission events 
from Australia to Europe and Asia. Multiple transmis-
sion events occurred from Europe and Australia to Asia 
in 2015–2016, contributing to complex transmission 
pathways among countries in Asia. In 2015, strains from 

Australia reached Oman and subsequently spread to 
Nepal. In the same year, strains from Nepal spread to 
Thailand and China. In 2016, strains from Europe were 
introduced into Thailand and further disseminated to 
Nepal. After a local outbreak, strains from China spread 
to India in 2019. 

Discussion
Worldwide spread of CRKP has been accompanied 
by considerable incidence and death, posing a severe 
threat to public health (29,30). Multiple nosocomial 
outbreaks of blaOXA-232–carrying K. pneumoniae have 
occurred in China and may have contributed to the 
prevalence of those strains (5,6,9,31). We analysed the 
genomic features of 21 CRKP ST15 isolates carrying 
blaOXA-232 collected from various regions in China. We 
integrated the results with global data to investigate 
the mode of spread and the possible origins of ST15 
blaOXA-232–carrying CRKP. Our findings provide new 
insights into the genomic characteristics of blaOXA-232–
carrying K. pneumoniae and transmission dynamics. 

Our analysis of blaOXA-232–carrying CRKP genomes 
found blaOXA-232 on a 6.1 kb ColKP3 plasmid in isolate 
KP3295 with high similarity and coverage with pre-
viously reported plasmids carrying blaOXA-232 detected 
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Figure 3. Minimum spanning tree based on core genome MLST analysis of global blaOXA-232–carrying carbapenem-resistant Klebsiella 
pneumoniae sequence type 15 isolates. Core genome multilocus sequence typing scheme with clade alert distance set as ≤20 alleles. Line 
lengths connecting each circle depict clonal relationships between isolates. Colors of circles indicate different countries. Numbers in square 
brackets in the key indicate numbers of isolates recovered from each country. Scale bar represents genetic distance (allelic differences).
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worldwide (6,8,13). Our unsuccessful plasmid con-
jugation experiment demonstrated the presence of  
blaOXA-232 within a nonconjugative plasmid, confirm-
ing findings from several previous studies (7,31). Inte-
gration of the blaOXA-232 gene onto IncF-, IncHI1B-, and 
IncFII-type plasmids through the transposon element 
ISEcp1 has been documented. IncF- and IncHI1B-type 
plasmids serve as crucial carriers for multiple antimi-
crobial resistance genes, such as extended spectrum 
β-lactamases and blaNDM, that exhibit the ability for 
interspecies conjugative transfer. Those plasmids are 
prevalent among members of Enterobacterales and in-
crease risk for wide dissemination (32,33). The integra-
tion of ColKP3-type miniplasmid on a larger plasmid 
suggests that, although not self-transmissible, ColKP3 
can be mobilized with the assistance of a self-transmis-
sible plasmid. Of note, plasmids encoding blaOXA-232 are 
distributed already in South Asia, Europe, and South 

America. The insertion sequence ISEcp1 was complete-
ly lost from the plasmid, which may have inactivated 
ISEcp1 transposase and ensured the stability of the bla-
OXA-232 gene on the ColKP3 plasmid (9). 

Global dissemination of blaOXA-232 on nonconju-
gative plasmids, along with escalating outbreaks in 
China, prompted our investigation into the trans-
mission dynamics and origins of blaOXA-232–carrying 
K. pneumoniae. A systematic phylogenetic analysis of 
2,118 global ST15 strains revealed a high degree of ho-
mogeneity among strains originating from different 
countries, suggesting the dissemination of K. pneu-
moniae ST15 as a globally prevalent clone. Subsequent 
genomic epidemiologic analysis revealed distinct 
regional clustering, primarily within China, charac-
terized by minimal SNP distances, suggesting clonal 
transmission of blaOXA-232–CRKP ST15 lineage. Clonal 
transmission may also occur between the strains 
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Figure 4. Phylogenetic analysis of global blaOXA-232–carrying carbapenem-resistant Klebsiella pneumoniae sequence type (ST) 15 isolates. 
A) Time-calibrated maximum clade credibility Bayesian phylogeny based on 330 blaOXA-232–carrying ST15 recombination-filtered core 
genomes and distribution of antimicrobial resistance genes and virulence genes in the isolates. The cells with colors indicate presence of 
the gene; blank cells indicate absence. Different colored circles indicate the geographic location and separation time of strains. Blue bars 
along branches indicate 95% highest posterior probabilities. B) Effective population size of ST15 lineage strains based on the population 
structure. Shaded areas indicate 95% highest posterior probabilities. Scale bar indicates number of base substitutions per site.
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from China and Nepal based on pairwise distances 
≤20 SNPs between these strains. Multiple nosoco-
mial outbreaks of blaOXA-232–CRKP ST15 across differ-
ent geographic regions also provided epidemiologic 
evidence to support our investigation (5,6,9). We also 
collected 1 K. pneumoniae isolate KP81, carrying both 
blaOXA-232 and blaKPC-2, also reported in the United States 
in 2020 (34). Emergence of CRKP ST15 carrying both 
blaOXA-232 and blaKPC-2 in China poses a substantial threat 
to public health because of its potential for spreading 
carbapenem resistance internationally through the 
high-risk clone ST15. blaOXA-232–carrying K. pneumoniae 
showed low resistance to imipenem and meropenem 
in our investigation, also described elsewhere (6,9), 
possibly attributable to disruption of efficient hydro-
lytic activity because of loss of a salt bridge between 
residues D159 and R214 (35). 

We used Bayesian phylogeny to elucidate the 
evolutionary history of K. pneumoniae carrying bla-
OXA-232 within the ST15 lineage. We estimated that this 
specific lineage appeared in 2000 (95% HPD interval 

1989–1998), approximately the same time the ST147 
KL10-O3a (2002) and ST258 (1997) lineages were re-
ported (36,37). On the basis of our analysis, we sug-
gest that the ST15 lineage originated in the United 
States. In addition, we successfully reconstructed ear-
ly transmission events from the United States to both 
Europe and Asia. Importated strains from the United 
States and Nepal to China catalyzed clonal spread 
of strains already circulating in China. From China, 
strains of ST15 lineage were disseminated across 
multiple continents and eventually became globally 
dispersed. Introduction and inappropriate use of 
fourth-generation cephalosporin (38) and carbape-
nem antimicrobial drugs (39,40), approved in clinical 
settings in the 1990s, may have influenced the global 
emergence and transmission of ST15 lineage. 

Our study was limited by focusing solely on 
ST15 blaOXA-232–carrying CRKP strains, which we 
did because those strains have the highest isolation 
rate in China and have caused multiple nosocomial  
outbreaks. Future studies are needed to explore global 
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Figure 5. Temporal and spatial transmission trajectory of global blaOXA-232–carrying carbapenem-resistant Klebsiella pneumoniae. Coral-
colored countries on map indicate geographic regions where blaOXA-232 has occurred; arrows show dates and direction of transmission. 
The blaOXA-232–carrying isolate originated in the United States, initially expanded to the United Kingdom and China, then spread to the 
rest of the world, with China as its central focus. Red circles represent major outbreak regions in the United Kingdom and China; size of 
the red circles corresponds to the number of strains analyzed in each country.
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distribution of other lineages. Second, we might have 
underestimated prevalence of the blaOXA-232 gene because 
of limited carbapenem hydrolysis activity, possibly re-
sulting in false-negative results in antimicrobial suscep-
tibility testing. Finally, although we comprehensively 
evaluated all publicly available ST15 blaOXA-232–carrying 
CRKP strains worldwide, it is possible that some cir-
culating strains went undetected in some regions with 
dense strain distribution where isolates were derived 
from a small number of surveillance sites. Therefore, 
genomic surveillance should be expanded, especially 
in countries with low isolation rates, to provide a more 
comprehensive understanding of the emergence, expan-
sion, and spread of CRKP. In conclusion, our research 
contributes to the comprehension of the global spread of 
blaOXA-232–carrying CRKP ST15 lineage and emphasizes 
the need to develop measures for preventing and con-
trolling progression of the CRKP epidemic. 
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HIV can compromise the immune system; persons 
with HIV (PWH), especially those not receiving 

antiretroviral therapy (ART), might be vulnerable to 
SARS-CoV-2 infection. Studies have reported an in-
creased risk for SARS-CoV-2 infection among those 
with immunocompromising conditions (1–3); older 
age and underlying health conditions are known to 
increase the likelihood of severe COVID-19 outcomes 
(4,5). Understanding how COVID-19 affects PWH is 
important because approximately half of PWH are 
>50 years of age (6) and have higher rates of medical 

comorbidities, compared with persons without HIV 
(PWOH) (7,8). Studies have reported conflicting re-
sults regarding SARS-CoV-2 infection among PWH: 
adverse COVID-19–related outcomes among PHW 
(9); no association between HIV status and infection 
risk (10,11); and increased rates of postvaccination 
infections in PWH (12,13). Repeat SARS-CoV-2 infec-
tions among PWH and the risk for SARS-CoV-2 re-
infection, compared with PWOH, is less understood.

Recovery from SARS-CoV-2 infection is followed 
by a period of infection-induced immunity, during 
which antibody titers persist for several months after 
infection (14–16). Epidemiologic evidence indicates 
that infection-induced immunity alone does not pro-
vide full protection against subsequent infections and 
that protection wanes over time (17–22). Observa-
tional studies (23–26) also indicate that SARS-CoV-2 
reinfections with different strains are possible even 
when infection-induced immunity is coupled with 
vaccine-induced immunity; risk is likely compound-
ed in the presence of more transmissible circulating 
variants (27). We sought to determine whether HIV 
infection was associated with an increased risk for 
SARS-CoV-2 reinfection among residents of Chicago, 
Illinois, USA.

Methods

Data Sources
We abstracted all variables from public health surveil-
lance and information systems. In Illinois, healthcare 
providers and laboratories are required to report both 
SARS-CoV-2 and HIV infections among residents to 
public health. Most SARS-CoV-2 laboratory test re-
sults are submitted electronically by testing laborato-
ries directly into the Illinois National Electronic Dis-
ease Surveillance System (I-NEDSS). For this analysis, 
we defined a SARS-CoV-2 case as a positive SARS-
CoV-2 nucleic acid amplification or antigen test result 
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Understanding if persons with HIV (PWH) have a high-
er risk for SARS-CoV-2 reinfection may help tailor fu-
ture COVID-19 public health guidance. To determine 
whether HIV infection was associated with increased 
risk for SARS-CoV-2 reinfection, we followed adult 
residents of Chicago, Illinois, USA, with SARS-CoV-2 
longitudinally from their first reported infection through 
May 31, 2022. We matched SARS-CoV-2 laboratory 
data and COVID-19 vaccine administration data to Chi-
cago’s Enhanced HIV/AIDS Reporting System. Among 
453,587 Chicago residents with SARS-CoV-2, a total of 
5% experienced a SARS-CoV-2 reinfection, including 
192/2,886 (7%) PWH and 23,642/450,701 (5%) persons 
without HIV. We observed higher SARS-CoV-2 reinfec-
tion incidence rates among PWH (66 [95% CI 57–77] 
cases/1,000 person-years) than PWOH (50 [95% CI 
49–51] cases/1,000 person-years). PWH had a higher 
adjusted rate of SARS-CoV-2 reinfection (1.46, 95% CI 
1.27–1.68) than those without HIV. PWH should follow 
the recommended COVID-19 vaccine schedule, includ-
ing booster doses.
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from a respiratory specimen collected from a Chicago 
resident and reported to a public health entity. We 
considered multiple positive SARS-CoV-2 test results 
reported to public health occurring within 90 days as 
part of the same SARS-CoV-2 case; we used the earli-
est positive specimen collection date as the index date 
for the infection episode.

The Enhanced HIV/AIDS Reporting System 
(eHARS) contains records of Chicago residents who 
have received an HIV/AIDS diagnosis reported to 
public health. Medical providers must report all new 
HIV and AIDS diagnoses; laboratories are required 
to report all positive HIV diagnostic tests, HIV viral 
load test results, CD4 test results, and nucleotide se-
quences from HIV genotypic resistance testing.

COVID-19 vaccine doses administered in the 
state of Illinois must also be reported to Illinois’ Com-
prehensive Automated Immunization Registry (I-
CARE). I-CARE data include information about the 
person receiving the vaccine dose, dose administra-
tion date, and vaccine manufacturer.

Surveillance and Information System Matching
The analytic cohort included Chicago residents with a 
positive SARS-CoV-2 test result reported to I-NEDSS 
with specimen collection dates on or before March 
1, 2022, who were >18 years of age. We followed 
cohort members until their second positive SARS-
CoV-2 test result or their death, or until May 31, 2022. 
We matched person-level SARS-CoV-2 data from I-
NEDSS to person-level I-CARE data to identify all 
COVID-19 vaccine doses administered to the analytic 
cohort. We used a modified standardized 12-key hier-
archical deterministic algorithm, described previous-
ly (28). The matching algorithm created 12 variables 
or keys using a variation of character combinations 
between first name, last name, and date of birth; key 
1 (e.g., full last name + first 6 letters of first name + 
full date of birth) was the strictest and key 12 the least 
strict. We created keys for each discrete dataset (i.e., 
data from I-NEDSS and I-CARE). We compared re-
cords across datasets by proceeding chronologically 
through each key. We flagged matched records and 
appended them to a separate dataset. We then itera-
tively compared unmatched records across datasets 
using key 2 through key 12. We then merged the 12 
datasets containing matched records for each key to 
create a matched dataset.

To identify PWH, we compared the matched 
dataset to a subset of records from eHARS using 
a separate 12-key hierarchical deterministic algo-
rithm that also used first name, last name, and date 
of birth. The eHARS subset included PWH reported  

in eHARS who were alive as of January 1, 2020, 
and whose current city of residence was Chicago 
or whose city of residence at death, HIV diagnosis, 
AIDS diagnosis, or HIV disease diagnosis was list-
ed as Chicago when current city of residence was 
unavailable. The final analytic dataset included 
person-level records containing SARS-CoV-2 data, 
COVID-19 vaccine data, and HIV data for each per-
son in the analytic cohort.

Category Definitions
We categorized persons with an HIV infection report-
ed to eHARS before their first reported SARS-CoV-2 
positive specimen collection date as PWH. For per-
sons with an initial SARS-CoV-2 positive specimen 
collection date on or after February 1, 2022, we de-
termined HIV status using eHARS data available as 
of January 31, 2022, because that was the most recent 
dataset available for analysis. We categorized persons 
with no evidence of HIV infection as PWOH. We ex-
cluded persons with an HIV diagnosis after their first 
SARS-CoV-2 infection from the analysis. We defined 
SARS-CoV-2 reinfection as a SARS-CoV-2 case occur-
ring on or before May 31, 2022, and >90 days from an 
initial SARS-CoV-2 positive test result.

Additional Covariates
We obtained age at first infection, sex at birth, race 
and ethnicity, and address from SARS-CoV-2 data 
reported to I-NEDSS. If sex at birth and race and 
ethnicity data were missing, we examined variables 
in eHARS and I-CARE and reconciled the data in 
the analytic dataset. We used address to categorize 
residence into 1 of 7 Chicago regions to account for 
differences in SARS-CoV-2 incidence and COVID-19 
vaccine distribution and uptake across the city. We 
categorized persons into 4 distinct infection groups 
(ancestral variant, Alpha and other pre-Delta vari-
ants, Delta variant, and Omicron variant) on the basis 
of the specimen collection date of their initial SARS-
CoV-2 infection. We determined thresholds for each 
group using local and national molecular surveillance 
data; the starting threshold for a new infection group 
indicates when 50% of sequenced specimens were at-
tributed to a variant (29–31).

We evaluated vaccination status at the time of the 
first SARS-CoV-2 infection, and if applicable, at the 
time of reinfection. We categorized persons as unvac-
cinated if they had not received a COVID-19 vaccine 
dose; partially vaccinated if they received 1 dose of 
a 2-dose COVID-19 vaccine series; and completed 
series if they received 2 doses of a 2-dose series or 
1 dose of a 1-dose series. We defined an additional 
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vaccine dose as any vaccine dose administered after 
completing the primary series. We also characterized 
vaccination status by vaccine manufacturer of the pri-
mary series. 

For PWH, we determined years since HIV diag-
nosis and history of AIDS at initial SARS-CoV-2 in-
fection. We determined history of AIDS on the basis 
of a clinical opportunistic illness diagnosis or CD4 
count <200 cells/mm3 before the first SARS-CoV-2 
infection (32). We identified the laboratory CD4 
count and HIV viral load test result preceding the 
first SARS-CoV-2 infection for each PWH. We cat-
egorized most recent CD4 count as <200, 200–349, 
350–499, or >500 cells/mm3. We used HIV viral load 
results to describe viral suppression status. We clas-
sified viral loads <200 copies/mL as suppressed, 
consistent with the national HIV surveillance defini-
tion of viral suppression (33).

The Chicago Department of Public Health Insti-
tutional Review Board and the Centers for Disease 
Control and Prevention reviewed our investigation. 
We conducted our study in accordance with depart-
ment policies and applicable federal law (45 C.F.R. 
part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq).

Statistical Analysis
We followed persons in the study from the earliest 
positive SARS-CoV-2 specimen collection date until 
the earliest specimen collection date of their second 
positive SARS-CoV-2 infection occurring >90 days 
from the first infection; until death; or until May 31, 
2022, whichever occurred first. We compared char-
acteristics by HIV status to evaluate differences be-
tween the subset of persons who had 1 SARS-CoV-2 
infection reported to public health and the subset of 
persons who had >1 SARS-CoV-2 infection. Among 
PWH, we compared HIV characteristics by reinfec-
tion status.

We calculated SARS-CoV-2 reinfection incidence 
rates and incidence rate differences per 1,000 person-
years by HIV status and for each variant phase and 
calendar quarter. We used nonparametric survival 
analyses to estimate cumulative incidence of SARS-
CoV-2 reinfection during the observation period. We 
tested for differences in cumulative incidence curves 
by HIV status by using Gray’s tests.

To assess the effect of HIV infection on SARS-
CoV-2 reinfection during the observation period, we 
compared crude and adjusted rate ratios using uni-
variable and multivariable Poisson regression mod-
els with the log of person-time as the offset term. To 
account for overdispersion in the Poisson regression 

model, we calculated robust SEs using generalized 
estimating equations. We adjusted the model for 
age, sex at birth, race and ethnicity, region of resi-
dence, initial SARS-CoV-2 infection group, vaccina-
tion status at the time of first SARS-CoV-2 infection, 
type of first COVID-19 vaccination dose received at 
the time of first SARS-CoV-2 infection, and number 
of doses administered after the first SARS-CoV-2 in-
fection. We used SAS version 9.4 (SAS Institute, Inc., 
https://www.sas.com) to conduct record matching 
and analyses. 

Results
A total of 453,587 Chicago residents meeting the 
analytic cohort criteria had a positive SARS-CoV-2 
test result reported to public health during March 
2020–March 2022; those persons contributed a to-
tal of 473,513 person-years (median 1.1 person-
years; interquartile analysis [IQR] 0.4–1.5 person-
years) during the 26-month observation period 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/29/11/23-0577-App1.pdf). Median age of the 
analytic cohort was 39 (IQR 28–53) years, and most 
(71.0% [321,905/453,587]) were unvaccinated at the 
time of their first SARS-CoV-2 infection. Among the 
analytic cohort, 2,886 (0.6%) persons had received 
an HIV diagnosis before their first SARS-CoV-2 in-
fection. In total, 23,834 (5.3%) persons had a second 
positive SARS-CoV-2 test result reported to public 
health >90 days after their first infection, indicating 
a SARS-CoV-2 reinfection. The percentage having a 
SARS-CoV-2 reinfection was higher among PWH 
(6.7% [192/2,886]) compared with PWOH (5.2% 
[23,642/450,701]; p<0.01).

Most (188,155 [41.5%]) persons’ first SARS-
CoV-2 infection occurred during March–December 
2020, which was the ancestral variant phase of the 
COVID-19 pandemic (Appendix Table 1). Among 
131,682 persons who received COVID-19 vaccine 
before their first SARS-CoV-2 infection, a plurality 
(71,333 [54.2%]) had completed a primary vaccine 
series from Pfizer-BioNTech (https://www.pfizer.
com). Of 23,834 persons who had a SARS-CoV-2 
reinfection, 39.6% (9,444/23,834) had completed a 
primary series but had not received an additional 
dose at the time of their SARS-CoV-2 reinfection. 
Among persons who experienced a SARS-CoV-2 re-
infection, PWH were older (median 43 years of age, 
95% CI 32–57 years of age) than PWOH (median 
36 years, 95% CI 27–49 years of age; p<0.01). PWH 
were more likely than PWOH to be male (79.3% vs. 
40.9%; p<0.01) and non-Hispanic or Latino Black or  
African American (53.7% vs. 27.0%; p<0.01), and to 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2259



RESEARCH

have completed a primary COVID-19 vaccination 
series plus additional dose (31.8% vs. 22.1%; p<0.01). 
Also, among persons with a SARS-CoV-2 reinfec-
tion, PWH were less likely to be unvaccinated at the 
time of their first infection, compared with PWOH 
(87.5% vs. 91.0%; p<0.01).

Among PWH (n = 2,886), median time from 
HIV diagnosis to initial SARS-CoV-2 infection 
was 12.8 (IQR 6.3–19.7) years. Approximately half 
(1,359 [47.1%]) met criteria for AIDS before their 
first SARS-CoV-2 infection. More than half (1,513 
[52.4%]) had a CD4 count >500 cells/mm3, and 
most (2,213 [76.7%]) had an HIV viral load result 
<200 copies/mL, indicating viral suppression. HIV 
history data and HIV laboratory data were not 
significantly different (p>0.05) when stratified by 
SARS-CoV-2 reinfection status.

Incidence rate of SARS-CoV-2 reinfection for the 
analytic cohort was 50 (95% CI 37–66) cases/1,000 
person-years (Table 1). Reinfection incidence was 
higher among PWH (66 [95% CI 57–77] cases/1,000 
person-years) than PWOH during the observation 
period (50 [95% CI 49–51] cases/1,000 person-years). 
When we examined SARS-CoV-2 reinfections by 
variant phase and calendar quarter, PWH consis-
tently had a higher incidence rate of SARS-CoV-2 re-
infection, compared with PWOH. We observed the 
highest incidence rates for PWH during the omicron 
variant phase (50 [95% CI 42–60] cases/1,000 person-
years); by calendar quarter the incidence rates were 
highest during October–December 2021 (42 [95% CI 
33–53] cases/1,000 person-years). Incidence rate dif-
ferences between PWH and PWOH varied through-
out the observation period; overall, an excess of 16 
SARS-CoV-2 reinfections/1,000 person-years among 
PWH were reported. We observed the highest inci-
dence rate difference during July–September 2020, 
which was an excess of 18 SARS-CoV-2 reinfec-
tions/1,000 person-years among PWH compared 
with PWOH.

SARS-CoV-2 reinfection cumulative incidence 
rate (CIR) at 1 year after an initial infection was 
3.1% (95% CI 3.0%–3.2%); at 1.5 years, 7.8% (95% CI 
7.7%–8.0%); at 2 years, 13.1% (95% CI 12.9%–13.3%), 
and at 2.3 years, the end of observation period, 14.5% 
(95% CI 14.0%–15.1%). CIR was higher among PWH 
than PWOH at all time points (Figure 1). Two years 
after an initial infection, the SARS-CoV-2 reinfection 
CIR was 17.0% (95% CI 14.5%–19.7%) among PWH, 
compared with 13.1% (95% CI 12.9%–13.2%) among 
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Table 1. SARS-CoV-2 reinfection incidence rates, by HIV status, Chicago, Illinois, USA, January 1, 2020–May 31, 2022* 

Characteristic 
No. (%) 
events  

Incidence, % (95% CI) Incidence rate 
difference, % Analytic cohort PWH PWOH 

Total observation period 23,834 (100) 50 (37–66) 66 (57–77) 50 (49–51) 16 
Timing of reinfection, by variant phase      
 Ancestral variant, 2020 Jan 1–Dec 31 866 (3.6) 16 (9–26) 30 (16–59) 16 (15–17) 14 
 Alpha and other pre-Delta variants, 2021 Jan 1–Jul 
10 

1,030 (4.3) 6 (2–13) 8 (4–16) 6 (5–6) 2 

 Delta variant, 2021 Jul 11–Dec 18 3,039 (12.8) 11 (5–19) 17 (12–25) 11 (10–11) 6 
 Omicron variant, 2021 Dec 19–2022 Mar 1 18,899 (79.3) 40 (29–55) 50 (42–60) 40 (39–41) 10 
Timing of reinfection, by calendar quarter      
 2020      
  Apr–Jun 14 (0.1) 2 (0–7) 16 (1–209) 2 (1–3) 14 
  Jul–Sep 268 (1.1) 12 (6–21) 30 (11–82) 12 (10–13) 18 
  Oct–Dec 584 (2.5) 11 (5–20) 14 (5–37) 11 (10–12) 3 
 2021      
  Jan–Mar 549 (2.3) 5 (2–12) 5 (1–16) 5 (4–6) 0 
  Apr–Jun 457 (1.9) 3 (1–8) 4 (1–12) 3 (2–3) 1 
  Jul–Sep 721 (3.0) 3 (1–9) 9 (5–17) 3 (2–-3) 6 
  Oct–Dec 9,477 (39.8) 32 (22–45) 42 (33–53) 32 (31–32) 10 
 2022      
  Jan–Mar 7,750 (32.5) 20 (12–31) 27 (21–35) 20 (19–20) 7 
  Apr–May 4,014 (16.8) 9 (4–17) 9 (5–13) 9 (8–9) 0 
*Incidence is given as percentage of cases per 1,000 person-years. PWH, persons with HIV; PWOH, persons without HIV. 

 

Figure 1. Cumulative incidence (cases/1,000 person-years) of 
SARS-CoV-2 reinfection by HIV status, Chicago, Illinois, USA, 
January 1, 2020–May 31, 2022. PWH, persons with HIV; PWOH, 
persons without HIV.
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PWOH. Persons with HIV who were not virally sup-
pressed had higher SARS-CoV-2 reinfection CIR com-
pared with virally suppressed PWH and PWOH (Fig-
ure 2); 1.5 years after an initial SARS-CoV-2 infection, 
CIR in virally unsuppressed PWH was 12.5% (95% CI 
7.6%–18.8%), in virally suppressed PWH was 9.7% 
(95% CI 8.0%–11.4%), and in PWOH was 7.8% (95% 
CI 7.7%–7.9%). Similarly, PWH whose most recent 
CD4 count was <200 cells/mm3 had higher SARS-
CoV-2 reinfection CIR (Figure 3). CIR at 1.5 years 
after initial infection among PWH with CD4 count 
<200 was 21.2% (95% CI 13.7%–29.7%), among PWH 
with CD4 of 200–349 was 8.3% (95% CI 4.2%–14.2%), 
among PWH with CD4 of 350–499 was 9.7% (95% CI 
6.2%–14.1%), and among PWH with CD4 ≥500 was 
9.1% (95% CI 7.2%–11.2%). CIR in PWOH was 7.8% 
(95% CI 7.7%–7.9%). PWH who had a history of AIDS 
before their first SARS-CoV-2 infection also had a 
higher SARS-CoV-2 reinfection CIR (10.8% [95% CI 
8.6%–13.2%]) at 1.5 years after initial infection, com-
pared with PWH who had no history of AIDS (9.5% 
[95% CI 7.5%–11.7%]) and PWOH (7.8% [95% CI 
7.7%–7.9%]) (Figure 4).

In unadjusted analyses, compared with PWOH, 
PWH had a higher rate (rate ratio 1.32 [95% CI 
1.15–1.51]) of SARS-CoV-2 reinfection during the 
observation period (Table 2). After we adjusted for 
sociodemographic factors, region of residence, ini-
tial SARS-CoV-2 infection timing, vaccination status, 
vaccination type, and number of doses administered 
after initial SARS-CoV-2 infection, PWH had a higher 
rate (adjusted rate ratio  1.46 [95% CI 1.27–1.68]) of 
SARS-CoV-2 reinfection during the observation pe-
riod compared with PWOH.

Discussion
This population-level analysis of matched records 
from different public health surveillance and infor-
mation systems revealed that, among adult Chicago 
residents who had a reported positive SARS-CoV-2 
infection, 5.3% experienced a SARS-CoV-2 reinfection 
during the observation period. However, incidence 
of SARS-CoV-2 reinfection was consistently higher 
among PWH than PWOH. Incidence rate differences 
fluctuated; differences were greater in SARS-CoV-2 
reinfection incidence between PWH and PWOH oc-
curring during periods of high citywide case rates. 
Moreover, after adjustment for demographic factors, 
residence, and COVID-19 vaccination, PWH were 
found to experience a higher rate of SARS-CoV-2 re-
infection than were PWOH.

National and local surveillance data distin-
guishing SARS-CoV-2 reinfections from previous  

SARS-CoV-2 infections are limited. However, the 
proportion of persons who experienced a SARS-
CoV-2 reinfection in Chicago is consistent with sur-
veillance data from New York state, which reported 
5.9% of residents have had a SARS-CoV-2 reinfec-
tion (34). Compared with observational studies re-
porting population-level estimates of SARS-CoV-2 
reinfections in other US jurisdictions and in coun-
tries in Europe, our analysis identified higher re-
infection incidence rates than previously reported 
(35–37). However, those differences might be attrib-
utable to methodological distinctions across studies, 
including a longer observation period through the 
Omicron variant phase of the COVID-19 pandemic. 
Our study also found that reinfection risk increases 
over time, which is consistent with different stud-
ies reporting SARS-CoV-2 infection-induced and 
vaccine-induced immunity waning over time and 
immune evasion (18–21).
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Figure 2. Cumulative incidence (cases/1,000 person-years) of 
SARS-CoV-2 reinfection by HIV viral suppression status, Chicago, 
Illinois, USA, January 1, 2020–May 31, 2022. PWH, persons with 
HIV; PWOH, persons without HIV.

Figure 3. Cumulative incidence (cases/1,000 person-years) of 
SARS-CoV-2 reinfection by most recent CD4 count, Chicago, 
Illinois, USA, January 1, 2020–May 31, 2022. PWH, persons with 
HIV; PWOH, persons without HIV.
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Our analysis found that SARS-CoV-2 reinfec-
tion cumulative incidence rates were higher among 
PWH than PWOH irrespective of most recent CD4 
and viral load laboratory results. This finding indi-
cates that even persons with well-controlled HIV 
infection might have a higher risk for SARS-CoV-2 
reinfection compared with PWOH. We observed the 
highest cumulative incidence rates among PWH with 
a most recent HIV viral load laboratory result >200 
copies/mL and CD4 laboratory result <200 cells/
mm3, indicating that PWH with laboratory evidence 
consistent with uncontrolled HIV are at greatest risk 
for multiple SARS-CoV-2 infections. Similarly, PWH 
with a history of AIDS had a higher cumulative risk 
for reinfection, followed by PWH without AIDS; 
PWOH had the lowest cumulative incidence across 
the 3 strata. Persons who are immunocompromised 
are at increased risk for severe COVID-19 illness and 
death; their immune response to COVID-19 vaccina-
tion may not be as strong as in persons who are not 
immunocompromised. Guidance from the Centers 
for Disease Control and Prevention recommends 
that persons with advanced or untreated HIV re-
ceive an additional COVID-19 vaccine dose to com-
plete a primary series and receive a booster (38,39). 
However, our analysis also indicated that PWH with 

high CD4 counts, no evidence of a prior AIDS diag-
nosis, and viral suppression are also at higher risk 
for SARS-CoV-2 reinfection than PWOH. Additional 
studies are needed to understand if those with well-
controlled HIV also require additional COVID-19 
vaccine doses.

Multiple studies have shown that persons who 
receive COVID-19 vaccine after a SARS-CoV-2 infec-
tion have a lower risk for reinfection than do unvac-
cinated persons (40–42). Most persons in the analytic 
cohort, regardless of HIV status, were unvaccinated 
at the time of their first SARS-CoV-2 infection. Most 
of those infections occurred before COVID-19 vaccine 
was available. Among persons with a SARS-CoV-2 
reinfection, 38.2% (9,039/23,642) of PWOH and 31.8% 
(61/192) of PWH had either not received any COV-
ID-19 vaccine or had not completed a primary series. 
All persons, especially PWH, should remain up to 
date with their COVID-19 vaccines to prevent SARS-
CoV-2 reinfections or adverse COVID-19 outcomes.

The first limitation of this study is that we 
were unable to account for testing practices or 
healthcare-seeking behaviors in our analysis be-
cause surveillance systems do not capture reason 
for testing. Repeat SARS-CoV-2 infections are more 
likely to be detected among persons who regularly 
have access to and participate in SARS-CoV-2 test-
ing, leading to differential SARS-CoV-2 reinfection 
detection rates among PWH and PWOH. Second, 
availability of SARS-CoV-2 laboratory and at-home 
testing evolved over time throughout the observa-
tion period. Limited access to testing may lead to 
unconfirmed infections. Similarly, national distri-
bution of at-home antigen tests starting in January 
2022 likely led to underestimation of case counts, 
because those test results are typically not reported 
to public health. Therefore, our analysis likely un-
derestimates the true number of SARS-CoV-2 rein-
fections. Third, our person-time calculations only 
considered reported positive SARS-CoV-2 test re-
sults, death, or the end of the observation period. 
We were unable to censor persons if they moved 
out of Chicago or had positive test results not re-
ported to their local public health jurisdiction.  
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Figure 4. Cumulative incidence (cases/1,000 person-years) of 
SARS-CoV-2 reinfection by history of AIDS diagnosis, Chicago, 
Illinois, USA, January 1, 2020–May 31, 2022. CDC, Centers for 
Disease Control and Prevention; PWH, persons with HIV; PWOH, 
persons without HIV.

 
Table 2. Effect of HIV status on SARS-CoV-2 reinfection, Chicago, Illinois, USA, January 1, 2020–May 31, 2022* 

HIV status at first 
SARS-CoV-2 infection 

Total no. (%) persons, 
n = 453,587 (%) 

 
Total no. (%) 

events, n = 23,834  
Unadjusted rate 
ratio (95% CI)  p value 

Adjusted rate ratio 
(95% CI)† p value 

PWH 2,886 (0.6) 192 (0.8) 1.32 (1.15–1.51) <0.0001 1.46 (1.27–1.68) <0.0001 
PWOH 450,701 (99.4) 23,642 (99.2) Reference  Reference  
*Estimates describe exponentiated estimates from a Poisson regression model using the logarithm of person-time as the offset term. Bold text indicates 
statistical significance at p<0.05. PWH, persons with HIV; PWOH, persons without HIV. 
†Multivariable Poisson regression model controlled for the following covariates: age, sex at birth, ethnicity and race, region of residence, initial SARS-
CoV-2 infection group, vaccination status at the time of first SARS-CoV-2 infection, vaccination type, and number of doses administered after the first 
SARS-CoV-2 infection. 
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Therefore, our incidence rate estimates are likely 
underestimates because some persons may have 
contributed less person-time. Fourth, we were un-
able to evaluate and adjust for comorbidities and 
ART use in our analyses because that type of clini-
cal information is not reported to public health 
through traditional electronic laboratory reporting. 
Data abstracted from medical records might more 
fully characterize whether comorbidities influence 
the association between HIV and SARS-CoV-2 rein-
fection. Last, this analysis assumed all positive test 
results separated by >90 days were distinct SARS-
CoV-2 infection episodes, consistent with the 2021 
COVID-19 case definition (43). Case reports have 
documented persistent shedding after a single in-
fection spanning >90 days among persons who are 
immunocompromised (44–46), and SARS-CoV-2 
reinfections occurring <90 days from a prior in-
fection (47,48). Because of limited national SARS-
CoV-2 whole-genome sequencing capacity and in-
adequate specimen storage capacity at laboratories, 
local public health departments are rarely able to 
verify SARS-CoV-2 reinfections by comparing lin-
eage results from respiratory specimens collected 
from multiple infection episodes.

All persons, including PWH, should stay up to 
date with recommended COVID-19 vaccines, includ-
ing bivalent booster doses (49). Evaluating the asso-
ciation between HIV infection and SARS-CoV-2 rein-
fections using surveillance data can help strengthen 
public health recommendations including the need 
for extra doses as part of a primary series, booster 
doses of vaccine, and optimized ART in PWH. Tai-
lored guidance and prevention messaging for PWH 
can help reduce the elevated risk we identified in 
this analysis and limit continued SARS-CoV-2 trans-
mission. As the COVID-19 pandemic persists, local 
health jurisdictions can leverage data access and 
link records across surveillance datasets to monitor 
SARS-CoV-2 infections and other outcomes among 
vulnerable populations, including PWH.
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Coronaviruses are nothing new. Discovered 
in the 1930s, these pathogens have circulat-
ed among bats, livestock, and pets for years. 
Most coronaviruses never spread to people. 
However, because this evolutionary branch 
has given rise to three high-consequence 
pathogens, researchers must monitor ani-
mal populations and find new ways to pre-
vent spillover to humans.
In this EID podcast, Dr. Ria Ghai, an asso-
ciate service fellow at CDC, describes the 
many animals known to harbor emerging 
coronaviruses.



The number of deaths caused by antimicrobial resis-
tance was estimated at 1.27 million worldwide in 

2019 (1), mainly attributed to 6 bacterial species: Esch-
erichia coli, Staphylococcus aureus, Klebsiella pneumoniae, 
Streptococcus pneumoniae, Acinetobacter baumannii, and 
Pseudomonas aeruginosa. To reinforce the antimicrobial  

drug pipeline, the European Union’s European Medi-
cines Agency authorized the clinical use of ceftazi-
dime/avibactam (CZA) in 2016, meropenem/vabor-
bactam (MVB) in 2018, and cefiderocol (FDC) in 2020. 
Although those drugs all belong to the β-lactams 
class, substantial differences in mechanisms of action 
and antimicrobial spectra exist among them. CZA is 
a third-generation cephalosporin (ceftazidime) com-
bined with a diazabicyclooctane β-lactamase inhibitor 
(avibactam). Avibactam prevents class A (including K. 
pneumoniae carbapenemase [KPC]), class C, and some 
class D β-lactamases from hydrolyzing ceftazidime, 
restoring ceftazidime activity in KPC- and oxacillin-
ase-48–producing Enterobacterales but not in metallo-
β-lactamase producers (2). MVB is a carbapenem 
(meropenem) combined with a boronate β-lactamase 
inhibitor (vaborbactam); vaborbactam inhibits class 
A but not class D or B carbapenemases (3). FDC is a 
siderophore cephalosporin that has a catechol moiety 
on the C-3 side chain (4), which can form a chelating 
complex with ferric iron; thus, FDC is subject to active 
transport through the iron transport system, includ-
ing TonB-dependent receptors (5). In addition, FDC is 
highly stable against β-lactamase activity (4,5). 

In the past decade, Italy has seen a large increase 
in cases of carbapenem-resistant K. pneumoniae (1), 
mainly from 3 major KPC-producing (6) sequence 
types (STs): 101, 307, and 512 (7). In settings highly 
endemic for KPC-producing Enterobacterales, the se-
lection of CZA-resistant, KPC-producing variants is 
of great concern (8,9). FDC resistance is not a 1-dimen-
sional phenomenon (10); mutations in siderophore 
receptors (11), as well as in variants of β-lactamases 
KPC-2, CMY-2, CTX-M-15, and NDM-1, can con-
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In February 2022, a critically ill patient colonized with a 
carbapenem-resistant K. pneumoniae producing KPC-3 
and VIM-1 carbapenemases was hospitalized for SARS-
CoV-2 in the intensive care unit of Policlinico Umberto I 
hospital in Rome, Italy. During 95 days of hospitaliza-
tion, ceftazidime/avibactam, meropenem/vaborbactam, 
and cefiderocol were administered consecutively to treat 
3 respiratory tract infections sustained by different bac-
terial agents. Those therapies altered the resistome of 
K. pneumoniae sequence type 512 colonizing or infect-
ing the patient during the hospitalization period. In vivo 
evolution of the K. pneumoniae sequence type 512 re-
sistome occurred through plasmid loss, outer membrane 
porin alteration, and a nonsense mutation in the cirA sid-
erophore receptor gene, resulting in high levels of ce-
fiderocol resistance. Cross-selection can occur between 
K. pneumoniae and treatments prescribed for other in-
fective agents. K. pneumoniae can stably colonize a pa-
tient, and antimicrobial-selective pressure can promote 
progressive K. pneumoniae resistome evolution, indicat-
ing a substantial public health threat.



Klebsiella pneumoniae Sequence Type 512 Treatment

fer FDC resistance (12). Nonetheless, cirA disrup-
tion substantially hinders bacterial fitness (13), and 
β-lactamase evolution contributing to FDC resistance 
typically comes at the price of functional trade-offs 
against other β-lactams (12). Under FDC treatment, 
in vivo resistance has been reported sporadically in 
Enterobacter cloacae (14) and Escherichia coli (15).

We describe a patient in Rome, Italy, who was col-
onized by carbapenem-resistant K. pneumoniae ST512. 
We integrated whole-genome sequencing, clinical, 
and microbiologic data to reconstruct the evolution of 
K. pneumoniae antimicrobial resistance in this patient 
after treatments for respiratory tract infections caused 
by different bacteria. 

Methods

Case Report
In February 2022, a 62-year-old patient who was 
positive for SARS-CoV-2 was transferred from a 
long-term care facility to Policlinico Umberto I (PUI) 
in Rome. The patient was hospitalized for 95 days 
initially in the COVID-19 intensive care unit (ICU) 
and then in the general ICU until death, which was 
caused by gastrointestinal bleeding. The patient’s 
medical history was notable for bipolar disorder, 
obesity, inflammatory bowel disease, type 2 diabe-
tes, respiratory failure, chronic kidney failure, and 
heart failure. Six months before transfer to PUI, the 
patient had a percutaneous endoscopic gastrostomy 
performed because of severe gastrointestinal bleed-
ing caused by underlying inflammatory bowel dis-
ease. During the patient’s hospitalization at PUI, we 
isolated a total of 5 different K. pneumoniae strains 
from patient rectal swab samples and respiratory 
tract specimens.

Isolation of K. pneumoniae Strains and  
Susceptibility Testing
We identified the 5 K. pneumoniae strains by matrix-as-
sisted laser desorption/ionization time-of-flight mass 
spectrometry (Bruker Daltonik GmbH, https://www.
bruker.com). We identified carbapenamase genes by 
PCR using the GeneXpert system (Cepheid, https://
www.cepheid.com) and used the lateral flow im-
munochromatography systems (NG-Test CARBA 5;  
Hardy Diagnostics, https://www.hardydiagnostics.
com). We tested antimicrobial drug susceptibility by us-
ing the MicroScan WalkAway system (Beckman Coult-
er, Inc., https://beckman.com). We used gradient strips 
(Liofilchem, https://www.liofilchem.com) to test MVB 
and CZA MICs and the Compact Antimicrobial Suscep-
tibility Panel (ComASP; Liofilchem) to test FDC MICs.

Whole-Genome Sequencing and Assembly
We performed whole-genome sequencing for each 
isolate. We purified genomic DNA by using the Iso-
late II Genomic DNA Kit (Bioline, https://www.
bioline.com). We sent DNA to an external service to 
perform short-read Illumina sequencing (Illumina 
Inc., https://www.illumina.com). We obtained long 
reads by using the MinION Mk1C sequencing plat-
form (Oxford Nanopore Technologies, https://nano-
poretech.com). We extracted DNA for long reads by 
using the Wizard HMW DNA Extraction Kit (Pro-
mega, https://www.promega.com) and prepared 
libraries by using the Rapid Barcoding Kit 96; we se-
quenced libraries on R9.4.1 flow cells (Oxford Nano-
pore Technologies). We performed long-read assem-
blies by using Flye (16) with standard parameters. 
We integrated Illumina reads and Oxford Nanopore 
Technologies assemblies by using the Unicycler tool 
(17) in normal bridging mode and refined results by 
using the Bandage tool (18).

Genomic and Phylogenetic Analyses
We analyzed single-nucleotide polymorphisms 
(SNPs) among the 5 sequenced genomes in this study 
by using the Snippy tool (https://github.com/tsee-
mann/snippy). We annotated the 5 genomes by us-
ing Rapid Annotation using Subsystem Technology 
and compared by using SEED software (19).

We used Prokka software (20) to annotate 133 
genomes belonging to ST512: 5 sequences from this 
study, 12 from a previous study performed at PUI 
(8), and 116 downloaded from the Pasteur Institute 
BIGSdb database (https://bigsdb.pasteur.fr/kleb-
siella). We analyzed the resulting general feature 
formats by using Roary software (21) to build a core 
genome alignment and generated a consensus phy-
logenetic tree by using 1,000 ultrafast bootstraps 
(22) in IQ-TREE 2 (23) and the transversion model 
plus base frequency plus proportion of invariable 
sites nucleotide substitution model (24). We visu-
alized tree and metadata by using Microreact (25) 
and adjusted those data by using open source Ink-
Scape software (https://www.inkscape.org). We 
assessed all genomes for replicons by using Plas-
midFinder (26), for capsular polysaccharide and 
lipopolysaccharide loci by using Kaptive (27), and 
for virulence and resistance gene content by using 
Kleborate (28) software.

Cloning blaKPC-154 in pCR-Blunt II TOPO Vector
We cloned the novel β-lactamase blaKPC-154 allele 
from isolate 6099 into pCR-Blunt II TOPO-NeoR 
Vector and transformed TOP10 E. coli cells (both 
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Thermo Fisher Scientific, https://www.thermo-
fisher.com); we confirmed correctness of the cloned 
insert by Sanger sequencing. We tested the KPC-
154 TOP10 E. coli clone for antimicrobial drug sus-
ceptibility by using the MicroScan system and mea-
sured CZA MICs by gradient tests (Liofilchem) as 
previously described.

OmpK36 Variant Modeling
We predicted structures of the outer membrane porin 
(Omp) K36 from isolate 0296 in silico by using Alpha-
fold2 on the European Galaxy server (https://usegal-
axy.eu) and analyzed those structures by using UCSF 
ChimeraX (29) for both the cartoon (ribbon) and sur-
face images. We compared the structures with chain 
B in the crystal structure of OmpK36 from a K. pneu-
moniae ST258 clinical isolate that has a GD amino acid 
insertion (30). We used the Orientations of Proteins in 
Membranes database (31) to obtain spatial arrange-
ments of the protein structures in lipid bilayers.

Data Availability
We submitted the sequences of the strains analyzed in 
this study to GenBank. Whole-genome sequences are 
under Bioproject no. PRJNA992043 and complete plas-
mid sequences under accession nos. OQ096263 (pK-
pQIL-6099), OQ282880 (pIncA-6379), and OQ282881 
(pIncA-0296).

Ethics Approval
According to the hospital’s routine practice, the pa-
tient or his relatives gave informed consent to share 
data for research purposes during hospital admis-
sion. The study protocol was approved by the Eth-
ics Committee of Azienda Ospedaliero-Universitaria 
Policlinico Umberto I (approval no. 109/2020).

Results

K. pneumoniae Strain Descriptions
On the first day of the patient’s hospitalization at PUI, 
surveillance rectal swab samples tested positive for K. 
pneumoniae (strain 6379) that produced both KPC and 
Verona integron-encoded metallo-β-lactamase (VIM) 
(Figure 1). The patient had been treated with CZA at 
the long-term care facility for a previous carbapenem-
resistant K. pneumoniae bloodstream infection; treat-
ment was discontinued upon admission to PUI.

After 17 days of hospitalization, a respiratory 
tract infection caused by Providencia stuartii (>100,000 
CFU/mL in bronchoalveolar lavage fluid) developed 
in the patient, accompanied by pleural effusion, which 
we treated with CZA. After 1 week of treatment, we 

isolated 2 CZA-resistant, meropenem-susceptible  
K. pneumoniae strains from patient rectal swab sam-
ples but not respiratory tract specimens; both strains 
produced KPC but not VIM and had dimorphic colo-
ny phenotypes: white (strain 1186W) and transparent 
(strain 1186T). Because of potential pleural infection, 
we maintained CZA therapy for ≈40 days, resulting 
in complete eradication of P. stuartii from the respira-
tory tract. 

On day 56, the patient was SARS-CoV-2 nega-
tive and was transferred to the general ICU at PUI. 
Respiratory tract samples were negative for P. stu-
artii but positive (>1,000 CFU/mL lavage fluid) for 
CZA-resistant K. pneumoniae (strain 6099) that pro-
duced KPC. CZA therapy was stopped, and MVB 
treatment was begun and continued until day 75. On 
day 75, respiratory tract samples tested negative for 
K. pneumoniae but positive for carbapenem-resistant 
A. baumannii (1,000 CFU/mL lavage fluid). Because 
of subsequent worsening respiratory conditions and 
chest imaging suggestive of new onset pneumonia, 
we replaced MVB therapy with FDC therapy (day 
79) to treat A. baumannii pulmonary infection. On 
day 88, during FDC treatment, respiratory tract 
samples tested positive for both A. baumannii and K. 
pneumoniae (strain 0296) (1,000 CFU/mL lavage flu-
id each); strain 0296 was positive for KPC and VIM  
carbapenemases.

Phylogeny, Antimicrobial Resistance, and  
General Features of ST512
We assigned the 5 K. pneumoniae isolates from the pa-
tient (6379, 1186W, and 1186T from rectal swab samples, 
6099 and 0296 from respiratory tract samples) to ST512 
by using in silico multilocus sequence typing of whole-
genome sequences. We aligned the complete genomes 
of those strains against 116 ST512 genomes retrieved 
from the Pasteur Institute K. pneumoniae BIGSdb data-
base (December 7, 2022) and 12 ST512 genomes previ-
ously identified at PUI (8,32). Phylogeny of 4,654 core 
genes showed how isolates from the patient clustered 
together in the same clade with ST512 strains isolated 
at PUI during 2018–2020 (Figure 2) and were separated 
by 0–11 SNPs (Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/29/11/23-0921-App1.xlsx).

All ST512 isolates are defined by conserved fea-
tures: the wzi allele 154 (assigned to the KL107 cap-
sule), typical of the main clade II of clonal group 258 
(33); O1/O2v2 O locus, serotype O2afg; 35Q muta-
tion in the chromosome-encoded SHV-11 β-lactamase 
(28); premature stop at codon 89 in the OmpK35 pro-
tein, in most isolates coupled with a GD amino acid 
insertion in the OmpK36 eyelet (34); and chromosome 
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mutations in the gyrA (S83I) and parC (S80I) genes  
potentially conferring quinolone resistance (35). The 5 
isolates in this study had additional common features 
diverging from the average ST512 strain: a SNP in 
the mgrB gene, which stops translation at aa 29 of the 
MgrB regulator protein, conferring resistance to colis-
tin (36); a SNP in the uhpB gene, which stops transla-
tion at aa 206 of the UhpB protein (37), conferring re-
sistance to fosfomycin; and the presence of the locus 
encoding yersiniabactin siderophore, designated as 
YbST157 (38). The yersiniabactin siderophore is not 
common in ST512 isolates because this locus could 
only be found in 31/133 (23%) ST512 genomes from 
the BIGSdb collection.

The 5 K. pneumoniae strains carried multiple  
acquired resistance genes (Appendix 2 Table 1, 

https://wwwnc.cdc.gov/EID/article/29/11/ 
23-0921-App2.pdf). Plasmid content of the 5 ST512 
strains from the patient was not homogeneous: 
strains 6379 (first strain isolated) and 0296 (last strain 
isolated) both carried the pKpQIL plasmid containing 
the blaKPC-3 gene and IncA plasmid carrying the blaVIM-1 
gene (Figures 1, 2). Strains 1186W, 1186T, and 6099 
lacked the IncA-blaVIM-1 plasmid.

KPC Variants Conferring Resistance to  
Ceftazidime/Avibactam
On day 24, K. pneumoniae strains 1186W and 1186T 
colonized the patient (isolated from rectal swab 
samples). Those strains were negative for VIM-1 
(loss of plasmid pIncA-blaVIM-1) but reached high 
levels of CZA resistance through the production 
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Figure 1. Timeline of colonization and infection of 1 patient by Klebsiella pneumoniae clones in study of genotypic evolution of K. 
pneumoniae sequence type 512 during ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy. A) Schematic 
diagram of carbapenemase genes and plasmid content for K. pneumoniae strains 6379, 1186, 6099, and 0296; strain 1186 comprised 
2 phenotypes: W and T colonies. Isolate collection day is indicated during 95 hospitalization days in either the COVID-19 (purple scale) 
or general (yellow scale) intensive care unit. Asterisk indicates the premature stop codon at position 133 (E133) in the catecholate iron 
outer membrane transporter CirA. B) Timeline of colonization and infection by K. pneumoniae, Providencia stuartii, and Acinetobacter 
baumannii as well as β-lactam therapies. C) Phylogenetic analysis used to compare the 5 K. pneumoniae strains isolated from the 
same patient. Core genome alignments were conducted for 5,215 core genes. KPC variants KPC-154, KPC-3, and KPC-31 are shown 
according to each strain; the blaVIM-1 gene was present in strains 0296 and 6379. Nonsense mutation in cirA was found in strain 0296, 
producing a premature stop codon (E133), indicated by an asterisk, in the protein. FDC MICs (mg/L) for each strain are shown. Scale 
bar indicates number of single-nucleotide polymorphisms in the core genome. FDC, cefiderocol; ICU, intensive care unit; KPC, K. 
pneumoniae carbapenemase; MDR, multidrug resistant; OmpK36, outer membrane porin K36; T, transparent; VIM, Verona integron-
encoded metallo-β-lactamase; W, white; WGS, whole-genome sequencing. 
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of KPC-31. The blaKPC-31 gene replaced blaKPC-3 on an 
otherwise indistinguishable pKpQIL plasmid; the 
plasmid was integrated in the chromosome only in 
strain 1186W. The KPC-31 variant is characterized 
by a D179Y substitution in the Ω loop, previously 
shown to confer CZA resistance but restores car-
bapenem susceptibility (39).

On day 51, CZA-resistant K. pneumoniae strain 
6099 caused a respiratory tract infection in the pa-
tient (Table). This strain hosted a pKpQIL plasmid 
encoding a novel KPC variant that was assigned by 
GenBank as KPC-154 (accession no. OQ096263) and 
was negative for the VIM-encoding IncA plasmid. 
Compared with KPC-3, KPC-154 has an RAPNKD-

DKYS amino acid duplication in position 263–273, 
corresponding to the 270 loop (40), but no differences 
are present in the Ω loop. When compared with an 
isogenic KPC-31–carrying strain, the strain carrying 
KPC-154 had higher MICs for several β-lactams (Ap-
pendix 2 Table 2).

Cefiderocol Resistance in ST512 Isolates  
Co-Producing KPC and VIM 
K. pneumoniae strain 0296 (pulmonary infectious 
agent, isolated on day 88) was genotypically re-
lated to strain 6379 (colonizer, isolated on day 1). 
Both strains had similar plasmid content, includ-
ing pKpQIL carrying blaKPC-3 and pIncA carrying 
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Figure 2. Phylogenetic analysis and genetic features of Klebsiella pneumoniae ST512 in study of the strain’s genotypic evolution during 
ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy. Phylogenetic tree was constructed from 4,654 core 
gene alignments from a total of 133 K. pneumoniae ST512 genome sequences: 5 genomes sequenced in this study (pink shading), 
12 genomes from the same hospital (pale blue shading), and 116 genomes downloaded from the Pasteur Institute BIGSdb database 
(https://bigsdb.pasteur.fr/klebsiella). Colors indicate resistance and acquired-resistance genes (or corresponding proteins) associated 
with carbapenemases, yersiniabactin, and chromosomal mutations within the different strains. The same color in the legend on the left 
indicates the expected resistance phenotype. Asterisk after CirA E133 indicates this mutation produced a premature stop codon. Scale 
bar indicates number of single-nucleotide polymorphisms in the core genome. Del, deletion; KPC, K. pneumoniae carbapenemase; PUI, 
Policlinico Umberto I; ST, sequence type; VIM, Verona integron-encoded metallo-β-lactamase.

 
Table. MICs of antimicrobial drugs for Klebsiella pneumoniae sequence type 512 strains analyzed in study of genotypic evolution of 
such strains during ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy* 
Strain AZT CZA† FDC‡ MEM MVB† IMI COL FOS AMK GTM CIP SXT TGC 
6379 >4 >256 8 32 1.5 >8 >4 >64 16 ≤2 >1 >4/76 2 
1186W >4 32 2 2 0.25 ≤1 >4 >64 >16 ≤2 >1 ≤2/38 ≤1 
1186T >4 32 2 4 0.25 ≤1 >4 >64 >16 ≤2 >1 ≤2/38 ≤1 
6099 >4 16 1 16 0.5 >8 >4 >64 ≤8 ≤2 >1 ≤2/38 ≤1 
0296 >4 >256 32 32 0.047 >8 >4 >64 ≤8 ≤2 >1 >4/76 ≤1 
EUCAST 
breakpoint 

4 8 2 8 8 4 2 32 8 2 0.5 4 ND 

*MICs are mg/L. Bold indicates resistance to antimicrobial drugs according to EUCAST breakpoints. AMK, amikacin; AZT, aztreonam; CIP, ciprofloxacin; 
COL, colistin; CZA, ceftazidime/avibactam; EUCAST, European Committee on Antimicrobial Susceptibility Testing (https://www.eucast.org); FDC, 
cefiderocol; FOS, fosfomycin; GTM, gentamicin; IMI, imipenem; MEM, meropenem; MVB, meropenem/vaborbactam; ND, not done; SXT, 
trimethoprim/sulfamethoxazole; TGC, tigecycline. 
†Tested by using the gradient strip method (Liofilchem, https://www.liofilchem.com). 
‡Tested by using the Compact Antimicrobial Susceptibility Panel broth microdilution method (Liofilchem). 
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blaVIM-1 (Figures 1, 2). However, isolate 0296 carried a  
pKpQIL-pKPN fused plasmid carrying catA1, dfrA12, 
aadA2, aph(3′)-Ia genes, 2 copies of mph(A), sul1, and 
ΔqacE genes (Appendix 2 Table 1), and the previ-
ously described putative gene involved in iron ac-
quisition (fec) (41), all of which were not present in 
plasmid pKPN from isolate 6379. Within the core ge-
nome, strain 0296 had 7 SNPs and 3 deletions when 
compared with strain 6379 (Appendix 1 Table 2); 1 
SNP created a premature stop codon at position 133 
in the iron transporter protein CirA (Table 1; Figure 
1) (42). Strain 0296 showed 4-fold higher FDC MIC 
than strain 6379 (6379 FDC MIC = 8 mg/L; 0296 FDC 
MIC = 32 mg/L). Moreover, in strain 0296, a conser-
vative in-frame deletion resulted in a novel mutation 
within OmpK36; the deletion was 26 aa (residues 
Thr263 to Tyr289) according to the reference OmpK36 
crystal structure in the Protein Data Bank (no. 6RCP; 
https://www.rcsb.org) (30). The in silico predicted 
3-dimensional structure of the mutated OmpK36 
porin showed a deep lateral cave, probably favoring 
MVB permeability from the extracellular site into the 
periplasmic space (Figure 3). Strain 0296 carrying the 
mutated OmpK36 protein showed a 5-fold reduction 
in MVB MICs compared with strain 6379 (6379 MVB 
MIC = 1.5 mg/L; 0296 MVB MIC = 0.047 mg/L).

Discussion
We report the in vivo evolution of antimicrobial re-
sistance in K. pneumoniae high-risk ST512 strains (43) 
that colonized or infected a critical patient during a 
95-day hospitalization. From both phenotypic and 
genotypic perspectives, each K. pneumoniae isolate 
had univocal characteristics. The rare mutation in 
the UhpABC signaling pathway conferred fosfomy-
cin resistance by altering expression of the hexose 
phosphate transporter (44,45). Mutations in the mgrB 
gene, identified in the 5 strains isolated in this study, 
8 strains isolated during 2018–2020 at the PUI (8), 
and globally in 37/133 (27.8%) whole-genome se-
quences from the Pasteur Institute ST512 collection, 
conferred colistin resistance. Moreover, the 5 strains 
from this study carried the yersiniabactin locus, a 
virulence factor rarely reported in ST512 clones. The 
yersiniabactin locus was identified in a K. pneumoni-
ae ST512 cluster sampled in the framework of the 
SPARK project from a single city located in north-
ern Italy during 2017–2018 (46). All of those factors 
support the hypothesis that a single K. pneumoniae 
clone was obtained from the patient first from rectal 
swab samples and subsequently from the respira-
tory tract, rather than antimicrobial drug treatment 
selecting 5 distinct strains.
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Figure 3. In silico 3-dimensional 
structure predictions for mutated 
OmpK36 porin in Klebsiella 
pneumoniae sequence type 
512 strain 0296 in study of K. 
pneumoniae genotypic evolution 
during ceftazidime/avibactam, 
meropenem/vaborbactam, and 
cefiderocol treatment, Italy. The 
outer membrane porin OmpK36 
from strain 0296 (blue) containing 
a 26 aa deletion from residue 
Thr263 through residue Tyr289 was 
modeled and compared with the 
model of reference OmpK36 chain 
B crystal structure from the Protein 
Data Bank (no. 6RCP; https://
www.rcsb.org) (30). Both ribbon 
cartoon (top) and surface (bottom) 
models are shown. Structures for 
strain 0296 were obtained by using 
Alphafold2 on the European Galaxy 
server (https://usegalaxy.eu). 
Spatial arrangements of the porins 
in lipid bilayers were visualized by 
using the positioning of proteins 
in membranes web server in 
the Orientations of Proteins in 
Membranes database (31).
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The development of β-lactam resistance in K. 
pneumoniae ST512 strains is a critical concern. At the 
time of transfer to PUI from a long-term care facility, 
the patient was colonized by a carbapenem-resistant 
K. pneumoniae strain that produced KPC-3 and VIM-
1. Although KPC-3 production by K. pneumoniae is 
a persistent phenomenon in Italy (6), the spread of 
VIM-producing K. pneumoniae is less common. How-
ever, we previously described an Enterobacterales 
infection outbreak at PUI caused by IncA plasmids 
encoding VIM (47). Therefore, we hypothesize that an 
elusive and untraced spread of VIM-producing En-
terobacterales might exist in hospitals and long-term 
care facilities in Rome.

During the first 3 weeks of hospitalization, the pa-
tient was not treated with β-lactams. We introduced 
CZA therapy to treat a respiratory tract infection 
sustained by P. stuartii, a pathogen more frequently 
associated with urinary tract infections (48) but also 
related to respiratory tract infections (49,50). After 3 
days of CZA treatment, a KPC-31–producing, CZA-
resistant K. pneumoniae strain colonized in the patient 
and then evolved to an infection by a KPC-154–pro-
ducing CZA-resistant variant. The KPC-154 clone had 
a wild type Ω loop but a 13 aa insertion in the 270 loop 
of the enzyme, a feature previously described in other 
KPC variants (8).

We used MVB to treat the KPC-154–producing K. 
pneumoniae infection, which eradicated the K. pneu-
moniae strain from respiratory tract samples. How-
ever, a respiratory tract infection sustained by A. bau-
mannii developed in the patient, who we then treated 
with FDC. Under FDC treatment, the respiratory tract 
sample tested positive for K. pneumoniae ST512 that 
was identical to the first colonizing strain, producing 
both KPC-3 and VIM-1 carbapenemases. This result 
suggests that a mixed population of KPC/VIM–posi-
tive and KPC-positive/VIM-negative K. pneumoniae 
was present in the patient during the entire hospi-
talization period. VIM-1–negative strains prevailed 
under CZA treatment, whereas MVB and FDC treat-
ments selected the expansion of VIM-1–producing 
strains, which likely remained in a hidden reservoir 
within the patient.

The reemerged KPC/VIM producer had a high 
MIC for FDC because of the loss-of-function muta-
tion in the CirA siderophore receptor. CirA muta-
tions have previously been associated with FDC 
resistance in an in vitro model of New Delhi metallo-
β-lactamase–producing K. pneumoniae (11) and in 
vivo for E. cloacae (14) and E. coli (15). However, the 
KPC/VIM–producing K. pneumoniae strain showed 
increased susceptibility to MVB, probably associated  

with a novel OmpK36 structure showing a large 
protein deletion; the 3-dimensional porin structure 
predicted a large lateral cave that might increase per-
meability of MVB. Nonetheless, the mutant OmpK36 
could also be interpreted as a compensatory mutation 
that promotes survival of the CirA-defective strain.

We used last resort β-lactam–based antimicro-
bial drugs (CZA, MVB, and FDC) to treat the patient 
but only used MVB to treat the respiratory tract 
infection sustained by the CZA-resistant ST512 K. 
pneumoniae; other antimicrobial drugs were admin-
istered to treat infections caused by P. stuartii or A. 
baumannii. This case report serves as a warning that 
cross-selection can occur between K. pneumoniae 
and treatments prescribed against other infective 
agents and that K. pneumoniae can stably colonize 
a patient for a long period, promoting progres-
sive evolution of the resistome under increasing  
selective pressure.
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Since SARS-CoV-2 was first reported in late 2019, 
infection has been observed primarily in humans; 

however, animals of various species have also been 
infected, partially because their angiotensin-convert-
ing enzyme 2 (ACE2) receptor is very similar to that of 
humans. Infected animals show clinical signs similar 
to those of humans, raising concerns about potential  

transmission of the virus between humans and ani-
mals (1,2). SARS-CoV-2 infection in dogs and cats 
affects the lungs and leads to pathologic changes 
(Figure 1). However, whether similar pathologic 
manifestations occur in the brain, as observed in hu-
mans, remains unclear.

Close cohabitation of dogs and humans, and 
their high genetic similarity, has prompted investiga-
tions into dogs’ susceptibility to SARS-CoV-2 infec-
tion (3,4). Wild-type SARS-CoV-2 infection in dogs 
can induce formation of neutralizing antibodies, and 
low viral titers in dogs demonstrate seroconversion 
(5,6). Mutant strains of SARS-CoV-2 in dogs cause 
histopathologic changes in lung tissues and increased 
expression of muscle damage markers in the blood 
(7). ACE2 in dogs can bind to the receptor-binding 
domain of SARS-CoV-2, implying the possibility of 
cross-species transmission between humans and dogs 
(8). Genetic and epidemiologic studies have reported 
animal-to-human transmission of SARS-CoV-2 (9).

Reportedly, SARS-CoV-2 can cause neurologic 
signs and symptoms (e.g., headache, fatigue, and cog-
nitive dysfunction) in human patients. Several cohort 
studies report strong correlations between SARS-
CoV-2 and neurologic signs/symptoms (10–13). 
Furthermore, cortical thickness is reduced in SARS-
CoV-2–infected patients, suggesting that SARS-CoV-2 
can induce pathologic changes in the brain, which 
may be linked to the functional deficits noted in those 
patients. Considering the number of patients infected 
with SARS-CoV-2, the neurologic signs can lead to a 
potential wave of neurodegenerative diseases, which 
could pose an immense burden on society.

The etiology of SARS-CoV-2–induced neuro-
pathologic changes is still elusive. However, clinical 
and experimental reports suggest that vascular dam-
age and the resultant immune responses in the brain 
may be a major factor (13–16). Magnetic resonance 
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Transmitted among Dogs

Dong-Hwi Kim,1 Da-Yoon Kim,1 Kyu-Sung Kim,1 Sang-Hoon Han, Hyeon-Jeong Go, Jae-Hyeong Kim,  
Kyu-Beom Lim, Dong-Hun Lee, Joong-Bok Lee, Seung-Yong Park, Chang-Seon Song,  

Sang-Won Lee, Yang-Kyu Choi, Yeun-Kyung Shin, Oh-Kyu Kwon, Do-Geun Kim, In-Soo Choi

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2275

Author affiliations: Konkuk University, Seoul, South Korea  
(D.-H. Kim, D.-Y. Kim, S.-H. Han, H.-J. Go, J.-H. Kim, K.-B. Lim, 
D.-H. Lee, J.-B. Lee, S.-Y. Park, C.-S. Song, S.-W. Lee,  
Y.-K. Choi, I.-S. Choi); Korea Brain Research Institute, Daegu, 
South Korea (K.-S. Kim, D.-G. Kim); Daegu Gyeongbuk Institute 
of Science and Technology, Daegu (K.-S. Kim, D.-G. Kim);  
Animal and Plant Quarantine Agency, Gimcheon, South Korea 
(Y.-K. Shin, O.-K. Kwon); Konkuk University Zoonotic Diseases 
Research Center, Seoul (D.-H. Lee, J.-B. Lee, S.-Y. Park,  
C.-S. Song, S.-W. Lee, I.-S. Choi); KU Center for Animal Blood 
Medical Science, Seoul (I.-S. Choi)

DOI: https://doi.org/10.3201/eid2911.230804 1These authors contributed equally to this article.

SARS-CoV-2 induces illness and death in humans by 
causing systemic infections. Evidence suggests that 
SARS-CoV-2 can induce brain pathology in humans and 
other hosts. In this study, we used a canine transmission 
model to examine histopathologic changes in the brains of 
dogs infected with SARS-CoV-2. We observed substan-
tial brain pathology in SARS-CoV-2–infected dogs, par-
ticularly involving blood–brain barrier damage resembling 
small vessel disease, including changes in tight junction 
proteins, reduced laminin levels, and decreased pericyte 
coverage. Furthermore, we detected phosphorylated tau, 
a marker of neurodegenerative disease, indicating a po-
tential link between SARS-CoV-2–associated small ves-
sel disease and neurodegeneration. Our findings of de-
generative changes in the dog brain during SARS-CoV-2 
infection emphasize the potential for transmission to other 
hosts and induction of similar signs and symptoms. The 
dynamic brain changes in dogs highlight that even as-
ymptomatic individuals infected with SARS-CoV-2 may 
develop neuropathologic changes in the brain.
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imaging has detected white matter hyperintensities in 
SARS-CoV-2–infected patients, indicating damage to 
the blood–brain barrier (BBB) in this region and that 
potentially demyelinating pathologic changes can be 
induced (13). Other studies have revealed signs of 
neuroinflammatory responses, including activation 
of microglial cells and astrocytes (14,15). Moreover, 
damage to the brain vasculature and defects in the 
coagulation system have been demonstrated (16). 
The characteristic pathologies observed in human 
patients (e.g., vascular damage, demyelination, and 
neuroinflammatory responses) have also been ob-
served in humanized mouse models.

We used a canine transmission model to inves-
tigate the susceptibility of dogs to SARS-CoV-2, spe-
cifically the Delta variant. The dogs were housed in a 
Biosafety Level 3 animal facility at Konkuk University 
Laboratory, Seoul, South Korea, where temperature, 
humidity, and light were carefully controlled. The 
study was approved by the Animal Research Cen-
ter under the supervision of the Institutional Animal 
Care and Use Committee (accreditation no. KU22065) 
and the Institutional Biosafety Committee (accredita-
tion no. KUIBC-2022-06) at Konkuk University. The 
absence of SARS-CoV-2 RNA and SARS-CoV-2 anti-
bodies in dog serum was confirmed.

Materials and Methods
Considering that SARS-CoV-2 infections cause neu-
rologic effects in human and human ACE2 transgenic  

mice, and typically follow respiratory system infec-
tion, we used models mimicking the natural infec-
tion route. We intranasally infected dogs with the 
Delta variant, and virus subsequently was trans-
mitted to contact dogs. We assessed detection of 
viruses in the brain and damage to the integrity of 
the BBB as well as activation of neuroimmune re-
sponses in the brain. To test whether SARS-CoV-2 
can indeed induce neuropathologic changes in 
the brain, we also assessed further patterns of de-
myelination and axonal damage. We describe 
our methods here in brief; details are provided 
in the Appendix (https://wwwnc.cdc.gov/EID/ 
article/29/11/23-0804-App1.pdf),

We purchased fifteen 6-month-old female conven-
tional beagles from Orient Bio, South Korea (http://
www.orient.co.kr) and classified them into 3 groups: 
control (n = 3), infection (n = 6), and contact (n = 6). The 
dogs in the infection and contact groups were housed in 
6 cages, each measuring 800 mm wide × 900 mm deep 
× 800 mm high.

To mimic natural infection, we implemented 2 
infection models: intranasally inoculated dogs and 
dogs infected via horizontal transmission. We anes-
thetized 6 dogs in the infection group with 0.3 mg/kg 
of alfaxalone and then intranasally inoculated each 
dog with 105 PFU of SARS-CoV-2 Delta variant. After 
the dogs regained consciousness and acclimated to 
the environment, each infected dog was placed in a 
cage with a dog from the contact group. To control 
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Figure 1. Schematic diagram 
representing susceptibility to 
SARS-CoV-2 infection in the 
lungs and brain of animals with 
potential for human transmission 
and homology of ACE2 amino 
acid sequences in study of the 
neurologic effects of SARS-
CoV-2. *Number of mutations 
among the key 20 residues 
involved in interacting with 
the SARS-CoV-2 RBD. ACE2, 
angiotensin-converting enzyme 
2; RBD, receptor-binding domain.
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for any potential effects of the inoculation procedure 
or medium, we intranasally inoculated dogs in the 
control group with 500 µL of Dulbecco Modified 
Eagle Medium. Veterinarians visually examined the 
dogs for clinical signs, including neurologic signs.

With the infection model established, we next 
investigated the neuropathologic changes in the 
brain. First, we confirmed the existence of viral par-
ticles in the brain because it is logical to consider 
that viral particles can migrate to and replicate in 
the brain, which would directly damage the brain. 
To confirm the presence of viral nucleic acid we 
used quantitative reverse-transcription PCR, and 
to confirm the presence of viral particles we used 
immunofluorescence assays.

For use in additional experiments, at 4, 7, 11, 14, 18, 
21, 25, 28, 32, and 35 days postinfection (dpi), we col-
lected nasopharyngeal, oropharyngeal, and fecal swab 
and blood samples from all dogs while they were un-
der sedation. At each timepoint in the early (10, 12, and 
14 dpi) and late (38, 40, and 42 dpi) periods of infection, 
dogs were sedated and euthanized by intravenous in-
jection of supersaturated KCl and performed necrop-

sies (only 1 infected and 1 contact dog could be necrop-
sied at each timepoint because of logistical constraints).

Samples underwent quantitative reverse tran-
scription PCR, immunohistochemistry, immuno-
fluorescence staining, ELISA, and plaque reduction 
neutralization test, as indicated (Appendix). We con-
ducted all experiments in triplicate and express re-
sults as mean ±SD. We plotted dose-response curves, 
and we performed Student t-tests by using Prism 
8.0.1 (Graphpad software, https://www.graphpad.
com). We set statistical significance at p<0.05.

Results
We detected no significant changes in objective mea-
surements of the dogs (body weight and tempera-
ture). No dogs exhibited apparent neurologic signs or 
respiratory signs resembling COVID-19 (Appendix).

Pathologic Changes in the Integrity of the BBB
In this study, we detected viral RNA in the brain dur-
ing the early infection period only, not during the late 
infection period (Figure 2, panel A). We confirmed 
colocalization of the viral particles with neuronal cells 
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Figure 2. SARS-CoV-2 in the 
brain of dogs in study of the 
neurologic effects of SARS-
CoV-2, showing transmission 
at an early stage of infection. 
A) Quantitative real-time PCR 
validation of the SARS-CoV-2 
gene in the SARS-CoV-2–
infected and contact groups 
of dogs, at each postinfection 
day. The dashed line indicates 
the regions where gene copy 
numbers of SARS-CoV-2 
were considered negative. B) 
Representative fluorescent 
images of S1 protein (a marker 
of virus infection) and NeuN 
(a specific marker of neuronal 
cells) demonstrated SARS-
CoV-2 infection in the canine 
brain sections of SARS-CoV-2–
infected and contact dogs, 
at early and late days after 
infection. SARS-CoV-2–infected 
neuronal cells at the early stage 
of infection. At the late stage 
of infection, the presence of 
the virus appeared to diminish. 
Scale bars indicate 100 µm.
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by using an immunofluorescence assay with an anti-
body specific to the spike protein of the virus. As for 
viral RNA, we also detected viral particles only dur-
ing the early infection period (Figure 2, panel B). Our 
observations indicate that SARS-CoV-2 may infect the 
brain during the early infection period and may be 
cleared by the later infection period.

Various reports suggest damaged brain vascula-
ture in SARS-CoV-2–infected human patients, which is 
reported to be associated with the influx of peripheral 
molecules and activation of immune responses in the 
brain (13–16). In our study, we tested the pathologic 
changes in the canine brain vasculature by using an 
immunofluorescence assay with antibodies specific to 
the BBB compartments. For dogs infected with the vi-
rus, pathologic alterations in the BBB structure were 
noted, showing decreased signals of matrix proteins 
(laminin and collagen IV) and tight junction protein 
(claudin 5) (Figure 3, panel A). In dogs of both groups, 
those phenomena were prominently observed during 
late rather than early infection. In addition, PDGFR-β 
densities, which are markers for pericytes, were de-
creased in dogs of both groups during the early and 
late periods, indicating that the cellular components of 
the BBB were damaged by viral infection. Moreover, 
the infiltrations of fibrinogen and IgG were found in 
the parenchyma of the brain, indicating that viral infec-
tions breached the functional integrity of the BBB (Fig-
ure 3, panel B). Last, infiltration of CD4+ T cells was 
found in the brain by trespassing into the BBB matrix 
protein layer, suggesting severe damage to the BBB 
integrity and subsequent recruitment of these cells 
into the brain (Figure 3, panels C, D). Those observa-
tions indicate that SARS-CoV-2 infection could induce 
pathologic changes in the structural and functional in-
tegrity of the BBB. Such changes may allow entry of 
peripheral molecules and immune cells into the brain 
parenchyma during the early infection period. Collec-
tively, the pathologic changes concur with the typical 
signs of small vessel disease (SVD).

Neuroinflammatory Responses in the Brain
When we tested whether SARS-CoV-2–induced dam-
age of the BBB can induce neuroinflammatory re-
sponses, we stained brain sections with markers for 
glial activation, including glial fibrillary acidic pro-
tein and Iba-1, which are markers for activated astro-
cytes and microglial cells. Glial fibrillary acidic pro-
tein showed a statistically significant increase in the 
brain white matter of dogs in the infection and contact 
groups at the early and late periods, suggesting poten-
tial proinflammatory conditions in the brain (Figure 
4, panel A). When we tested activation of microglial 

cells (another major component of innate immune re-
sponses in the brain) by staining brain sections with 
an antibody specific to Iba-1 (a marker of activated 
microglial cells), we observed a significant increase 
in Iba-1–positive signals in the brain white matter of 
dogs from both groups during the early and late peri-
ods (Figure 4, panel B). However, we did not observe 
such increases in the gray matter, suggesting that the 
microglial cell activations were specific for white mat-
ter (Figure 4, panel C). Of note, we observed activated 
microglial cell clustering in several spots in the white 
matter from dogs in both groups. Overall, those obser-
vations suggest that BBB disruption mediated by infec-
tion with SARS-CoV-2 could elicit neuroinflammatory 
responses and further contribute to the progression of 
neurodegenerative pathology in canine brains.

Typical Signs of SVD-mediated Axonopathy
The early signs of SVD-mediated brain neurodegen-
eration are pathologic changes in axons and demy-
elination. To verify whether SARS-CoV-2 can induce 
these pathologic changes, we stained brain sections 
with antibodies against the neurofilament light chain 
(NFL). The intensities of NFL staining were signifi-
cantly lower in the brain white matter of dogs in both 
groups at the early and late periods than in the un-
infected control dogs (Figure 5, panels A, B). In ad-
dition, the pathologic changes in the structure and 
integrity of the NFL were evidenced by swelling and 
irregularity. Decreased NFL intensities were more se-
vere in perivascular regions, as typical signs of SVD-
mediated axonopathy. 

Because demyelination is another hallmark of 
SVD, we assessed demyelination by using fluomyelin, 
a fluorescent marker for myelin. We observed a signifi-
cantly lower intensity of fluomyelin in the brain white 
matter of dogs in the infection and contact groups 
during the early and late periods; NFL patterns were 
similar in both groups (Figure 5, panels C, D). Those 
changes were more evident in the perivascular area, 
identical to the NFL lesions. The axonopathy-like 
changes observed at the perivascular area of the white 
matter could be a consequence of SVD induction.

Pathologic Signs of Neurodegenerative Diseases, Rep-
resented by Tauopathy
To assess production of Aβ aggregation and test 
whether SVD-induced neuropathologic changes can 
further cause neurodegenerative signs, we stained 
brains with an amyloid β (6E10) antibody. However, 
we did not observe formation of Aβ aggregates in 
the brains of any dogs during the early or late peri-
ods (Appendix Figure 10, panel A). Next, to assess 
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tauopathy in the virus-infected brains, we stained 
brain sections with different types of phosphorylated 
tau. Using a p-Tau 181 antibody, we did not observe 

positive signals for phosphorylated tau in any dogs 
(Appendix Figure 10, panel B). However, we detected 
phosphorylation of tau at Ser202/Thr205 by using an 
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Figure 3. SARS-CoV-2 infection disrupting the blood–brain barrier (BBB) and immune cells infiltrating the brains of infected dogs in study 
of the neurologic effects of SARS-CoV-2 transmitted among dogs. A) Representative fluorescent images and statistical results of vascular 
markers including laminin, claudin 5, collagen IV, and PDGFR-β staining of canine brain sections derived from SARS-CoV-2–infected and 
contact dogs at early and late days after infection. Scale bar indicates 200 µm. B) Brain sections from SARS-CoV-2–infected and contact 
dogs stained with fibrinogen (green) and IgG (red), which represent BBB leakage staining, at early and late days after infection. Scale bar 
indicates 200 µm. (C) Representative fluorescent images of the brain sections stained with the CD4 (green) and aquaporin 4 (red), which 
are markers of CD4-positive T cells and astrocytic end foot, respectively. The CD4-positive cells were infiltrated in the brain parenchyma 
(white arrows) in the SARS-CoV-2–infected group. Scale bar indicates 50 µm. (D) Representative 3D images of CD4 (green) and aquaporin 
4 (red). Statistical significance was determined using a 1-way analysis of variance. Data are presented as mean ±SEM.
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AT8 antibody in the brains of dogs in the infection 
group during the early period and dogs in the infec-
tion and contact groups during the late period. Those 
results suggest that SARS-CoV-2 infection could in-
duce accumulation of the pathologic form of tau in a 
site-specific manner (Figure 5, panel E). Last, we used 
the number of neuronal cells to determine whether 
those pathologic neurodegenerative signatures are 
associated with loss of neuronal cells. We did not 
observe statistically significant changes in the num-
ber of cortical neurons in the brains of dogs from the 
infection and contact groups during the early period 

(Figure 5, panels F–H). However, we observed de-
creased numbers of neuronal cells in the infection and 
contact groups during the late period. Therefore, de-
generative changes such as tauopathy and decreased 
numbers of neuronal cells in the virus-infected brains 
seemed to be induced after elicitation of pathologic 
drivers, including BBB damage, glial activation, and 
axonopathy, as consequences of SVD.

Discussion
Overall, our study demonstrates solid experimen-
tal evidence that SARS-CoV-2 can infect dogs and 
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Figure 4. SARS-CoV-2 induces activation of microglial cells in the brain white matter in a region-specific manner in SARS-CoV-2–
infected and contact dogs in study of the neurologic effects of SARS-CoV-2 transmitted among dogs. A) Representative fluorescent 
images of glial fibrillary acidic protein (activation astrocyte marker, green) staining of canine brain sections derived from SARS-CoV-2–
infected and contact groups at early and late days after infection. Scale bars indicate 200 µm; in insets, 50 µm. B) Representative 
fluorescent images and statistical results of Iba-1 (a marker of microglia; green) staining of canine brain white matter sections derived 
from SARS-CoV-2–infected and contact dogs at early and late dpi. Scale bars indicate 200 µm; in insets, 50 µm. C) Representative 
fluorescent images and statistical results of Iba-1 (a marker of microglia, green) staining of canine brain gray matter sections derived 
from SARS-CoV-2–infected and contact dogs at early and late dpi. Scale bars indicate 200 µm; in insets, 50 µm. Statistical significance 
was determined using a 1-way analysis of variance. Data in graphs are presented as means ±SEM.
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be transmitted to others by direct contact, producing 
pathologic brain changes even without prominent 
signs. Pathologic changes in the lung and brain were 
observed in dogs of both groups, providing additional 
evidence of virus transmission. Of note, SARS-CoV-2 
infection has been reported to cause long-term patho-
logic effects even after the virus is cleared from the 
main organs of the body (17). Our study provides evi-
dence that SARS-CoV-2 infection can damage the brain 
as well as the lungs in dogs at early and later stages of 
infection, suggesting a high potential for a long-lasting 
COVID-19–like syndrome to develop in affected dogs.

We detected SARS-CoV-2 in secretions from the 
nasopharynx and oropharynx of dogs in both the in-
fection and contact groups, albeit at a low percentage.  
Remarkably, we found that the viral titers were higher 
in the nasal and oral mucosa of dogs in the contact group 
than in those in the infection group. That finding could 

be attributed to the role of the nasal and oral cavities as 
routes of virus entry for the contact group, resulting in 
higher replication of the virus at these entry points (18). 
We observed that during the early stages of infection, 
dogs in the contact group exhibited more severe inflam-
matory responses in the trachea and bronchioles than 
did those in the infection group. Those findings are con-
sistent with results of previous studies that have shown 
that contact transmission can result in higher levels of 
virus titers and lead to more rapid onset of pathologic 
changes in the upper respiratory tract (19,20).

Seroconversion in dogs after SARS-CoV-2 in-
fection was observed as early as 4 dpi; the rapid 
seroconversion may be associated with the absence 
of clinical signs (21). Antibody levels peaked a few 
days later in dogs in the contact group than in dogs 
in the infection group, suggesting later virus trans-
mission from the virus-infected dogs. Neutralizing 
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Figure 5. SARS-CoV-2 infection causing perivascular demyelination in the brain in dogs in study of the neurologic effects of SARS-CoV-2 
transmitted among dogs. A, B) Representative fluorescent images and statistical analysis results of NFL (a marker of neurofilament light 
chain; gray) staining of canine brain white matter sections derived from SARS-CoV-2 infected and contact dogs at early and late dpi. Scale 
bar indicates 200 µm. Overall images from infected dogs demonstrate irregular axonal morphology compared with that of control dogs. 
Single-layer slice images. Scale bar indicates 20 µm. C, D) Representative fluorescent images and statistical analysis results of myelin 
(fluomyelin; green) and DAPI (blue) staining of canine brain white matter sections derived from SARS-CoV-2–infected and contact dogs 
at early and late dpi. Scale bar indicates 200 µm. E) Representative fluorescent images of p-tau (red) staining of canine brain gray matter 
sections derived from SARS-CoV-2–infected and contact dogs at early and late dpi. Scale bar indicates 200 µm. F–H) Representative 
fluorescent images (F) and statistical analysis results (G, H) of NeuN (a marker of neuron; green) staining of canine brain gray matter 
sections derived from SARS-CoV-2–infected and contact dogs at early (G) and late (H) infection. Scale bar indicates 200 µm. Statistical 
significance was determined using a 1-way analysis of variance. Data are presented as mean ±SEM. NS, not significant.
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antibody titers against SARS-CoV-2 strongly corre-
late with antibody titers of the spike protein, high-
lighting the spike protein as a crucial target for the 
humoral immune response (R value >0.7; p< 0.001).

The lung alveolar septum of infected dogs was 
thickened overall, caused by infiltration of immune 
cells that indicate interstitial pneumonia (e.g., mono-
nuclear cells, neutrophils, and macrophages) (22,23), 
associated with the presence of neutrophil elas-
tase–positive cells and Iba-1–positive cells. Neutro-
phil elastase and Iba-1 levels increase in response to 
SARS-CoV-2 infection (22,24). Neutrophil elastase–
positive and Iba-1–positive cells were found infiltrat-
ed around the blood vessels, indicating perivasculitis 
in SARS-CoV-2 infected dogs as in other hosts (22,25).

Brain damage induced by viral infection has been 
reported from various nonneurotrophic viruses, in-
cluding HIV (17,26). Contrary to previous beliefs, 
accumulating evidence argues that SARS-CoV-2 can 
induce pathologic changes in the brains of several 
hosts, including humans, although the detailed mech-
anisms of those pathologies are still elusive. We ana-
lyzed the histopathologic changes in the brains on the 
basis of those uncertain arguments. Of note, we ob-
served drastic pathologic changes in the dog brains, 
although the animals did not exhibit any neurologic 
signs. One of the most prominent features of brain pa-
thology was the BBB damage observed during early 
infection and maintained until later infection. Typi-
cal features of vascular damage observed from SVD 
were changes in the level of tight junction proteins, 
decreased levels of laminin, and reduced pericyte 
coverage (27). SVD involves functional and structural 
dysfunctions of the brain vasculature, demonstrating 
white matter hyperintensities, microbleeding, and in-
creased perivascular spaces. Moreover, SVD induces 
increased influx of peripheral blood factors and im-
mune cells into the brain. Our finding of initial patho-
logic features of the BBB commonly observed in SVD 
in the brains of SARS-CoV-2–infected dogs strongly 
supports our hypothesis that the virus can induce 
SVD in dog brains. Several human studies support-
ing our observations also reported these pathologic 
features of the BBB similarly found in SVD (26,28,29).

SVD induces an influx of peripheral molecules 
and a favorable environment for producing large 
amounts of reactive oxygen species that activate mi-
croglial cells and astrocytes—hallmarks of neuroin-
flammatory responses. In our study, we specifically 
observed activation of glial cells in the white matter 
of the brains of the SARS-CoV-2–infected dogs, sug-
gesting the neuroinflammatory conditions that SARS-
CoV-2–mediated SVD might induce. The activation of 

microglial cells has also been observed in humanized 
ACE2 mice and brains from different animal species, 
including nonhuman primates (30,31). The marked 
axonopathy in the white matter and the preferentially 
increased activity of glial cells in this region strongly 
suggest correlations between the glial activation and 
development of axonopathy potentially mediated by 
development of SVD by SARS-CoV-2 infection. Fur-
thermore, activation of the astrocytes and microglial 
cells was maintained up to 40 dpi, even when the vi-
rus was cleared from the brain. That finding strongly 
suggests that the glial cells activated by SARS-CoV-2 
potentially harm axons or other components of neu-
ronal cells, even when virus is absent in the brain. 
That topic could be the focus of future research that 
requires further in vitro/in vivo studies to reveal the 
mechanistic link between glial activation and neuro-
nal damage mediated by SARS-CoV-2 infection.

Tau phosphorylation is the hallmark of Alzheimer’s 
disease. Tau is the family of the microtubule-associated 
protein tau and functions in the delivery of synaptic 
vesicles required for synaptic transmission; phosphory-
lation of tau causes loss of this property, but the mecha-
nism remains elusive (32). There are multiple phosphor-
ylation sites on the tau protein, and our study shows the 
specific phosphorylation of Ser202/Thr205, detected by 
using the AT8 antibody (33). Detection of phosphory-
lated tau suggests a high probability of developing signs 
of neurodegenerative diseases in the SARS-CoV-2–in-
fected brain. A recent study has shown the correlation 
between the development of SVD and the accumulation 
of phosphorylated tau, supporting the finding that de-
velopment of phosphorylated tau could be oriented by 
SARS-CoV-2–associated SVD (34,35).

Long-term brain damage induced by SARS-CoV-2 
has become a major topic for research of long COVID 
syndromes in humans (36). It has been reported that 
≈10% of SARS-CoV-2–infected persons experience 
neurologic signs/symptoms, suggesting potential 
neurotrophic characteristics of this virus (37). Accord-
ing to recent retrospective studies that used UK Bio-
bank data (https://www.ukbiobank.ac.uk), shrinkage 
in the brain cortex and decreased cognitive function 
have been reported for human patients after recov-
ery from SARS-CoV-2 infection (38). Moreover, post-
mortem human brain tissue analysis demonstrated 
increased activity of glial cells, proinflammatory im-
mune responses, neuronal damage, and BBB dam-
age, enabling peripheral immune cells to infiltrate, 
strongly suggesting neuropathologic changes induced 
by SARS-CoV-2 infection (39). However, those patho-
logic changes were analyzed mainly in brain samples 
from patients with severe neurologic sign/symptoms; 
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neuropathologic changes in asymptomatic patients are 
still elusive. From that perspective, our study has val-
ue as translational research to predict neuropathologic 
changes in the early phase of asymptomatic SARS-
CoV-2 infection in humans because we have observed 
the kinetic pathologic changes in the brains of dogs that 
did not show any neurologic signs. Compared with 
other animal models, dogs are genetically similar to 
humans and their brain structures are similar to those 
of humans, making our extrapolation more reliable. 
According to our results, the brains of dogs infected 
with SARS-CoV-2 demonstrate severe BBB disruptions 
and consequent SVD-like pathologic signs, including 
axonopathy, glial activation, and potential neurode-
generative changes even without neurologic signs. 
That evidence strongly suggests that even asymptom-
atic SARS-CoV-2 patients might have neuropathologic 
changes in their brains, which could develop into se-
vere neurologic disorders later in life.

Among the merits of our study in terms of trans-
lational research of SARS-CoV-2–induced neuropatho-
logic changes, we compared 2 infection routes: direct 
intranasal infection and horizontal transmission mod-
els that can mimic more natural infection routes. With 
that comparison, we determined that neuropathologic 
changes can be induced via both exposure routes, pro-
viding valuable information that owners of companion 
animals potentially face SARS-CoV-2–associated neuro-
logic disorders. Second, we studied dogs, which are a 
more advanced species than rodents, to provide neuro-
pathologic data that are closer to data for humans and 
more relevant. Moreover, our data suggest that neuro-
pathologic changes can be induced in dogs. Last, we 
found that the neuroinflammatory responses were more 
prominently observed in the white matter area than the 
gray matter area, suggesting that the neuroinflamma-
tory responses induced by SARS-CoV-2 differ by brain 
region. Overall, these data can be used as translational 
research data to interpret the potential neuropathologic 
changes that may be observed in humans.
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Lassa fever is an acute viral hemorrhagic illness 
caused by Lassa virus (LASV), an enveloped RNA 

virus of the Arenaviridae family (1). Lassa fever is en-
demic to West Africa, causing ≈300,000 illnesses and 
≈5,000 deaths annually (1,2). Approximately 80% of 
Lassa fever cases result in mild symptoms; however, 
the remaining 20% are serious infections that cause 
hemorrhaging and vomiting and simultaneously ef-
fect several organs, including the kidneys, liver, and 
spleen, which can have lifelong effects for survivors 
(3). The overall mortality rate for Lassa fever is 1%; 
however, patients hospitalized with a severe infection 
have an increased mortality rate of 15%–20% (1,4).

The natural reservoir of LASV is the multi-
mammate rat, Mastomys natalensis, which is found 
in 50%–98% of households in West Africa and puts 
≈58 million persons at risk for infection (2,3,5). LASV 
outbreaks have primarily been limited to 2 distinct  

regions, Nigeria and the Mano River Basin, which 
comprises areas of Liberia, Guinea, and Sierra Leone 
(3,6). The outbreaks in Nigeria were caused by lin-
eages II and III, and the outbreaks in the Mano River 
Basin were cause by lineage IV (3,6). Ecologic niche 
models predicting expansion of suitable environmen-
tal conditions for LASV, coupled with population 
increases in those areas, estimate a 761% increase in 
the risk for infection among populations in endemic 
areas (6). During 2012–2022, Lassa fever cases have 
increased, likely because of an increasing population, 
urbanization, and environmental changes (7). Con-
currently, the range and number of known lineages 
have also increased; new lineages were discovered in 
Mali in 2009 and Benin in 2014 (8,9). 

Transmission of LASV is primarily through direct 
contact with fomites contaminated with rat urine or 
feces or through inhalation (2,10). Secondary person-
to-person transmission can occur from direct contact 
with bodily fluids of infected persons, specifically in 
healthcare settings that have inadequate infection 
prevention and control measures (11). Thus, under-
standing the environmental persistence of LASV is 
critical for mitigation and control efforts.

The World Health Organization lists LASV as a 
priority pathogen with pandemic potential because 
the virus has a relatively long incubation period 
and populations outside of endemic areas lack prior 
immunity (12). Infected persons shed the virus in 
bodily fluids for up to 3 months (10). No standard 
practice exists for disposing of LASV infectious 
waste, leading to concerns about further environ-
mental transmission. 

Limited research evaluating the environmental 
persistence and disinfection of LASV is available, 
creating a critical gap in understanding the poten-
tial for continued environmental transmission. We 
investigated the persistence of 2 LASV strains repre-
senting lineages II and IV, on surfaces, and in water 
and wastewater. We then assessed LASV disinfection 
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Lassa fever, caused by Lassa virus (LASV), is endem-
ic to West Africa, where ≈300,000 illnesses and ≈5,000 
deaths occur annually. LASV is primarily spread by 
infected multimammate rats via urine and fomites, 
highlighting the need to understand the environmen-
tal fate of LASV. We evaluated persistence of LASV 
Josiah and Sauerwald strains on surfaces, in aqueous 
solutions, and with sodium hypochlorite disinfection. 
Tested strains were more stable in deionized water 
(first-order rate constant [k] for Josiah, 0.23 days; for 
Sauerwald, k = 0.34 days) than primary influent waste-
water (Josiah, k = 1.3 days; Sauerwald, k = 1.9 days). 
Both strains had similar decay rates on high-density 
polyethylene (Josiah, k = 4.3 days; Sauerwald, k = 2.3 
days) and stainless steel (Josiah, k = 5.3 days; Sau-
erwald, k = 2.7 days). Sodium hypochlorite was highly 
effective at inactivating both strains. Our findings can 
inform future risk assessment and management efforts 
for Lassa fever.
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with sodium hypochlorite to assess a potential LASV 
management approach.

Materials and Methods
We used the Josiah strain to represent lineage IV and 
the Sauerwald strain to represent lineage II. All experi-
ments were conducted in a Biosecurity Level 4 facility. 

Surface Persistence Experiments
We conducted solid surface persistence experiments 
similar to those previously described (13).  In brief, 
for each time point, we placed three 4-cm diameter 
disks of either stainless steel or high-density poly-
ethylene (HDPE) into individual wells of a 6-well 
plate. We evenly distributed 106 50% tissue culture 
infectious dose (TCID50) of either Josiah or Sauerwald 
LASV isolates in the cell-free medium on the disks, 
and allowed the plates to air dry at 20°C. At each time 
point, we placed 450 µL of Dulbecco’s Modified Eagle 
Medium (DMEM; Sigma-Aldrich, https://www.sig-
maaldrich.com), supplemented with heat-inactivat-
ed fetal bovine serum (FBS; GIBCO/ThermoFisher, 
https://www.thermofisher.com) and 2% Pen/Strep 
(GIBCO) to a final concentration of 50 U/mL penicil-
lin and 50 µg/mL streptomycin, onto the surface and 
gently agitated to free the surface-bound virus. Then 
we added L-glutamine (GIBCO) to a final concentra-
tion of 2 mmol in an appropriately labeled 2 mL screw 
top vial and froze at −80°C. We then determined viral 
titers for each surface.

Aqueous Persistence Experiments
We conducted all experiments in triplicate and at 
20°C. We added Josiah and Sauerwald LASV stocks 
to each replicate of deionized water and primary in-
fluent wastewater to achieve a final concentration 
of 106 TCID50/mL (Appendix, https://wwwnc.cdc.
gov/EID/article/23-0678-App1.pdf). We collected 
samples daily for 5 days. At each time point, includ-
ing zero, we added 50 µL of the aqueous matrix from 
each of the bulk wastewater or deionized water vials 
into 450 µL of DMEM (Sigma-Aldrich), modified as 
described above. Then we added L-glutamine (GIB-
CO) to a final concentration of 2 mmol in an appropri-
ately labeled 2 mL screw top vial and froze at −80°C. 
We used 50 µL of the nonspiked aqueous matrix for 
negative controls. We then determined viral titers for 
each replicate.

Aqueous Disinfection Experiments
We used primary influent wastewater for the aqueous 
disinfection experiments to replicate the type of waste-
water in low- and middle-income countries in which 

emergency disinfection for LASV would be used. We 
assessed the initial chlorine demand of the wastewa-
ter matrix by using the Chlorine (Free and Total) Test 
Kit (Hach, https://www.hach.com) (14). We assessed 
LASV disinfection in triplicate in wastewater for Jo-
siah and Sauerwald isolates at 1 mg/L, 5 mg/L, and 
10 mg/L of sodium hypochlorite. In the top row of a 
deep-well 96-well plate, we spiked virus into waste-
water or deionized water to an initial concentration of 
1:1,000,000. We removed an initial sample, diluted 1:10 
in DMEM, and froze at −80°C. We then added sodium 
hypochlorite to each well to achieve the desired sodi-
um hypochlorite concentrations. We took the time zero 
sampling ≈20 seconds after adding chlorine to enable 
sample mixing. We removed 50-µL samples at 1, 5, 15, 
and 30 minutes, mixed with 50 µL of sodium thiosul-
fate (134 nmol), and concentration matched (w:w) with 
sodium hypochlorite (40 nmol) to quench any remain-
ing free chlorine. We then added that mixture to 400 µL 
of DMEM to achieve a final 1:10 dilution before freez-
ing at −80°C until titrated.

Virus Titration
To assess the concentration of viable virus, we per-
formed TCID50 by using 4 10× dilution series for each 
sample. We then incubated Vero E6 cells with the vi-
rus dilutions for 1 h at 37°C, then removed the virus 
from the 2 highest concentrations, rinsed 2 times with 
PBS, and added 200 µL of fresh culture medium. We 
also added 100 µL of fresh culture medium to each 
of the remaining wells in the plate. We incubated the 
plates at 37°C for 7 days, inspected for cytopathic ef-
fect, and scored plates by using the Spearman-Kärber 
method.

Statistical Analysis
We analyzed the decay of infectious LASV strains for 
all experiments by using a first-order decay model 
and excluded data points below the limit of detec-
tion for the assay, as previously described (13–16). In 
the decay models, each plotted point represents the 
mean of 3 independent experimental replicates run 
concurrently, and the error bars show the standard 
deviation. We performed all plotting, regressions, 
and statistical analyses by using R Studio 2022.07.2 
(R Foundation for Statistical Computing, https://
www.r-project.org).

Results

Persistence of Lassa Virus on Surfaces
Stainless steel and high-density polyethylene (HDPE) 
are commonly used nonporous materials for hospital  
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equipment. In addition, HDPE is a component of 
common full-body personal protective coveralls and 
gowns worn in hospitals (13). We deposited LASV on 
HDPE and stainless steel surfaces, allowed concen-
tration to air dry at 20°C, and measured virus viabil-
ity over 5 days. We found no statistically significant 
difference in decay between the HDPE and stainless 
steel within a single strain (Table 1; Figure 1). Con-
versely, we noted a small but significant difference 
between the 2 strains on stainless steel (p = 0.028) but 
not on HDPE.

Persistence of Aqueous LASV
We spiked LASV strains into deionized water and 
raw municipal wastewater and monitored persis-
tence for 5 days. The decay rate was significantly 
higher in wastewater than deionized water (p<0.002), 

which can be attributed to multiple factors (17). First, 
microorganisms found in wastewater contribute to 
viral inactivation (18). Second, RNA genomes experi-
ence increased degradation when exposed to higher 
concentrations of ammonia found in wastewater (19). 
We noted no statistically significant difference be-
tween LASV strains for deionized water or wastewa-
ter (Table 2; Figure 2). 

LASV Disinfection with Sodium Hypochlorite
Sodium hypochlorite is a widely available disinfec-
tant is used for wastewater disinfection (20). Sodium 
hypochlorite is effective at inactivating microorgan-
isms and produces a disinfectant residual, which 
would be advantageous for short-term use in a pub-
lic health emergency (20). Hospitals have also used 
sodium hypochlorite on site to manage wastewater  
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Table 1. First-order decay rate constants and decimal reductions for 2 virus strains on different surfaces in study of environmental 
persistence and disinfection of Lassa virus* 

Measurements 
High-density polyethylene  Stainless steel 

Josiah strain Sauerwald strain Josiah strain Sauerwald strain 
k, d 4.3 (3.5–5.1) 2.3 (0.50–4.1)  5.3 (4.3–6.3) 2.7 (2.0–3.4) 
D value, d 0.54 (0.45–0.66) 1.0 (0.56–4.6)  0.43 (0.37–0.54) 0.85 (0.68–1.2) 
*Values are no. (95% CI). D value, time required to kill 90% of virus; k, first-order rate constant. 

 

Figure 1. First-order decay 
of Josiah and Sauerwald 
isolates on surfaces in a study 
of environmental persistence 
and disinfection of Lassa 
virus. A) Josiah strain on 
high-density polyethylene; 
B) Josiah strain on stainless 
steel; C) Sauerwald strain on 
high-density polyethylene; 
D) Sauerwald strain on 
stainless steel. Each plotted 
point represents the mean of 
3 independent experimental 
replicates run concurrently, 
and the error bars show the 
standard deviation. Solid blue 
and orange lines indicate decay 
rates; dashed lines indicate the 
assay’s detection limits; hollow 
circles represent points below 
the detection limit that were 
not included in the regression 
analysis. The equation of the 
linear regression (y) and the 
R2 value are shown on the 
plots. All plotting, regressions, 
and statistical analyses were 
performed using R Studio 
2022.07.2 (The R Foundation 
for Statistical Computing, 
https://www.r-project.org). C, 
initial concentration of infectious 
virus; Ct, concentration of infectious virus at time, t; TCID50, 50% tissue culture infectious dose.
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containing high-consequence pathogens (21). Prior 
LASV disinfection studies have evaluated thermal 
inactivation, ultraviolet irradiation, and gamma ir-
radiation in human serum and plasma (22). We as-
sessed the disinfection kinetics Josiah and Sauerwald 
LASV strains in raw municipal wastewater by using 
sodium hypochlorite at 0 mg/L, 1 mg/L, 5 mg/L, 
and 10 mg/L (Figure 3).

Neither strain was removed at 0 mg/L sodium 
hypochlorite over the experimental timeframe. In-
creased sodium hypochlorite concentrations result-
ed in significantly higher decay rates for Josiah (p = 
0.001–0.3) and Sauerwald (p = 0.001–0.007) strains of 
LASV. The Sauerwald strain showed faster inactiva-
tion than the Josiah strain for both 5 mg/L and 10 
mg/L (p = 0.04). Those results indicate that sodium 
hypochlorite effectively inactivates the LASV strains 
analyzed in this study.

Discussion
In general, we found LASV persisted longer in aque-
ous solution than on surfaces. Josiah strain persis-
tence was significantly longer in wastewater than on 
HDPE and stainless steel (p<0.01). Both Josiah and 
Sauerwald strains had significantly lower decay rates 
in deionized water than on HDPE and stainless steel 
(p<0.01–0.02), indicating higher stability in deionized 
water than on either surface (Appendix Tables 2–9).

Contact with potentially contaminated surfaces 
without proper personal protective equipment, es-
pecially in hospitals, is anticipated to be a potential 
transmission route for LASV (23). However, previous 
studies have not analyzed the persistence of infectious 
LASV on surfaces to support that claim. Quantifying 
LASV persistence is critical to implementing proper 
control mechanisms and prevention measures (24). 
The persistence of enveloped viruses on surfaces is 
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Table 2. First-order decay rate constants and decimal reductions for 2 virus strains in different aqueous solutions in study of 
environmental persistence and disinfection of Lassa virus* 

Measurements 
Deionized water   Wastewater 

Josiah strain Sauerwald strain Josiah strain Sauerwald strain 
k, d 0.23 (0.04–0.43) 0.34 (0.15–0.53)  1.3 (0.94–1.6) 1.9 (1.5–2.3) 
D value, d 10.0 (5.4–57.6) 6.8 (4.3–15.4)  1.8 (1.4–2.4) 1.2 (1.0–1.5) 
*Values are no. (95% CI). D value, time required to kill 90% of virus; k, first-order rate constant. 

 

Figure 2. First-order decay of 
Josiah and Sauerwald strains in 
water in a study of environmental 
persistence and disinfection of 
Lassa virus. A) Josiah strain in 
deionized water; B) Josiah strain 
in wastewater; C) Sauerwald 
strain in deionized water; D) 
Sauerwald strain in wastewater. 
Each plotted point represents 
the mean of 3 independent 
experimental replicates run 
concurrently, and the error bars 
show the standard deviation. 
Solid blue and orange lines 
indicate decay rates; dashed lines 
indicate the assay’s detection 
limits; hollow circles represent 
points below the detection limit 
that were not included in the 
regression analysis. The equation 
of the linear regression (y) and 
the R2 value are shown on the 
plots. All plotting, regressions, 
and statistical analyses were 
performed using R Studio 
2022.07.2 (The R Foundation 
for Statistical Computing, https://
www.r-project.org). C, initial 
concentration of infectious virus; 
Ct, concentration of infectious 
virus at time, t; TCID50, 50% 
tissue culture infectious dose.
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specific to the virus, the surface, and the temperature 
and humidity. A previous study using Ebola virus at 
21°C and 40% relative humidity on HDPE and stain-
less steel found the decay of Ebola was slower than we 
found for LASV on the same surfaces (15). In contrast, 
another study found the decay rates of SARS-CoV-1 
and SARS-CoV-2 on stainless steel were faster than the 
Sauerwald strain but slower than the Josiah strain of 
LASV from this study (25). The slow decay rates and 
increased LASV persistence in aqueous solution com-
pared with surfaces seen in our data suggests that ef-
forts are best directed at managing fluids containing 
infectious LASV recently deposited onto surfaces.

Wastewater in LASV endemic locations will like-
ly be more concentrated than the primary influent 
wastewater we used in our study. Wastewater from 
a LASV treatment unit will have higher ammonia 
levels, total suspended solids, and biologic oxygen 
demand. Those physiochemical changes would be 

expected to decrease LASV persistence but increase 
the amount of sodium hypochlorite needed to reach 
similar free chlorine levels due to increased chlorine 
demand. If sodium hypochlorite is used for disinfec-
tion, then chlorine residual should be assessed to en-
sure proper sodium hypochlorite concentrations for 
LASV inactivation.

Previous research analyzed the persistence of 
other priority pathogens, including Ebola virus, SARS-
CoV-2, and Nipah virus, on representative surfaces 
or solutions (14,26,27). Ebola virus and SARS-CoV-2 
persisted in wastewater similarly to LASV under the 
same experimental conditions (14,26). A study analyz-
ing Nipah virus in blood and tissue cultures found that 
decay rates increased in samples that were exposed to 
the atmosphere, further describing how experimental 
conditions are critical when discussing the persistence 
of a virus (27). Compared with disinfection of SARS-
CoV-2 and Ebola virus, LASV was inactivated faster 
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Figure 3. Virus disinfection in a study of environmental persistence and disinfection of Lassa virus. Graphs depict disinfection of 
Lassa virus with sodium hypochlorite in municipal wastewater. A–D) Josiah strain; E–H) Sauderwald strain. Graphs depict sodium 
hypochlorite concentrations of 0 mg/L (A, E), 1 mg/L (B, F), 5 mg/L (C, G), and 10 mg/L (D, H). Each plotted point represents the mean 
of 3 independent experimental replicates run concurrently, and the error bars show the standard deviation. Solid blue and orange lines 
indicate decay rates; dashed lines indicate the assay’s detection limits; hollow circles represent points below the detection limit that were 
not included in the regression analysis. The equation of the linear regression (y) and the R2 value are shown on the plots. All plotting, 
regressions, and statistical analyses were performed using R Studio 2022.07.2 (The R Foundation for Statistical Computing, https://
www.r-project.org). C, initial concentration of infectious virus; Ct, concentration of infectious virus at time, t; TCID50, 50% tissue culture 
infectious dose.
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under the same dose of sodium hypochlorite and all 
3 viruses have been shown to be highly susceptible to 
disinfection with sodium hypochlorite (15,16).

Bacteriophage Phi6 and murine hepatitis virus 
are commonly used as surrogates for enveloped vi-
ruses of concern, such as Ebola and SARS-CoV-2, and 
potentially LASV. Bacteriophage Phi6 and murine 
hepatitis virus decay rates were previously assessed 
in wastewater (28). Compared with the LASV decay 
rates from this study, surrogate decay was 2–5 times 
faster than LASV (28), indicating surrogate viruses 
are not representative of LASV persistence in waste-
water. Furthermore, in deionized water, the decay 
rate for bacteriophage Phi6 was faster than we found 
for LASV, showing lower surrogate virus persistence 
(17). Conversely, in autoclaved wastewater influent, 
the decay rate of bacteriophage Phi6 was lower than 
what we found for LASV strains (17), suggesting po-
tential differences in the decay of viruses based on the 
specific matrix. Overall, commonly used surrogates 
for enveloped viruses of concern do not indicate the 
behavior of LASV in aqueous solutions.

Given the differences in stability between the sur-
rogates and LASV, the differences in stability and sus-
ceptibility to chlorine disinfection between the LASV 
strains were not predicted here. The 2 strains evalu-
ated displayed strain-dependent behavior, suggest-
ing that the potential for environmental transmission 
might vary by strain. Those differences could have 
ramifications that affect virus transmission between 
the zoonotic reservoir and humans, as well as influenc-
ing human-to-human transmission. Future transmis-
sion studies should incorporate potential differences in 
stability between lineages into the study design. Addi-
tional investigations into the mechanistic basis of those 
differences could help elucidate potential regional dif-
ferences of spillover risk in human populations.

In conclusion, LASV is a World Health Organiza-
tion priority pathogen with pandemic potential. Our 
findings supply data for the environmental persis-
tence of LASV on representative surfaces, in aqueous 
solutions, and with sodium hypochlorite disinfection. 
LASV showed shorter persistence on surfaces than 
previously assessed enveloped virus surrogates and 
priority pathogens, and longer persistence in aqueous 
solution. LASV was rapidly disinfected in the pres-
ence of free chlorine from the addition of sodium hy-
pochlorite. The data we provide on the stability and 
control of LASV in the environment could be used to 
further LASV management and mitigation efforts.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2023.05.17.541161v1.
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In the current phase of the COVID-19 pandemic, 
waves of SARS-CoV-2 infection are driven by 

novel variants and their sublineages, which continue 
to cause illness and death with potential to disrupt 
society. Government policies to mitigate those ef-
fects are more effective if they are put in place early 
but have substantial associated costs and therefore 
should not be implemented unless necessary. Evalu-
ating the threat of an emergent variant to determine 
a proportionate response requires time to gather evi-
dence. Global surveillance of SARS-CoV-2 and other 
respiratory pathogen genome sequences aims to con-
tribute to the rapid detection of novel variants so that 
countries have more time to make policy decisions to 

respond. However, few countries have the capacity 
and resources for timely national surveillance, result-
ing in gaps in international monitoring.

During the first few years of the pandemic, 
Hong Kong implemented a strict traveler quarantine 
protocol (1). Travelers underwent testing for SARS-
CoV-2 infection during their quarantine, and 10% 
of detected imported infections were sequenced. 
Retrospective sequence data from those travelers re-
flects the global emergence and spread of variants 
over time. In some instances, traveler-based testing 
in Hong Kong detected variant circulation in other 
nations before it had been domestically sequenced 
and uploaded to GISAID (https://www.gisaid.org). 
The Hong Kong border screening experience sug-
gests opportunities for traveler-based surveillance 
to speed up detection of novel variants and compen-
sate for internationally incomplete coverage of do-
mestic genomic surveillance.

To pilot this approach, the United States sampled 
arrival flights from countries with a high travel vol-
ume (India, South Africa, Nigeria, Brazil, France, 
United Kingdom, Germany) for voluntary surveil-
lance testing (2). During November 2021–January 
2022, the United States achieved a 10% response rate 
and detected Omicron BA.2 seven days earlier and 
Omicron BA.3 forty-three days earlier than anywhere 
else in the country.

In the United Kingdom, although traveler-based 
surveillance was not used when border measures 
were decreased in 2022, previous traveler-based test-
ing policies required inbound passengers to undergo 
testing shortly after arrival (3). The United Kingdom 
also conducted  a large community survey of SARS-
CoV-2 surveillance, and all patients experiencing 
symptomatic respiratory disease in hospital under-
go testing for SARS-CoV-2 infection (4). Although  

Simulation Study of Surveillance 
Strategies for Faster Detection  
of Novel SARS-CoV-2 Variants

Selina Patel, Fergus Cumming, Carl Mayers, André Charlett,1 Steven Riley1

2292	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	

RESEARCH

Author affiliations: University College London, London, UK  
(S. Patel); UK Health Security Agency, London (S. Patel,  
F. Cumming, C. Mayers, A. Charlett, S. Riley); Imperial College 
London, London (S. Riley)

DOI: https://doi.org/10.3201/eid2911.230492 1These senior authors contributed equally to this article.

Earlier global detection of novel SARS-CoV-2 variants 
gives governments more time to respond. However, few 
countries can implement timely national surveillance, re-
sulting in gaps in monitoring. The United Kingdom imple-
mented large-scale community and hospital surveillance, 
but experience suggests it might be faster to detect new 
variants through testing arrivals in England for surveil-
lance. We developed simulations of emergence and im-
portation of novel variants with a range of infection hos-
pitalization rates to the United Kingdom. We compared 
time taken to detect the variant though testing arrivals at 
borders in England, hospital admissions, and the general 
community. We found that sampling 10%–50% of arriv-
als at borders in England could confer a speed advan-
tage of 3.5–6 weeks over existing community surveillance 
and 1.5–5 weeks (depending on infection hospitalization 
rates) over hospital testing. Directing limited global capac-
ity for surveillance to highly connected ports could speed 
up global detection of novel SARS-CoV-2 variants.
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reporting times were variable across those testing 
routes, Omicron was isolated and detected in England 
from a mandatory day 2 border test in an inbound 
traveler on November 16, 2021 (5). This test was 5 
days earlier than a non–travel-associated sample that 
was obtained on November 21. Moreover, most of the 
earliest samples of Delta during the first 2 weeks of 
detection in the United Kingdom were also collected 
from travelers, despite the availability of universal 
testing in the community alongside surveillance at 
that time (6). To explore the potential utility of bor-
der screening for more rapid detection of variants, we 
simulated the time to obtaining a sample of an im-
ported novel variant for genomic sequencing through 
sampling arrivals at ports in England, compared with 
existing large-scale community surveillance and test-
ing of persons who came to a hospital. 

Methods
Variants in our scenarios are considered to be im-
ported from a country of a similar level of connect-
edness as between England and China. Over the 
most recent winter (December 2022–January 2023), 
China showed a huge increase in transmission of 
SARS-CoV-2 and resulting deaths after lifting of 
regulations that were part of previous Zero-COVID 
policy (7). This transmission risks the emergence of 
novel variants that could have a major effect on the 
epidemiology of COVID-19 elsewhere in the world. 
We replicated simulations for 4 scenarios of import-
ed novel variants with infection hospitalization rates 
(IHRs) of 1.0%, 1.5%, 2.0%, and 2.5%. During the ini-
tial spread of the Alpha variant, the IHR was esti-
mated at 1.0%–2.0%, which caused major impact and 
resulted in the reintroduction of national lockdown 
laws to mitigate its spread (8,9).

We generated a single-wave epidemic curve orig-
inating in an area with a total population of 60 million. 
The index case occurred on day 0. A Poisson distribu-
tion with a mean of 2 was assumed as the offspring 
distribution (i.e., each case, on average, transmits an 
infection to 2 other persons). The distribution of the 
generation time (the interval between the infection in 
a primary case and the infection in a secondary case 
caused by a transmission from the primary case) was 
assumed to be a gamma distribution with a shape 
parameter of 7 and a scale parameter of 1 Thus, the 
effective reproduction number was 2, and the aver-
age doubling time was 7 days. The offspring distribu-
tion for the first 2 generations was fixed at exactly 2. 
We assumed that the epidemic increased unchecked 
for 16 weeks, after which the mean of the offspring 
distribution was reduced to represent both control  

countermeasures and depletion of susceptible per-
sons in the population. Between the 17th and 26th 
generations, we reduced the mean by 0.1 at each suc-
cessive generation, such that the reproduction num-
ber was 1 at the 26th generation. From the 27th gener-
ation onward, the mean of the offspring distribution 
was reduced at each generation by 0.01786 (1/56).

The incubation period for each generated infec-
tion was drawn from the published pooled lognormal 
distribution in McAloon et al. (10). This procedure 
provides an estimated mean of 1.63 and SD of 0.5 for 
a normal distribution of the logged incubation period 
distribution. Published estimates of the infectious pe-
riod before and after symptom onset are extremely 
heterogeneous, as described in Byrne et al. (11). Thus, 
the presymptomatic infectious period was fixed at 2 
days, and the combined presymptom and postsymp-
tom infectious period for each generated infection 
was drawn from a normal distribution with a mean of 
10 days and an SD of 1.33 days. This procedure pro-
vides a relatively small probability of being infectious 
10 days after symptom onset, as reported by Singa-
nayagam et al. (12). We rounded those 2 periods to 
an integer, providing the duration for disease. Daily 
prevalence as estimated by combining the simulated 
cases over their duration for all days after the day the 
index case occurred. In the simulations, the period 
postinfectiousness in which PCRs could still detect vi-
rus was ignored. The simulated epidemic curve was 
truncated at 300 days.

We obtained the number of incoming travelers on 
each day that were incubating or infectious by using a 
draw from a binomial distribution. We assumed that 
the number of daily travelers was fixed at 250 and a 
probability equal to the origin areas prevalence on 
that day (i.e., assuming that persons infected are as 
equally likely to travel as persons not infected).

For detection at the border, conditional on the 
simulations having >1 infected traveler, we selected 
a representative sample ranging from 10% to 50% 
of travelers for testing. We further assumed that the 
percentage who are in an infectious state (detectable) 
was 73%, the sensitivity of the test 85%, and the per-
centage of positive test results,  50%. We used those 
percentages as the probability of draws from inde-
pendent Bernoulli distributions; a detection was de-
clared if each of those draws were 1.

We assumed growth in the destination country to 
be the same as growth in the origin area. Incubating 
or infectious incursions were drawn from a Bernoulli 
distribution with a probability of 73%. The time re-
maining in these states was obtained from a uniform 
distribution and the mean of the offspring distribution 
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modified to account for this time. We assumed that 
travelers would spend all of their infectious period in 
the destination country. Daily incidence and preva-
lence of cases in the destination country were generat-
ed, but with the destination country population being 
assumed to be 56 million. We simulated 1,000 destina-
tion country epidemics.

For detection of a simulated case in the hospi-
tal setting, we assumed IHRs of 1.0%–2.5% and al-
located simulated cases to presence in a hospital 
by using a draw from a Bernoulli distribution with 
a probability of 1%. We assumed that time to seek-
ing care at a hospital because of infection followed 
a gamma distribution with a shape parameter of 1.4 
and a scale parameter of 4 (i.e., giving a mean of 5.6 
days, but with substantial variation). The percentage 
of persons seeking care who were tested was 50%; 
sensitivity of the test and percentage of positive test 
results sequenced were set as previously stated. Sim-
ulations were applied to each of the 1,000 destination 
country epidemics.

For detection of a simulated case in a community 
setting, we used a range of community cohort surveil-
lance sizes from 20,000 (≈0.04% of the population) to 
200,000 (≈0.36% of the population). We assumed that 
each person in this surveillance was tested every 2 
weeks. We applied simulations to each of the 1,000 
destination country epidemics The number detected 
each day obtained from a draw from a binomial dis-
tribution by using the number tested each day and 
the simulated daily prevalence, combined with the 
sensitivity of the test and the percentage of positive 
test results.

The time to detecting a case from border, hospi-
tal, and community testing has been summarized by 
using the empirical 5th, 25th, 50th, 75th, and 95th per-
centiles of the simulation sets. We ran simulations us-
ing Stata version 17.0 (StataCorp LLC, https://www.
stata.com). For all simulation sets, we used a unique 
random number seed in a 64-bit Mersenne Twister 
pseudo-random number generator (default pseudo-
random number generator in Stata). A detailed tech-
nical description of the methods used is available 
(https://wwwnc.cdc.gov/EID/article/29/11/23-
0492-App1.pdf).

Results
First, we simulated the time to detection of an import-
ed novel variant through different sampling fractions 
(10%, 20%, 30%, 40%, and 50%) of traveler arrivals in 
England. We assumed that the prevalence of infection 
in the passenger population was equal to that of the 
epidemic curve generated for the country of origin 
over time (Appendix 1). In our scenarios, there was a 
nonlinear relationship between increasing sampling 
fraction and decreasing days to detection starting 
from 131 days to detection through sampling 10% of 
passenger arrivals (Table 1). The greatest reduction in 
time to detection was gained between sampling frac-
tions 10%–20%, which led to a median 8-day decrease 
in time to detection. Thereafter, the time gained be-
gan to decrease with increasing sampling fraction.

Next, we simulated the time to detection through 
testing 50% of persons coming to a hospital in Eng-
land. We assumed that growth in incidence in Eng-
land (the destination country) was the same as that 
in the country of origin. We ran simulations for sce-
narios where variants had IHRs of 1.0%, 1.5%, 2.0%, 
and 2.5%. Although time to detection in hospitals de-
creased with increasing IHR, in all 4 scenarios it took 
>10 days longer to detect a novel variant in hospitals 
than by sampling 10%–50% of travelers arriving in 
England (Table 2).

Finally, we simulated the earliest time to obtain-
ing a sample of an imported novel variant through 
testing a community cohort sampled for surveil-
lance. We ran scenarios implementing a sample size 
of 0.04% (20,000) to 0.36% (200,000) of the population 
in England, assuming the same growth in prevalence 
in the population over time as that assumed for inci-
dence. Increasing the size of the community cohort 
from 0.04% to 0.36% of the population decreased the 
time to detection by 3 weeks (175 days reduced to 154 
days) (Table 3). For the sample size of existing com-
munity surveillance in England, which comprises 
≈140,000 tests every 2 weeks, the simulated earliest 
time to detection was 157 days.

We found that, for border testing, the range of 
the median time to detection from the index case was 
131 days (10% of travelers tested) to 114 days (50% 
of travelers tested). This result compares with 150 

2294	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023

 
Table 1. Simulated time to detect a novel variant since index case in study of traveler testing for surveillance of novel SARS-CoV-2 variants 

Percentage tested 
Empirical percentiles of simulated time to detection distribution, d 

5th 25th Median 75th 95th 
10 104 121 131 140 150 
20 96 114 123 131 141 
30 94 110 119 126 136 
40 89 107 115 123 131 
50 86 105 114 121 130 
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days (1% IHR) to 142 days (2.5% IHR) for the median 
of the earliest time to detection in hospitals, assum-
ing 50% of persons seeking care are tested. Also, we 
found medians of 175 days (testing a cohort of 0.04% 
of the population) versus 154 days (testing a cohort of 
0.36% of the population) for the earliest time to detec-
tion through community surveillance. Detailed study 
results are provided (https://wwwnc.cdc.gov/EID/
article/29/11/23-0492-App2.pdf).

Discussion
Our simulations indicate that sampling a relatively 
small percentage, 10%, of inbound travelers for sur-
veillance could reduce the time to detection of the first 
case of an imported novel variant of SARS-CoV-2 in 
the England by 26 days compared with existing com-
munity surveillance. Increasing sampling fraction of 
travelers to 50% could increase this speed advantage 
to 43 days. Depending on IHR (1.0%–2.5%), sampling 
10% of inbound travelers would also detect a variant 
11–19 days faster than testing hospital admissions 
for surveillance. However, sampling 50% of arrivals 
would lead to detection 4–5 weeks faster than hospi-
tal testing.

Our simulated results appear concordant with the 
closest available observed data. In the United States, 
testing 10% of passengers on arrival flights from 

countries with a high travel volume resulted in Omi-
cron BA.2 being detected 7 days earlier and Omicron 
BA.3 being detected 43 days earlier than anywhere 
else in the country (2). In comparison with our sce-
narios, a 10% sampling fraction resulted in detection 
of a novel variant 1.5–4 weeks sooner than in other 
settings. However, the extent to which further com-
parisons can be drawn between our results and this 
experience is limited. The scale of community and 
healthcare surveillance in the United States is much 
smaller than is assumed in our scenarios, and, unlike 
in our scenarios, US arrivals were required to present 
a negative test result before departure. In addition, 
the time between specimen collection and reporting 
sequence data can be extremely variable between test-
ing pathways, which makes it challenging to observe 
the speed advantage gained in this example through 
sampling strategy alone.

Our findings are also broadly in agreement with 
more distantly related retrospective data from com-
munity testing and policies such as managed quar-
antine services (MQS) and requirement to test on or 
shortly after arrival in a country. Testing inbound 
travelers has detected or collected some of the earli-
est samples of imported novel variants nationally and 
globally, even during periods when universal testing 
has been available in the community. In Hong Kong, 
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Table 2. Simulated time to detect a novel variant since index case through hospital testing in study of traveler testing for surveillance 
of novel SARS-CoV-2 variants 

Infection hospitalization rate (%) 
Empirical percentiles of simulated time to detection distribution, d 

5th 25th Median 75th 95th 
0.01 (1) 124 141 150 157 167 
0.015 (1.5) 122 138 147 154 162 
0.02 (2) 117 134 143 151 159 
0.025 (2.5) 115 132 142 149 159 

 

 
Table 3. Simulated time to detect a novel variant since index case through community testing in study of traveler testing for 
surveillance of novel SARS-CoV-2 variants 
Community testing cohort size (% 
destination country population) 

Time to detection (days since emergence of index case), summaries from 1,000 simulations 
5th percentile 25th percentile Median 75th percentile 95th percentile 

20,000 (0.04) 145 165 175 183 191 
30,000 (0.05) 144 161 170 178 187 
40,000 (0.07) 140 158 168 176 185 
50,000 (0.09) 138.5 156 166 175 184 
60,000 (0.11) 137 155.5 165 172 182 
70,000 (0.13) 137 154 163 171 181 
80,000 (0.14) 136 153 162 170 179 
90,000 (0.16) 133 151 161 169 177 
100,000 (0.18) 133.5 150.5 160 168 178 
110,000 (0.20) 130 150 159 167 176 
120,000 (0.21) 130 148 158 166.5 176 
130,000 (0.23) 130.5 149 158 165 174 
140,000 (0.25) 129 148 157 164 173 
150,000 (0.27) 129 146 156 163 172 
160,000 (0.29) 127.5 146 155.5 163 172 
170,000 (0.30) 127 146 155 164 173 
180.000 (0.32) 126 145 154 162 171 
190,000 (0.34) 128 145 154 162 173 
200,000 (0.36) 127 144.5 154 162 171 
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sequence data were collected for 10% of all infec-
tions detected through MQS. Retrospective analysis 
of those records and external data sources indicate 
that traveler-based testing was either a good reflec-
tion, or an early indicator, of the global emergence 
and spread of novel variants. For example, Omicron 
(B1.1.529) was detected in Hong Kong through a 
sample obtained in an MQS on November 13, 2021 
(13), which was uploaded to GISAID on November 
23 (13). This upload triggered UK investigations on 
November 24, resulting in government intervention 
to delay further introduction and spread (14). Most 
of the earliest samples of Omicron subsequently col-
lected in the United Kingdom were from persons who 
had recently traveled (5). Thus, Omicron samples 
collected through MQS in Hong Kong were able to 
be used as prospective evidence for policy decisions 
because of rapid genomic sequencing of samples and 
data reporting. In the United States, early samples of 
Omicron were also collected, frequently from persons 
who had a history of recent travel. However, long lag 
times from data collection to reporting indicated that 
this factor was not known until December 1, 2021 (15).

We also report that sampling 50% of persons 
seeking care at hospitals for surveillance in our sce-
narios detected a novel variant with an IHR of 2.5% 
≈8 days faster than a variant with an IHR of 1.0%. A 
lower IHR could either be caused by less severe dis-
ease associated with the variant or the availability of 
effective COVID-19 therapies preventing severe out-
comes. An increased number of persons seeking care 
at hospitals when IHR is greater reduces the speed 
advantage gained through traveler-based surveil-
lance. However, waves of infection caused by vari-
ants that have higher IHRs are more likely to be de-
tected earlier in the country of emergence as a result 
of increasing hospital visits. This factor often already 
offers governments outside the country of emergence 
some advanced warning of the impact of a new wave 
of infection associated with greater illness and death, 
despite gaps in global genomic surveillance. There-
fore, the greatest potential impact of early detection 
through genomic surveillance might be for those vari-
ants that have an IHR large enough to cause societal 
disruption but low enough that it is slower to identify 
through hospital admissions.

To simulate the time to detection of an imported 
novel variant in England in each of our scenarios, we 
have made some simplifying assumptions. We have 
assumed that the prevalence of infection in air pas-
sengers is the same as that in the country of origin at 
the time of the departure of their flight, specimens are 
collected from a random sample of passengers, and 

the variant doubling time in the destination country 
is the same as that of in country of origin once seed-
ed. A lower reproductive rate across both countries 
would have extended the time to detection of a novel 
variant across all surveillance strategies. However, a 
lower reproductive rate in only the destination coun-
try would have increased the speed advantage of bor-
der surveillance testing strategies.

We have also considered only direct incursions 
from the country of emergence of a novel variant 
to the destination country. We have not considered 
the effect of indirect incursions linked to infected 
travelers arriving from other countries where trans-
mission might also be occurring. This decision is a 
simplification of observed human behavior, popula-
tion immunity profiles, and transmission dynamics. 
However, we do not expect that a model compris-
ing more complex representations of those processes 
would result in greatly different overall conclusions. 
We have also not attempted to carry out an econom-
ic evaluation of each surveillance strategy. Although 
such an evaluation is a major factor in policy and 
public health decisions, it would require a detailed 
cost-effectiveness analysis that is beyond the scope 
of this study.

In this report, we have focused the results and 
discussion on simulated scenarios that compare bor-
der surveillance with existing surveillance in hospi-
tals and the community in England and the United 
Kingdom. However, this surveillance in England 
achieved greater coverage than for most countries. 
Therefore, as routine testing and surveillance for 
SARS-CoV-2 is decreasing globally, this study prob-
ably provides conservative estimates of the potential 
speed advantage that could be gained through travel-
er-based surveillance approaches. Also, if there were 
concerns about a specific country at any point in time, 
temporary programs would be able to achieve high 
sample proportions at the border with only limited 
numbers of samples compared with other ongoing or 
potential global programs.

It is useful to recognize that the collection of 
a sample of a novel variant for detection is the first 
step to evaluate the threat of a novel variant. In our 
scenarios, we do not consider the time it takes to se-
quence and report data obtained from a sample. Se-
quencing and reporting times are extremely variable 
across countries which can greatly reduce the time 
gained through effective sampling approaches (16). 
In addition, a full threat assessment requires robust 
estimates of severe outcomes in addition to temporal 
and geospatial descriptions of variant epidemiology 
to inform policy decisions.
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Global surveillance of SARS-CoV-2 genome se-
quences contributes to rapid detection of novel variants 
to give governments more time to respond. However, 
few countries have capacity to implement national sur-
veillance with timely sequencing and reporting, result-
ing in major gaps in global coverage of surveillance. In 
our scenarios, directing limited global capacity for sur-
veillance to the most highly connected ports could pro-
vide governments with much more time to respond to 
future novel variants of SARS-CoV-2 and their sublin-
eages. Beyond informing national approaches to sur-
veillance, this approach also underscores the potential 
usefulness of international collaboration to achieve 
high global coverage of surveillance and provide gov-
ernments with more time to make policy decisions to 
respond to novel variants of SARS-CoV-2.
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More than 1 million human illnesses result from 
Salmonella each year (1); ≈11% are attributed to 

animal contact (2,3). Humans infected with Salmonella 
can have abdominal pain, diarrhea, and fever that are 
often self-limiting, but more severe illness and death 
are possible (4). Animals can carry Salmonella in their 
gastrointestinal tract and the bacteria might shed in-
termittently in feces. 

Among wild songbirds, particularly those within 
the family Fringillidae (finches), salmonellosis can 
cause periodic widespread deaths, typically during 
winter, which can result in the deaths of hundreds 
to thousands of birds (5–7). Clinical signs in song-
birds infected with Salmonella include reluctance to 
fly, anorexia, abnormal mentation, diarrhea, inability 
to swallow food, and sudden death (8,9). Salmonella 

enterica serotype Typhimurium is the most common 
serotype isolated from moribund songbirds during 
salmonellosis deaths (6,8,10–13). The prevalence of 
Salmonella among North American wild birds is dif-
ficult to determine because of species differences in 
shedding and current lack of standardization in sur-
veillance efforts. A recent meta-analysis estimated an 
overall prevalence of 6.4% (n = 40,295 birds) based on 
102 studies that investigated Salmonella in one third 
of wild bird species that breed in North America (14). 
However, prevalence can be highly variable, ranging 
from <1% to 22% depending on the species, habitat, 
and season examined (5,14,15).

Various host and environmental factors might 
contribute to the risk for wild bird salmonellosis 
outbreaks. Gatherings in large numbers at specific  
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Salmonella infection causes epidemic death in wild song-
birds, with potential to spread to humans. In February 
2021, public health officials in Oregon and Washington, 
USA, isolated a strain of Salmonella enterica serovar 
Typhimurium from humans and a wild songbird. Inves-
tigation by public health partners ultimately identified 30 
illnesses in 12 states linked to an epidemic of Salmonella 
Typhimurium in songbirds. We report a multistate out-
break of human salmonellosis associated with songbirds, 

resulting from direct handling of sick and dead birds or 
indirect contact with contaminated birdfeeders. Compan-
ion animals might have contributed to the spread of Sal-
monella between songbirds and patients; the outbreak 
strain was detected in 1 ill dog, and a cat became ill after 
contact with a wild bird. This outbreak highlights a One 
Health issue where actions like regular cleaning of bird-
feeders might reduce the health risk to wildlife, compan-
ion animals, and humans.
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locations such as birdfeeders lead to increased den-
sity of birds and fecal contamination of the feeders 
and surrounding area, increasing transmission prob-
ability (7,11,16,17). The type of feeder also matters; 
platform feeders can result in fecal contamination of 
food, and the potential for such transmission might 
be increasing, given the expanding use of birdfeeders 
(18,19) in urban and suburban environments (20).

There is a strong seasonal component to avian 
salmonellosis. Most cases appear in the winter, 
when birds become more reliant on feeders (20) and 
are more physiologically stressed by colder tem-
peratures. In addition, climate change has affected 
seasonal migration patterns, which might affect 
birds’ ability to find high-quality food and could 
introduce or exacerbate environmental stressors 
that might alter birds’ immune system function 
and increase their susceptibility to disease (21,22). 
Those factors collectively contribute to concern for 
the conservation of wild birds (16) and the possi-
bility that infection could spill over to humans, al-
though the magnitude of this risk is not yet well 
understood (14).

Enteric pathogens can be transmitted from wild 
birds to humans through multiple routes (7,14). Han-
dling ill or dead birds or touching surfaces contami-
nated with bird feces, such as birdfeeders, has been 
linked to outbreaks of Salmonella infections in hu-
mans in the United Kingdom (11), Norway (23), and 
New Zealand (8). Indirect transmission through con-
tact with companion animals that bridge the connec-
tion between humans and wild birds has also been 
linked to a human Salmonella outbreak in Sweden 
(24). Cats and dogs can serve as a source of human 
illness in several ways: bringing bird carcasses or feed 
into homes; tracking Salmonella into the household af-
ter contact with birds or contaminated environments; 
or ingesting birds, bird feces, or bird seed and shed-
ding Salmonella in their own feces (24,25). Clinical 
salmonellosis (also known as songbird fever) in cats 
and dogs is characterized by fever, abdominal pain, 
diarrhea, vomiting, or systemic illness resulting from 
septicemia (25).

In February 2021, public health officials in Or-
egon and Washington, USA, reported to the Centers 
for Disease Control and Prevention (CDC) that 8 per-
sons were infected with Salmonella Typhimurium; 
illness onset dates were December 2020–February 
2021. Whole-genome sequencing (WGS) determined 
isolates collected from those patients were geneti-
cally related to one another as well as to an isolate 
from a pine siskin (Spinus pinus), a type of finch, col-
lected in Oregon in December 2020 (26). To identify 

the source of human illness and conduct further case 
findings, public health partners initiated a multistate 
outbreak investigation. We report the findings of this 
investigation and provide recommendations for pre-
venting salmonellosis as it relates to interaction with 
wild birds.

Methods

Identification of Human Cases
Cases were defined as patients infected with lab-
oratory-confirmed, genetically related Salmonella 
Typhimurium based on core genome multilocus se-
quence typing (cgMLST) of WGS data (within 0–12 al-
lele differences) with an illness onset of December 26, 
2020–May 19, 2021. WGS was performed by using the 
Nextera XT library preparation kit (Illumina, https://
www.illumina.com), followed by sequencing on the 
Illumina MiSeq. Sequences were shared with CDC 
for cgMLST analysis (27); all generated sequence data 
have been deposited in the National Center for Bio-
technology Information (https://www.ncbi.nlm.nih.
gov; Bioproject PRJNA230403). To identify histori-
cally related and newly identified cases during the 
investigation, we queried PulseNet (https://www.
cdc.gov/pulsenet/index.html), the national molecu-
lar subtyping network for enteric disease surveillance 
at the CDC (28).

Exposure Data
In the United States, state and local health officials 
routinely interview laboratory-confirmed Salmonella-
infected patients with a standard questionnaire de-
signed to collect demographic information and gener-
al food and animal exposures the week before illness 
onset. When patients are identified as having isolates 
matching an ongoing multistate outbreak, those data 
are shared with CDC. Because isolates from index 
cases were genetically related to an isolate from a wild 
bird, health officials collected additional information 
on patients’ exposures to dogs, cats, songbirds, bird-
feeders, and bird feed, as well as characterized behav-
iors of patients’ pets, such as wildlife predation that 
could result in exposure to songbirds or birdfeeders. 
This information was shared with CDC and analyzed 
with SAS 9.4 (SAS Institute Inc; https://www.sas.
com). We conducted descriptive analysis for each in-
terview question, including frequency calculation for 
each answer on the basis of total number of respons-
es. Using a binomial proportion test, we compared 
the percentage of patients with songbird, dog, or cat 
exposure within 7 days of illness onset to the FoodNet 
Population Survey, which measured the proportion  
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of healthy persons reporting similar exposures in 
the 7 days before interview (29). This activity was 
reviewed by CDC and was conducted in accordance 
with applicable federal law and CDC policy (see, e.g., 
45 C.F.R. part 46, 21 C.F.R. part 56; 42 U.S.C. §241(d); 
5 U.S.C. §552a; 44 U.S.C. §3501 et seq).

Animal Testing
Dead songbirds were collected in Oregon, Washington, 
and California for mortality investigation. In Oregon 
and Washington, dead songbirds were identified by 
members of the National Audubon Society with the as-
sistance of the state public health veterinarian and were 
submitted to the Oregon State Veterinary Diagnostic 
Laboratory, where aerobic culture was performed. Ad-
ditional songbirds were identified in Washington by 
veterinarians and submitted to the Washington State 
University Animal Disease Diagnostic Laboratory for 
aerobic culture. In California, incidents of sick and 
dead wild birds can be reported to California Depart-
ment of Fish and Wildlife’s Wildlife Health Laboratory 
by the public, wildlife rehabilitation centers, and other 
agencies by telephone, email, or a web-based mortal-
ity reporting application (https://wildlife.ca.gov). In 
addition, the public can report dead birds to the Cali-
fornia Department of Public Health for the West Nile 
virus surveillance program (https://westnile.ca.gov). 
Total reports of songbird deaths in California were 
compiled from those sources. 

The California Department of Fish and Wildlife 
submitted a total of 15 dead songbirds to the Califor-
nia Animal Health and Food Safety Laboratory Sys-
tem for postmortem examination. In brief, tissue sam-
ples of brain, muscle, thyroid/parathyroid glands, 
peripheral nerves, trachea, lung, heart, esophagus, 
crop, proventriculus, gizzard, pancreas, intestines, 
liver, spleen, adrenals, kidneys, and gonads were col-
lected and immersed in 10% neutral buffered forma-
lin, paraffin-embedded, sectioned at 4 µm, and stained 
with hematoxylin and eosin for histologic examina-
tion by light microscopy. Swabs of pathologic lesions 
affecting the oral cavity or gastrointestinal tract were 
collected for Salmonella testing by PCR and Salmonella 
culture. In addition, specimens were collected from 
companion animals when available during this in-
vestigation. State and local public health laboratories 
sequenced animal isolates by using standardized se-
quencing methods described previously (27).

Concurrently, the Southeastern Cooperative 
Wildlife Disease Study (SCWDS) at the University of 
Georgia (Athens, GA, USA) diagnosed salmonellosis 
in songbirds in the southeastern United States. When 
Salmonella was isolated from samples by means of 

aerobic culture at the Athens Veterinary Diagnostic 
Laboratory, isolation was confirmed and isolates se-
rotyped at the National Veterinary Services Labora-
tory (30). Isolates from those birds were not available 
for genetic sequencing.

We conducted a comparison of genetic related-
ness of isolates from humans and animals (when 
available). We consulted with wildlife experts regard-
ing wild bird deaths and the biologic plausibility of 
Salmonella transmission routes between wildlife and 
humans. CDC, state partners, and wildlife experts 
jointly developed public communications to share 
recommendations to reduce illnesses.

Results

Human Cases
In total, we identified 30 human Salmonella Ty-
phimurium cases across 12 US states (Figure 1). 
Twenty patients (67%) resided in the western United 
States (Oregon, Washington, and California). Known 
and estimated illness onset dates ranged from De-
cember 26, 2020, to May 19, 2021 (Figure 2). Patient 
ages ranged from <1 to 89 years (median 12 years); 
10 patients (33%) were ≤1 year of age. Of 28 patients 
with information available, 14 (50%) were hospital-
ized, and no deaths were reported.

All sequences from clinical isolates were related 
by cgMLST within 0–12 allele differences (Figure 3). 
Investigators identified 18 historical clinical isolates 
that were closely related to the outbreak strain (with-
in 0–10 allele differences), which were collected from 
Washington (n = 10), Oregon (n = 5), and Minnesota 
(n = 3) during November 2017–July 2020 (Figure 2). 
None of those isolates were linked to a specific animal 
or other type of outbreak, and no exposure informa-
tion was available for the patients.

Exposure Data
We interviewed 22 patients with additional detailed 
questions about exposure to dogs, cats, songbirds, 
birdfeeders, and bird feed. Of those, 14 (64%) report-
ed having a birdfeeder on their property, 8 recalled 
purchasing bird seed for their feeder within 2 months 
before illness onset, 7 fed bird seed that contained 
sunflower seeds, and 1 patient recalled feeding only 
dried corn. Only 1 patient recalled the brand of seed 
that they purchased. At the time of interview, no pa-
tients reported having any bird seed available for Sal-
monella testing. Seven (32%) patients, 6 of whom also 
owned birdfeeders, had contact with living or dead 
songbirds in the week before illness onset, includ-
ing 1 patient who owned a pet sparrow and 1 who 
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handled a wild finch. This number was higher than 
the percentage of healthy persons interviewed in the 
2018–2019 FoodNet Population Survey who reported 
contact with pet or wild birds in the 7 days before the 
interview (4.6% of respondents; p = 0.001). 

Eighteen (82%) of the 22 patients owned pet 
dogs, and 7 (32%) owned pet cats. The percentage 
of patients reporting contact with dogs was signifi-
cantly higher than for healthy persons interviewed 
in the FoodNet Population survey (68% of respon-
dents; p = 0.03), but the percentage of patients re-
porting contact with cats was similar to that for 
healthy persons (39% of respondents; p = 0.86). Six 
patients reported their dog or cat was exposed to 
birds or birdfeeders. One patient reported their cat 
caught a wild bird and was subsequently hospital-
ized at a veterinary clinic with fever, diarrhea, and 
vomiting within 7 days before the patient’s illness 
onset; no isolates were obtained from either the cat 
or the bird. All 8 patients reporting no exposure to 

birdfeeders had a pet dog or cat. Of those patients, 
2 reported their pets might have been exposed to 
wild birds in the week before illness onset, and 1 
was the patient who handled the wild finch. Over-
all, 16 (73%) of 22 patients could be linked to wild 
bird exposure, either by direct contact with birds, 
contact with birdfeeders, or contact with compan-
ion animals that might have interacted with birds.

Animal Testing
Environmental health partners and wildlife experts 
from involved states, academic research colleagues, 
and representatives from the United States Geologi-
cal Service and SCWDS noted an increase in reports 
of sick and dead songbirds on private property and 
around birdfeeders. State public health officials and 
environmental health partners similarly indicated that 
a songbird fatality event, primarily involving finches, 
was occurring congruently with the outbreak timeline. 
In California, 2,048 individual reports of sick and dead 
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Figure 1. Geographic locations of human Salmonella Typhimurium cases in the United States, 2020–2021. Colored shading indicates 
number of cases by state; black bird icons indicate states that detected the outbreak strain of Salmonella Typhimurium from wild birds 
(within 0–12 allele differences based on core genome multilocus sequence typing). One isolate was obtained from a dog’s mouth wound at 
a veterinary hospital in Oregon (dog icon) and matched the outbreak strain. Numbers of genetically related isolates obtained from wild birds 
are indicated within animal icons. Salmonella Typhimurium was also detected in wild birds as part of the Southeastern Cooperative Wildlife 
Disease Study at the University of Georgia (gray bird icons); those isolates were serotyped at the National Veterinary Services Laboratory 
(30), but whole-genome sequencing was not performed to confirm relatedness to the outbreak strain.
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birds were provided by the public and wildlife rehabil-
itation centers during November 1, 2020–May 6, 2021. 
Those reports included ≈2,440 sick and dead birds, and 
more than half were identified as pine siskins.

In total, Oregon, Washington, and California pub-
lic health officials obtained 23 isolates of the outbreak 
strain from wild songbirds collected during Decem-
ber 2020–April 2021 (Figures 1, 2). The isolates were 
related within 0–12 cgMLST allele differences to each 
other and to the outbreak strain. In California, 66 song-
birds from 11 counties were collected by the Califor-
nia Department of Fish and Wildlife’s Wildlife Health 

Laboratory. Salmonellosis was identified in 15 birds 
selected for postmortem examination at California 
Animal Health and Food Safety Laboratory System, 
including pine siskins (n = 9), Lawrence’s goldfinch 
(S. lawrencei; n = 1), lesser goldfinches (S. psaltria; n = 
2), purple finches (Haemorhous purpureus; n = 2), and 
yellow-rumped warbler (Setophaga coronate; n = 1). SC-
WDS investigators additionally identified salmonel-
losis in 29 songbirds of 5 species: 15 pine siskins, 11 
American goldfinches (S. tristis), 1 northern mocking-
bird (Mimus polyglottos), 1 northern cardinal (Cardinalis 
cardinalis), and 1 brown-headed cowbird (Molothrus 
ater). Most birds examined (27/29, 93%) died during 
January 22, 2021–March 23, 2021; the birds were iden-
tified in 8 states (Figure 1). Histopathological findings 
among birds examined at California Animal Health 
and Food Safety Laboratory System and SCWDS were 
similar and included ulcerative esophagitis and inglu-
vitis, consistent with songbird salmonellosis.

Oregon officials sequenced a Salmonella isolate 
from a wound sample from a pet dog’s mouth that 
was related within 0–12 cgMLST allele differences to 
the outbreak strain. The dog was treated at a veteri-
nary hospital for surgical removal of stick fragments 
from its mouth. The dog’s owner reported that dead 
birds had been observed on their property and neigh-
boring properties, but no human illnesses were linked 
to contact with the dog.

A CDC Investigation Notice was posted on April 
1, 2021, that detailed the outbreak investigation and 
provided recommendations on cleaning and main-
taining birdfeeders, preventing pets from being ex-
posed to contaminated birdfeeders, how to report 
dead birds, and how to properly dispose of them (31). 
The notice was promoted on social media, news me-
dia, and through newsletters and partner outreach 
with wildlife experts and state partners.

Discussion
We report a multistate outbreak of Salmonella infec-
tions in the United States linked to wild birds; a link 
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Figure 2. Epidemiologic curve 
of onset dates of human 
Salmonella Typhimurium 
illnesses and isolation dates of 
animal isolates, United States, 
November 7, 2017–May 19, 
2021. Isolates shown are within 
0–12 allele differences based 
on core genome mutlilocus 
sequence typing.

Figure 3. Minimum spanning tree demonstrating the genetic 
relatedness of human and animal isolates based on core genome 
multilocus sequence typing from samples obtained in the United 
States, 2021–2022. All sequences have an allele difference range of 
0–12 alleles. Line length is proportionally scaled; the longer the line, 
the greater the allele difference is between the sequences. Isolates 
with no allelic variation are represented as slices of the same circle.
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was previously suspected to wild birds during another 
salmonellosis outbreak in 2009 (6). Internationally, 
human illness outbreaks have been associated with 
direct contact with wild birds (8,11,23). Salmonella has 
been isolated from healthy and ill wild birds across the 
United States for decades, and salmonellosis fatality 
events involving wild songbirds have occurred dur-
ing that time (6,10,14). However, in the United States, 
the general prevalence of Salmonella in these wild bird 
populations has been difficult to estimate, presenting 
challenges in evaluating the magnitude of the risk for 
Salmonella spillover from wild birds to humans (14). 
The findings of this 2020–2021 outbreak exemplify the 
potential for spillover. Furthermore, genetically relat-
ed clinical and wild bird isolates dating back to 2017 
suggest sporadic human illnesses associated with wild 
bird contact might have occurred before the 2020–2021 
outbreak (Figure 2), but exposure information is not 
available from historical patients to corroborate this.

Increased incidence of deaths of songbirds were 
reported during the course of the 2020–2021 human 
salmonellosis outbreak, although the outbreak strain 
was not confirmed in birds in all states with human 
cases. Environmental health experts speculated that 
the presence of birdfeeders likely attracted migra-
tory songbirds, providing a source of exposure as 
the infection spread among individual songbirds. 
Pine siskins and other irruptive migrants vary their 
migration pattern partially in response to the sea-
sonal availability of food and the availability of pine 
crops in their natural wintering grounds in Canada 
(32). Those migratory variances might contribute to 
increased congregation of birds around birdfeed-
ers during some winters, which might result in the 
buildup of fecal material on and under feeders, es-
pecially if not routinely cleaned and disinfected. If 
birdfeeders become contaminated with Salmonella, 
they can serve as a source for human and wild bird 
infections (11,33). The presence of large numbers 
of pine siskins at feeders has been associated with 
avian salmonellosis outbreaks in the past, and as a 
highly gregarious species, pine siskins might play 
an important role in the transmission of Salmonella 
at feeders (6). Although recreational supplemental 
feeding practices might positively affect the health 
of some wild birds (34), the preponderance of evi-
dence demonstrates that unsafe feeding practices can 
put birds at risk for infectious diseases, particularly 
during migration or disease epidemics (16). Factors 
that could increase infectious disease spread at feed-
ers include feeder type (e.g., platform-style feeders 
that enable birds to perch on top of food or feeders 
and are constructed of materials that are difficult to 

clean); feeder location (e.g., placed in shady areas); 
providing various feed types that promote interspe-
cies contact while feeding in close proximity; allow-
ing feeders and surrounding areas to become soiled 
with feces, food waste, or animal carcasses; and pro-
viding food year-round regardless of external cir-
cumstances such as disease outbreaks or presence of 
sick and dead birds at the feeders (33).

Involvement of companion animals in this out-
break demonstrates the potential for illness trans-
mission, either directly or indirectly, from wildlife or 
contaminated environments to pets and subsequently 
to humans. Multiple patients reported their pets had 
access to birdfeeders on their property or had direct 
contact with wild songbirds through predation. One 
patient’s cat reportedly became ill after catching a 
wild bird, and the outbreak strain was isolated from 
the mouth wound of a pet dog during the outbreak. 
Contact with wildlife is a known risk factor for Sal-
monella infection in companion animals (25), and a 
previous outbreak of salmonellosis in cats in Sweden 
was linked to wild bird predation (24). Ill cats in that 
outbreak also were thought to be the source of human 
illnesses (24). This situation has similarly occurred in 
the United States when pets infected with Salmonella 
treated at a single veterinary clinic were subsequently 
linked to salmonellosis among clinic staff members 
and owners of those pets (35); no single source of Sal-
monella was identified, but Salmonella Typhimurium 
was the causative serotype, similar to outbreaks pre-
viously linked to wild birds (8,11,23,24,35).

Overall, clinical salmonellosis is considered rare 
in companion animals (25), even though, at least 
among free-roaming domestic cats, predation of 
wildlife occurs often (36). Such pets either might be 
infrequently exposed to Salmonella through wildlife 
predation because of variability in infection preva-
lence among individual birds or might be Salmonella 
carriers rather than develop clinical signs of infection. 
Research into the prevalence of Salmonella carriage 
among pets that are in contact with wildlife would 
aid in measuring the salmonellosis risk that this be-
havior creates for pet owners.

The first limitation of this investigation is that not all 
patients were available or agreed to be interviewed, lim-
iting the amount of data on potential Salmonella source 
exposures that could be explored and representative-
ness of the underlying population. Second, although 
testing of wild bird carcasses yielded the outbreak 
strain, no testing of patients’ homes, birdfeeders, or pets 
was performed to determine if the hypothesized links 
between humans and wildlife were definitively contam-
inated with the outbreak strain. Third, a limited number 
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of wild birds reported during this outbreak were exam-
ined; thus, cause of death cannot be confirmed as salmo-
nellosis in all cases. Isolating the outbreak strain from 
individual birds could represent merely the carriage of 
the organism and not necessarily the cause of disease 
and death. Fourth, this investigation was not able to 
determine what factors predominantly contributed 
to spread of Salmonella among wild birds. Additional 
information from patients (e.g., type of feeders used, 
feeder location, feeding practices) or testing of feeders 
or bird feed for Salmonella might have elucidated the 
sources of exposure for wild birds. Finally, identifying 
patients as part of an outbreak necessitates those ill per-
sons to seek medical care, healthcare providers to order 
appropriate diagnostic testing, and positive test results 
to be reported to public health departments. Therefore, 
our investigation is likely an underestimate of the true 
number of persons that were affected by the outbreak 
strain (1) and an overestimate of the severity of illness.

This outbreak of Salmonella Typhimurium demon-
strates the ongoing need to raise public awareness of 
the potential to acquire Salmonella from wild animals 
such as songbirds. To prevent birdfeeders and bird-
baths from becoming a source of infection for birds 
and humans, use of birdfeeders and birdbaths should 
be reduced or eliminated, especially during an active 
disease outbreak. If birdfeeders and birdbaths are in 
use, a minimum of monthly cleaning and disinfection 
is recommended, but more frequent cleaning might be 
needed when feeders or baths become visibly soiled or 
when they are placed in shady areas where they re-
main moist (31,37). Persons should avoid direct con-
tact with wild birds, particularly those that are visibly 
sick or dead, and should wash their hands after any 
contact with birds, feeders, or baths, even if wearing 
gloves (31). Similarly, pet owners should prevent their 
pets from contacting wild birds, birdfeeders, spilled 
seed, and birdbaths to reduce the potential for them 
to bridge the transmission of pathogens between wild-
life and humans or to become infected with Salmonella 
themselves (31). Veterinarians and veterinary staff 
should be aware of the potential health risk for zoonot-
ic pathogens like Salmonella, particularly when treating 
animals that frequently contact wildlife (25). Given the 
repeated detection of this outbreak strain over time 
and the periodic deaths associated with Salmonella 
in some wild birds, it is possible for further illness to 
arise in persons or their pets in the United States. As 
such, public health officials should continue to provide 
information about measures to prevent the transmis-
sion of illness between persons, pets, and wildlife and 
should continue to conduct similar investigations by 
using a One Health approach.
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Since May 2022, monkeypox virus (MPXV) infections 
have been detected in 108 countries without endemic 

disease. Most cases have been among gay, bisexual, or 
other men who have sex with men (MSM). Because le-
sions commonly occur on the genitals, mpox was most 
frequently diagnosed in clinics conducting sexually 
transmitted infection (STI) screening (1). The diagno-
sis can be challenging because the mpox rash has been 
confused with STIs (e.g., herpes simplex virus infection 

and syphilis), hand-foot-and-mouth disease, varicella 
zoster virus infection, and even arthropod bites (2–4). 
In addition to cases being undiagnosed because of di-
minished clinical suspicion, some cases may have been 
undiagnosed if patients did not seek care (i.e., because 
the symptoms were mild and self-limiting or because of 
poor access to a medical provider). As the global out-
break continued, public health authorities continued to 
increase awareness of mpox. However, clinicians and 
public health authorities were concerned that if a high 
number of cases were missed, the outbreak would be 
difficult to control. To determine the number of undi-
agnosed MPXV infections in the United States, we con-
ducted 2 studies during June–September 2022: a pro-
spective serologic surveillance study among MSM who 
sought sexual health services in San Francisco, Califor-
nia, USA, and a retrospective study of molecular testing 
of specimens tested for other infectious diseases linked 
to specific codes from the International Classification of 
Diseases, 10th Revision, Clinical Modification (ICD-10-
CM), among all populations. Each study used specimens 
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Since May 2022, mpox has been identified in 108 coun-
tries without endemic disease; most cases have been in 
gay, bisexual, or other men who have sex with men. To 
determine number of missed cases, we conducted 2 stud-
ies during June–September 2022: a prospective serologic 
survey detecting orthopoxvirus antibodies among men in 
San Francisco, California, who have sex with men and a 
retrospective monkeypox virus PCR testing of swab speci-
mens submitted for other infectious disease testing among 

all patients across the United States. The serosurvey of 
225 participants (median age 34 years) detected 18 (8.0%) 
who were orthopoxvirus IgG positive and 3 (1.3%) who 
were also orthopoxvirus IgM positive. The retrospective 
PCR study of 1,196 patients (median age 30 years; 54.8% 
male) detected 67 (5.6%) specimens positive for monkey-
pox virus. There are likely few undiagnosed cases of mpox 
in regions where sexual healthcare is accessible and pa-
tient and clinician awareness about mpox is increased.
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collected during the peak of the outbreak. Our studies 
were reviewed by the Centers for Disease Control and 
Prevention (CDC) and were conducted consistent with 
applicable federal law and CDC policy (e.g., 45 C.F.R. 
part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Methods

Prospective Serologic Survey
For the primary recruitment sites for this serologic sur-
vey, we selected 3 prominent sexual health clinics (clin-
ics A, B, C) in San Francisco that regularly treat MSM 

and 1 research clinic in San Francisco (clinic D). Those 
4 private and publicly funded clinics encompass an es-
timated 20,000 MSM patients of varying socioeconomic 
status, insured rates (2%–85% private, 14%–92% public, 
0–40% uninsured), and races and ethnicities within the 
San Francisco Bay area. Patients entering the 3 sexual 
health clinics during June 28–August 26, 2022, were giv-
en an informational flier in English or Spanish contain-
ing a QR code that directed interested patients to a sur-
vey to self-screen for inclusion. The flier also stated that 
participation was voluntary and the decision to enroll 
would not in any way affect their medical care. Study 
inclusion was limited to patients who self-reported that 
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Table 1. Demographics and characteristics of 225 participants in study of prevalence of undiagnosed monkeypox virus infections 
during the global mpox outbreak, United States, June–September 2022* 
Characteristic or demographic No. (%) 
Demographic   
 Age, y 34 (29–42) 
 Race/ethnicity  
  Hispanic 42 (18.7) 
  Non-Hispanic  
   Asian  35 (15.6) 
   Black 20 (8.9) 
   Native American or Pacific Islander 4 (1.8) 
   White 119 (52.9) 
   Prefer not to answer  5 (2.2) 
Sexual orientation  
 Bisexual 22 (9.8) 
  Gay 196 (87.1) 
  Straight 0 
  A different term 6 (2.7) 
  Prefer not to answer 1 (0.4) 
Clinic   
 A 23 (10.2) 
  B 131 (58.2) 
  C 52 (23.1) 
  D 19 (8.4) 
Known contact with someone with mpox 26 (11.6) 
Travel in the past 3 mo† 77 (34.2) 
 International  29 (43.3) 
      Europe 17 (25.4) 
      Americas 13 (19.4) 
 Domestic 38 (56.7) 
Sex partners in the past 1 mo  
 0 22 (9.8) 
 1–4 135 (60) 
 5–9 37 (16.4) 
 10–19 20 (8.9) 
 >20 11 (4.9) 
Attended a large event (e.g., festivals, parades, weddings, clubs, sex parties) 130 (57.8) 
Immunocompromising conditions  
 Yes 65 (28.9) 
  HIV 58 (89.2) 
   CD4 count, cells/mm3   
    ≥200 27 (46.6) 
    <200 8 (13.8) 
    Unknown 23 (39.7) 
       HIV viral load, copies/mL  
   ≥200 9 (15.5) 
          <200 34 (58.6) 
   Unknown 15 (25.9) 
*Results of serologic survey (Appendix 1, https://wwwnc.cdc.gov/EID/article/29/11/23-0940-App1.pdf). 
†Location unknown for 10 persons who had traveled. 

 



Undiagnosed Monkeypox, United States, 2022

they did not have symptoms of mpox (e.g., rash, fever, 
lymphadenopathy), had never received an mpox diag-
nosis, were 18–50 years of age (the upper age limit was 
set to exclude childhood smallpox vaccination in the 
United States), and did not have a history of smallpox 
or mpox vaccination. Because most cases detected at 
that point in the outbreak were in MSM, and to ensure 
sufficient participation among this population at high 
risk for mpox, we also excluded cisgender women and 
persons who did not identify as ever having had male-
to-male sexual contact. Participants at clinic D were 
recruited by a query into the electronic medical record 
system from HIV and HIV pre-exposure prophylaxis 
registries; a subset of MSM patients 18–50 years of age 
were sent an invitation to participate. At clinic arrival, 
those participants were given the same survey to self-
screen. All participants who completed the self-screen-
ing questionnaire and were eligible for study inclusion, 
then completed a brief 7-question electronic survey that 
asked about factors thought to be associated with risk 
for mpox during the initial stage of the outbreak that 
could affect public health action (e.g., travel and ex-
posure history within the past 90 days) (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/29/11/23-0940-
App1.pdf) (3). We collected 5 mL of blood from each 
participant who completed the questionnaire. Peak IgM 
is detected 2–3 weeks and IgG 3–5 weeks after exposure 
to an orthopoxvirus (including primary vaccination 
with ACAM2000 [second-generation live vaccinia vi-
rus vaccine] and JYNNEOS [third-generation live, non-
replicating, modified vaccinia Ankara Bavarian Nordic 
vaccine; https://jynneos.com] and convalescence has 
been documented at 7–14 weeks after exposure. Ortho-
poxvirus IgM is reliably detected 4–56 days and IgG >8 
days after rash onset (5). Because IgG persists for several 
years after orthopoxvirus exposure (6), we chose IgG as 
the initial screening tool to detect any past orthopox-
virus exposure. To detect recent exposure, we tested 
positive IgG specimens for IgM. We separated serum 
by centrifugation, aliquoted the samples, and sent them 
to CDC for ELISA analysis of orthopoxvirus IgG and, if 
positive, IgM.

Retrospective Molecular Testing
During the multinational outbreak that began in 
2022, mpox was diagnosed by nonvariola ortho-
poxvirus- and MPXV-specific real-time PCR tests of 
lesion swab samples (7,8). Before an mpox-specific 
diagnosis code (B.04) was established, clinical diag-
noses and testing were documented with ICD-10-
CM codes representing broad symptoms of infec-
tion, which were used as a surveillance tool for early 
identification of potentially undiagnosed infections 

similar to other diseases (9,10). To evaluate the pres-
ence of MPXV within specimens received for other 
testing, CDC partnered with HealthTrackRx, a pri-
vate laboratory that receives specimens from a vari-
ety of clinics across the United States for infectious 
disease testing. During June 1–September 2, 2022, 
CDC deidentified and tested lesion swab specimens 
associated with ICD-10-CM codes for genital lesions, 
herpes simplex virus infection, inflammation of the 
genital region, skin rash, and others that may over-
lap with symptoms of mpox (Appendix 2, https://
wwwnc.cdc.gov/EID/article/29/11/23-0940-App2.
pdf) for presence of MPXV DNA by using a clade II–
specific PCR (8). After June 27, 2022, HealthTrackRx 
validated its own mpox clade II–specific assay (8) 
and continued to test specimens for MPXV that fit 
the ICD-10-CM codes (Appendix 2). No specimens 
were excluded; only basic demographic and geo-
graphic data and pertinent ICD-10-CM codes that 
may be associated with mpox were available from 
the initial test request from the submitting clinician. 
No information about sexual history was included.

Results

Prospective Serologic Survey
During the study period, ≈8,670 patients were seen 
at clinics A, B, and C, of which 3,832 (44.2%) were 
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Table 2. Clinical signs/symptoms reported by participants in 
study of prevalence of undiagnosed monkeypox virus infections 
during the global mpox outbreak, United States, June–
September 2022* 
Acute illness sign/symptoms in past 3 
months No. (%) 
Cough 28 (12) 
Rhinorrhea  27(11) 
Sore throat 23 (10) 
Fever 22 (9) 
Chills 21(9) 
Headaches 20 (8) 
Sweats 15 (6) 
Malaise 15 (6) 
Shortness of breath 12 (5) 
Lymphadenopathy 8 (3) 
Diarrhea 7 (3) 
Rash 6 (3) 
Wheezing 5 (2) 
Itchiness 4 (2) 
Nausea/vomiting 4 (2) 
Abdominal pain 4 (2) 
Back pain 4 (2) 
Rectal bleeding 3 (1) 
Stridor 2 (1) 
Rectal pain 2 (1) 
Eye lesions 1 
Pus in stool 1 
Penile discharge 1 
*Results of serologic survey (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/29/11/23-0940-App1.pdf). 
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MSM, 18–50 years of age, and may have been eli-
gible for participation. An estimated 6,000 persons 
from clinic D were eligible for study participation, 
and 2,400 (40%) were sent an invitation to partici-
pate. A total of 398 patients started the survey. Of 
358 (87.4%) participants who completed the survey, 
133 were excluded for not self-identifying as hav-
ing male-to-male sexual contact (n = 67), reporting 
previous receipt of smallpox or mpox vaccination 
(n = 41), being >50 years of age (n = 18), or report-
ing a past diagnosis of mpox (n = 7). We collected 
serum samples from the final sample size of 225  

participants. Participant median age was 34 (inter-
quartile range [IQR] 29–42) years. Most (52.9%) eligi-
ble participants were non-Hispanic White, and most 
(87.1%) reported sexual orientation as gay (Tables 1, 
2). Twenty-six (11.6%) participants reported known 
contact with someone with mpox. Recent travel (pre-
vious 3 months) was reported by 77 (34.2%); among 
the 67 who reported a location, 38 (56.7%) had trav-
eled in the United States, 17 (25.4%) to Europe, and 
13 (19.4%) to other countries within the Americas. A 
total of 130 (57.8%) participants had attended a large 
private or public event (e.g., festivals, parades, wed-
dings, clubs, sex parties). Most (203, 91.2%) partici-
pants had >1 sexual contact in the previous month, 
among which 68 (30.2%) had >5 partners. A total of 
65 (28.9%) participants had an immunocompromis-
ing condition, most commonly HIV (89.2%; n = 58). 
Of those who reported HIV, 8 (13.8%) reported a 
CD4 count <200 cells/mm3 and 9 (15.5%) reported 
a viral load >200 copies/mL. Among the 47 (20.9%) 
who reported being ill in the previous 3 months, the 
most common signs/symptoms were cough, rhi-
norrhea, sore throat, fever, and chills (participants 
could report >1 sign/symptom).

Of 225 serum samples tested for orthopoxvirus 
IgG, 18 (8.0%) were positive and 3 (1.3%) were also  
positive for orthopoxvirus IgM. Those 3 participants 
were 20–49 years of age. Two patients denied prior 
smallpox or mpox vaccination; vaccination status for 
the third patient was unknown. All 3 participants 
had traveled in the previous 3 months (2 interna-
tionally and 1 domestically), 1 reported attending a 
large event, and 1 reported having had contact with 
someone with mpox. All 3 participants reported hav-
ing had 3–20 sex partners within the previous month. 
Two participants reported signs/symptoms consis-
tent with mpox in the previous 3 months, including 
rash, diaphoresis, and lymphadenopathy. One par-
ticipant had well-controlled HIV (CD4 count >200 
cells/µL).

Retrospective Molecular Testing
During the study period, MPXV testing was per-
formed for 1,196 patients (median age 30 [IQR 19–
46] years); 656 (54.8%) were men. The most common 
specimen collection sites were arm (24.8%; n = 297), 
anogenital (18.6%; n = 222), leg (10.1%; n = 121), 
and unspecified (14.2%; n = 170). The ICD-10-CM 
codes accompanying specimens were broadly cat-
egorized as disorder of the genitals, herpes-related 
lesions, pruritus, cellulitis, skin conditions, vagini-
tis, high-risk sexual behavior, mpox, miscellaneous, 
and not defined. A total of 67 (5.6%) specimens  
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Figure 2. Weekly positive detection of monkeypox virus by PCR 
testing and US Centers for Disease Control and Prevention case 
detection (https://www.cdc.gov/ecr/index.html), July 24–September 
2, 2022. Results are from public health and select commercial 
laboratories and HealthTrackRx testing and US case detections. The 
greater number of laboratory positives than US case detections most 
likely results from testing of multiple samples from a single patient.

Figure 1. Total numbers and percentages of positive results 
for specimens tested by monkeypox virus–specific PCR under 
different code categories from the International Classification of 
Diseases, 10th Revision, Clinical Modification, United States, 
June–September 2022. *Mpox add-on is defined as having an 
initial negative result from other testing, after which a provider 
requested testing for mpox.
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tested positive for MPXV DNA (Figure 1). The dates 
that the positive specimens had been obtained cor-
responded to the increase in mpox epidemic curve 
in the United States (Figure 2). Most MPXV-posi-
tive specimens were associated with skin condi-
tions, including ICD-10-CM codes R21 (rash and 
other nonspecific skin eruption), L98.9 (disorder of 
skin and subcutaneous tissue, unspecified), L08.89 
(other specified local infections of the skin and sub-
cutaneous tissue), and disorders of the genital re-
gions including N48.5 (ulcer of the penis) (Table 3). 
Among those categories, all specimens with ICD-

10-CM codes corresponding to signs/symptoms of 
pruritis, cellulitis, and vaginitis tested negative for 
MPXV; no positive specimens were from women. 
Among the 67 MPXV-positive specimens, 5 (7.3%) 
ICD-10-CM codes were classified under sexual be-
havior that places someone at increased STI/HIV 
risk and 4 (5.8%) under herpes-related lesions. Of 
the 67 positive specimens, 15 (20.3%) were among 
74 specimens that were originally submitted for 
testing of other infectious organisms but after nega-
tive results had been submitted for MPXV testing at 
provider request.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2311

 
Table 3. International Classification of Diseases, 10th Revision, Clinical Modification codes associated with PCR-positive specimens in 
study of monkeypox virus infections, United States, June–September 2022 
Code Description 
K13.70 Disease of oral mucosa, unspecified 
R36.9 Urethral discharge, unspecified 
R19.8 Other specified symptoms and signs involving the digestive system and abdomen 
R21, R30 Rash and other nonspecific skin eruption, pain associated with micturition 
M79.10 Myalgia unspecified site 
B08.8, J02.9, R21 Other specified viral infections characterized by skin and mucous membrane lesions 
L98.9, N48.9 Disorder of the skin and subcutaneous tissue, unspecified, disorder of penis, unspecified 
Z72.52 High-risk homosexual behavior 
A63.8, A64 Other specified predominantly sexually transmitted diseases, unspecified sexually transmitted 

disease 
R21, Z11.3 Rash and other nonspecific skin eruption, encounter for screening for infections with a 

predominantly sexual mode of transmission 
L98.9 Disorder of the skin and subcutaneous tissue, unspecified 
N48.5 Ulcer of penis 
Z20.828 Contact with and (suspected) exposure to other viral communicable diseases 
N50.89, R21 Other specified disorders of the male genital organs, rash and other nonspecific skin eruption 
A63.0 Anogenital (venereal) warts 
A60.1, A63.0 Herpes viral infection of perianal skin and rectum, anogenital (venereal) warts 
L08.9 Local infection of skin and subcutaneous tissue, unspecified 
N48.5, N50.89, R22.0 Ulcer of penis, other specified disorders of the male genital organs, localized swelling, mass and 

lump of skin and subcutaneous tissue 
B34.9, R50.9, R53.83, Z20.822 Viral infection, unspecified 
N48.5, R36.9, Z72.51 Ulcer of penis, urethral discharge, unspecified, high-risk heterosexual behavior 
L30.8, R21 Other specified dermatitis, rash and other nonspecific skin eruption 
B89, R21 Unspecified parasitic disease, rash and other nonspecific skin eruption 
I88.9, N48.89, R36.9 Nonspecific lymphadenitis, unspecified, other specified disorders of penis, urethral discharge, 

unspecified 
K60.2 Anal fissure, unspecified 
N48.9, S30.812A Disorder of penis, unspecified, abrasion of penis 
N50.89 Other specified disorders of the male genital organs 
L08.89, L98.8 Local infection of skin and subcutaneous tissue, unspecified, other specified disorders of the skin 

and subcutaneous tissue 
Z11.3, Z20.822 Encounter for screening for infections with a predominantly sexual mode of transmission, contact 

with and (suspected) exposure to other viral communicable diseases 
R07.0, R21 Pain in throat, rash and other nonspecific skin eruption 
R50.9, Z20.822 Fever, unspecified, contact with and (suspected) exposure to other viral communicable diseases 
Z20.2 Contact with and exposure to infections with a predominantly sexual mode of transmission 
L30.8 Other specified dermatitis 
B04, Z11.3 Monkeypox, encounter for screening for infections with a predominantly sexual mode of 

transmission 
R23.8, Z20.2 Other skin changes, contact with and exposure to infections with a predominantly sexual mode of 

transmission 
A600 Anogenital herpes viral (herpes simplex) infections 
B00.2 Herpes viral gingivostomatitis and pharyngotonsillitis 
N48.5, Z11.3 Ulcer of penis, encounter for screening for infections with a predominantly sexual mode of 

transmission 
J03.90, K13.79 Acute tonsillitis, unspecified, other lesions of oral mucosa 
L03.818 Cellulitis of other sites 
L02.818 Cutaneous abscess of other sites 
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Most specimens received were from Michigan 
(12.8%), Georgia (12.0%), Colorado (10.4%), and Flor-
ida (9.9%); however, the highest proportion of speci-
mens that tested positive for mpox were from Geor-
gia (24.5%, 35 positive), followed by Missouri (25.0%, 
5 positive) and Texas (12.9%, 11 positive) (Table 4). 
Specimens were also tested on the STI and wound 
infection PCR panels at HealthTrackRx. Among the 
specimens testing positive for mpox, only 1 tested 
positive for other etiologies consistent with contami-
nation (Finegoldia magna, Cutibacterium acnes, and Pep-
tostreptococcus spp).

Discussion
A total of 21,798 mpox cases were reported in the Unit-
ed States during the peak of the outbreak, June–Sep-
tember 2022, accounting for 72.0% of the total US cases 
reported as of March 2023. Despite concerns that some 
cases could be undetected (particularly in the MSM 
community), potentially preventing outbreak control, 
the serologic survey identified only 1.3% of MSM pa-
tients at high risk for mpox without a known mpox di-
agnosis who had orthopoxvirus IgM, indicating recent 
exposure to mpox. That rate of IgM positivity is similar 
to the 1.4% rate among persons experiencing homeless-

ness in San Francisco during July–October 2022 (11). 
Mpox was retrospectively detected by PCR in 5.6% 
of lesion swab samples obtained across the country, 
suggesting that mpox was probably undiagnosed in a 
small subset of symptomatic patients during the height 
of the mpox outbreak in the United States. The highest 
percentage positivity was among those who reported 
sexual behavior that places someone at increased for 
STI/HIV. However, the second highest percentage 
positivity was among those for whom mpox testing 
was retrospectively ordered by the clinician after nega-
tive diagnostic test results for other common rash ill-
nesses, suggesting that clinician awareness was higher 
for mpox during this period. The data from the 2 anal-
yses reported here indicate that as long as persons are 
aware of mpox and the need to seek medical care, the 
percentage of undiagnosed cases remains low, as it did 
during the peak of the outbreak.

The clinical manifestations (especially skin le-
sions, pustules, and rashes) of mpox patients can be 
confused with those of varicella zoster virus and STIs 
(e.g., herpes and syphilis), and mpox can co-occur 
with other STIs. However, in the molecular study, 
we did not find any significant levels of co-infections 
with mpox and other STIs.
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Table 4. Positive monkeypox virus PCR detections and case detections by state, United States, June–September 2022* 

State 
Total tested by 
HealthTrackRx  

MPXV PCR 
positive, no. (%) 

CDC case 
detections 

Mpox cases detected by 
HealthTrackRx, % 

Georgia 143 35 (24.5) 1,602 2.2 
Missouri 20 5 (25) 72 6.9 
Texas 85 11 (12.9) 2,012 0.5 
Nevada 12 1 (8.3) 234 0.4 
Illinois 15 1 (6.7) 1,181 0.1 
California 31 2 (6.5) 4,389 0 
North Carolina 18 1 (5.6) 414 0.2 
Michigan 153 7 (4.6) 234 3.0 
Florida 119 3 (2.5) 2,269 0.1 
Colorado 124 1 (0.8) 268 0.4 
Arizona 96 0 386 0 
Wisconsin 95 0 74 0 
Ohio 90 0 237 0 
Arkansas 31 0 40 0 
Oklahoma 23 0 29 0 
Kentucky 16 0 40 0 
Wyoming 16 0 2 0 
Alabama 14 0 95 0 
Indiana 14 0 195 0 
Iowa 10 0 21 0 
New Mexico 10 0 35 0 
Oregon 10 0 191 0 
Idaho 9 0 13 0 
Kansas 9 0 7 0 
Mississippi 8 0 51 0 
Washington 7 0 469 0 
Tennessee 6 0 228 0 
Maryland 4 0 580 0 
New Hampshire 4 0 27 0 
New Jersey 2 0 614 0 
Rhode Island 2 0 60 0 
*CDC, Centers for Disease Control and Prevention; MPXV, monkeypox virus. 

. 
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That the earliest positive IgM result was obtained 
in mid-July suggests infection up to 56 days earlier. 
The lack of IgM detection before that time, in a small 
sample from 1 region, is suggestive that cases may 
not have been prevalent before the first detection on 
May 17. Of the 3 persons with an IgM-positive result, 
2 self-reported symptoms consistent with mpox with-
in the previous 3 months.

Among the limitations of our analyses, the re-
sponse rates to the survey were low. The serologic 
survey relied on patient self-screening through the 
survey questionnaire, self-reported symptoms, and 
travel history. Also, the serologic survey was con-
ducted in San Francisco, where infrastructure and 
resources may not be reflective of other geographic 
locations. Because the serologic survey was a point 
seroprevalence study, no follow-up testing or inter-
views were conducted among the participants who 
were positive for orthopoxvirus IgM; it is unknown 
whether any participants previously had signs/
symptoms that were not reported on the survey or 
if signs/symptoms ultimately developed. Only 3 
specimens were positive for both orthopoxvirus IgG 
and IgM. For the other 15 IgG-positive/IgM-negative 
specimens, it is unknown whether the participants 
had been exposed to orthopoxvirus beyond the IgM 
detection window or whether they did not self-report 
previous vaccination (many JYNNEOS vaccination 
campaigns were ongoing during the study period). 
We did not collect information on military service, 
which would include persons who may have received 
ACAM2000, a live-replicating vaccinia virus vaccine 
that results in production of orthopoxvirus antibod-
ies. Because we used IgG as the initial screening tool, 
a participant could have been IgM positive and IgG 
negative; however, because that window of time is 
small (3–4 days), the likelihood of missing poten-
tial cases is low. The major limitations of molecular 
testing were similar to those of any study relying on 
ICD-10-CM codes for analysis and for which detailed 
patient history was not available beyond the ICD-10-
CM codes on test requisitions.

In conclusion, the rate of undiagnosed mpox 
infections during the peak of reported cases in the 
United States was low among persons at high risk 
for disease (represented by participants in the San 
Francisco serosurvey). Mpox diagnosis was proba-
bly missed for some persons with rash (represented 
by retrospective molecular testing at HealthTrack-
Rx), and providers should remain vigilant and con-
duct mpox testing from lesion swab samples on 
patients with mpox signs/symptoms. We rapidly 
collected our data during the peak of the outbreak 

to provide information for the epidemiologic re-
sponse. Ongoing serologic and molecular studies 
that are underway that use specimens stored before 
May 2022 will be useful for determining whether 
mpox was present before the outbreak was identi-
fied in the United States.
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Enterovirus D68 (EV-D68) is a nonpolio enterovi-
rus that causes respiratory illness and can result 

in acute flaccid myelitis (AFM), a devastating polio-
like neurologic disease (1–17). This positive-sense 
single-stranded RNA virus is transmitted primar-
ily through respiratory droplets and is an emerging 
pathogen of public health concern. EV-D68 has been 
recognized as a cause of recurrent cyclical outbreaks 
of asthma-like respiratory disease and AFM since 
2014, affecting families, healthcare systems, and soci-
ety (1,2,5,8,10,11,13,18,19).

The causal link between EV-D68 and AFM is strong, 
but EV-D68 is still not identified in most epidemiologi-
cally linked AFM cases (3,9,17). Compared with polio-
virus and other nonpolio enteroviruses, EV-D68 has 
properties that more closely resemble rhinovirus (9,13). 
EV-D68 can be acid labile and is thus less likely to be 
detected in stool, grows most optimally at 33°C, and is 
transmitted in the upper respiratory tract (9,13). How-
ever, unlike rhinoviruses and some other respiratory 
viruses, the duration of RNA shedding in the upper re-
spiratory tract and the timeline of clinical manifestations 
of EV-D68 respiratory illness are unknown.

In this study, we investigated the duration of EV-
D68 RNA shedding in the upper respiratory tract and 
the associated clinical characteristics in children hos-
pitalized with EV-D68 respiratory disease and their 
household contacts. We hypothesized that the dura-
tion of RNA shedding of EV-D68 would be similar to 
that of rhinovirus at a median of 11.4 days (20). De-
termining RNA shedding dynamics has implications 
for expected rates of detection in EV-D68–associated 
AFM cases that can help inform clinical diagnosis and 
public health measures.

Methods

Study Description
We performed a prospective observational cohort 
study during September–November 2022, during an 
EV-D68 outbreak at Children’s Hospital Colorado in 
Aurora, Colorado, USA. Children’s Hospital Colo-
rado is a large, freestanding children’s hospital with 
444 beds serving a 7-state region. The study was ap-
proved by the Colorado Multiple Institutional Re-
view Board. We obtained written informed consent, 
and assent when applicable, from all participants.

Duration of Enterovirus D68 RNA 
Shedding in the Upper Respiratory  

Tract and Transmission among 
Household Contacts, Colorado, USA

Hai Nguyen-Tran, Careese Thompson, Molly Butler, Kristen R. Miller, Laura Pyle, Sarah Jung,  
Shannon Rogers, Terry Fei Fan Ng, Janell Routh, Samuel R. Dominguez, Kevin Messacar

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2315

Author affiliations: University of Colorado, Aurora, Colorado,  
USA (H. Nguyen-Tran, K.R. Miller, L. Pyle, S.R. Dominguez,  
K. Messacar); Children’s Hospital Colorado, Aurora (C. Thompson, 
M. Butler, S. Jung); Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA (S. Rogers, T.F.F. Ng, J. Routh)

DOI: https://doi.org/10.3201/eid2911.230947

Enterovirus D68 (EV-D68) causes cyclical outbreaks of 
respiratory disease and acute flaccid myelitis. EV-D68 is 
primarily transmitted through the respiratory route, but the 
duration of shedding in the respiratory tract is unknown. 
We prospectively enrolled 9 hospitalized children with EV-
D68 respiratory infection and 16 household contacts to 
determine EV-D68 RNA shedding dynamics in the upper 
respiratory tract through serial midturbinate specimen col-
lections and daily symptom diaries. Five (31.3%) house-
hold contacts, including 3 adults, were EV-D68–positive. 
The median duration of EV-D68 RNA shedding in the 
upper respiratory tract was 12 (range 7–15) days from 
symptom onset. The most common symptoms were na-
sal congestion (100%), cough (92.9%), difficulty breath-
ing (78.6%), and wheezing (57.1%). The median illness 
duration was 20 (range 11–24) days. Understanding the 
duration of RNA shedding can inform the expected rate 
and timing of EV-D68 detection in associated acute flac-
cid myelitis cases and help guide public health measures.
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Study Participants and Study Procedures
Patients hospitalized at Children’s Hospital Colorado 
for respiratory illness who were positive for rhinovirus/
enterovirus by provider-directed testing on the BioFire 
Respiratory 2.1 Panel (BioFire Diagnostics, https://
www.biofiredx.com) were eligible to be included as 
primary participants in the study. Household contacts 
of enrolled primary participants were also eligible for 
inclusion. We excluded persons <2 months of age or 
>65 years of age, persons who tested positive for SARS-
CoV-2 (for infection control purposes), and persons with 
contraindications to respiratory specimen collection.

For primary participants and household contacts 
who were present at bedside, we collected a midtur-
binate flocked swab sample (COPAN Diagnostics, 
https://www.copanusa.com) on the day of enroll-
ment, daily while the primary participant was admit-
ted, and every 3 days after discharge until 21 days after 
enrollment. Midturbinate swab specimens were col-
lected by study personnel or by the participant, parent, 
or legal guardians (who were trained by study person-
nel) during hospital admission and by the participant, 
parent, or legal guardian during home collections. For 
household contacts who were not present at the hospi-
tal, midturbinate swab samples were collected every 3 
days by the participant or a parent or guardian from 
day of enrollment until 21 days after enrollment.

We collected demographic and patient history 
by using a standardized questionnaire and verified 
data through the electronic medical record. We asked 
participants to recall symptoms, medications, and in-
terventions experienced during the 14 days before en-
rollment using standardized lists. Prospective symp-
tom diaries including the same list of symptoms, 
medications, and interventions were completed daily 
until 21 days after enrollment by the participant, par-
ent, or legal guardian. Assuming a 20% censoring rate 
and a hypothesized mean duration of 11.4 days, we 
planned to enroll a minimum of 30 participants to 
produce a 2-sided 80% CI width of 6.3 days.

Samples and Laboratory Testing
Midturbinate swab samples were stored in 
PrimeStore Molecular Transport Media (Longhorn 
Vaccines and Diagnostics, https://www.lhnvd.
com), which was previously validated by our labo-
ratory for home collection and storage conditions 
for EV-D68 qualitative detection (21). Samples were 
stored in a refrigerator, delivered from home after 
the 21-day collection period, then aliquoted and fro-
zen at −80°C until testing.

An aliquot from each collection day from all par-
ticipants underwent EV-D68 real-time qualitative 

reverse transcription PCR testing. We extracted total 
nucleic acid, including exogenously added internal 
positive control DNA (TaqMan Exogenous Internal 
Positive Control Reagents; ThermoFisher Scientific, 
https://www.thermofisher.com) on the QIAGEN 
EZ1 Advanced XL platform using the Virus 2.0 Mini 
Kit (https://www.qiagen.com), then performed 
cDNA synthesis on the ABI Veriti Thermal Cycler 
platform using TaqMan Reverse Transcription Re-
agents (ThermoFisher Scientific). We added 5 μL of 
cDNA to a final PCR reaction volume of 20 μL with 
the reaction component qScript XLT One-Step RT-qP-
CR ToughMix Low-Rox (Quantabio, https://www.
quantabio.com), primers and probes at a final reac-
tion concentration of 250 nM, and internal positive 
control primers and probe (ThermoFisher Scientific) 
(22,23). We performed reverse transcription PCR on 
the ABI 7500 Real-Time PCR System (ThermoFisher 
Scientific) with the following cycling conditions: 45°C 
for 10 minutes, then 95°C for 10 minutes, followed by 
45 cycles of 95°C for 15 seconds and 60°C for 1 min-
ute. We considered a cycle threshold (Ct) value <40 
positive for EV-D68. This laboratory-developed pro-
tocol for EV-D68 detection was validated in-house 
and found to have a limit of detection of 700 genome 
copies/mL and 100% overall agreement (46/46) with 
an independent comparator assay specific to EV-D68 
(T.F.F. Ng, unpub. data, https://www.biorxiv.org/co
ntent/10.1101/2022.10.06.511205v2). We performed 
further sequencing on an EV-D68–positive specimen 
using an established enterovirus typing method (24) 
to identify the EV-D68 subclade in the study.

Statistical Analysis
We included primary participants who tested posi-
tive for EV-D68 and their household contacts in the 
analysis (Figure 1). We summarized demographics, 
medical histories, medications, and interventions us-
ing frequency and percentage or median, interquar-
tile range, and range.

We determined the duration of RNA shedding of 
EV-D68–positive participants from symptom onset to 
time-of-negativity, defined as the first negative result 
that was immediately followed by a subsequent nega-
tive result. Participants were censored on the last day a 
specimen was collected that followed the study sched-
ule if they did not complete further collections per the 
study schedule. We created a Kaplan-Meier curve for 
RNA shedding for all EV-D68–positive participants 
and further stratified it by children (<18 years of age) 
and adults. We used log-rank tests to compare time-to-
negativity by group and calculated median and 95% 
CI for RNA shedding duration from the Kaplan-Meier 
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curve. Because of the small sample size and few events 
at later time points, the upper limits of the 95% CIs of 
median survival times were undefined, so the range 
was also reported from the raw data. We calculated 
symptom duration from the first day until the last day 
the symptom was reported during the study period 
and illness duration from first day of any symptom to 
last day of any symptom. For each symptom and ill-
ness duration, we calculated median and interquartile 
range for day of onset and day of offset. We used R 
version 4.2.2 (The R Foundation for Statistical Comput-
ing, https://www.r-project.org) for analysis.

Results
During September–November 2022, we enrolled 46 
participants (19 primary participants and 27 house-
hold contacts) in the study. Of the primary partici-
pants, 9 (47.4%) were EV-D68–positive; no other co-
detections were detected on respiratory pathogen 
panel. We included the 9 EV-D68–positive primary 
participants and their 16 household contacts (n = 25) 
in the analysis (Figure 1). We confirmed EV-D68 sub-
clade B3 by sequencing in a study participant, which 
is consistent with the predominant clade circulating 
in the United States during 2022 (25,26).

Study Population Characteristics
For the 9 primary participants, the median age was 
2.2 years (range 8 months–17 years); 7 (77.8%) were 
boys and 2 (22.2%) were girls (Table 1). The age 
range of all household contacts was 4 months–44 
years (Table 1). Of the 16 household contacts, 5 
(31.3%) persons, each from a different household, 
were positive for EV-D68. Of the EV-D68–posi-
tive household contacts, 2 were sibling children 
(<5 years) and 3 were mothers of the primary par-
ticipants. Prematurity, chronic lung disease, and 
chronic heart disease were reported among the 
primary participants; only 1 participant (11.1%) 
reported a history of asthma (Table 2). Of the EV-
D68–positive household contacts, 2 (40%) of 5 re-
ported a history of asthma; both were mothers of 
primary participants.

Medications, Interventions, and Hospitalization
All 9 primary participants received albuterol, antipyret-
ics, and supplemental oxygen support (Table 3), and 7 
(77.8%) received steroids. Seven (77.8%) primary par-
ticipants required noninvasive positive pressure ven-
tilation support during their admission, and 1 (11%) 
required intubation. Both EV-D68–positive household 
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Figure 1. Study flowchart 
showing selection process of 
study participants included in the 
analysis of EV-D68 RNA shedding 
in the upper respiratory tract and 
associated clinical characteristics, 
Colorado, USA. EV, enterovirus.



RESEARCH

contacts who were children subsequently required 
hospital admission and supplemental oxygen sup-
port but did not require noninvasive positive pressure 
ventilation or intubation (Table 3). None of the adult 
EV-D68–positive household contacts required hospital 
admission, although 1 person sought outpatient care.

Of the 11 children admitted with EV-D68 respi-
ratory disease (9 primary participants and 2 house-
hold contacts), the median length of stay was 4 days 
(range 1–26 days). Eight (72.7%) required intensive 
care unit (ICU) admission; median ICU stay was 2.5 
days (range 1–17 days). The most common discharge 
diagnosis was asthma exacerbation/reactive airways 
(45.5%), followed by viral lower respiratory tract in-
fection (bronchiolitis/pneumonitis) (36.3%); a super-
imposed bacterial pneumonia was noted in 18.2% 
(not mutually exclusive).

EV-D68 RNA Shedding and Associated Characteristics
We analyzed RNA shedding of EV-D68 in the upper 
respiratory tract for all 14 EV-D68–positive partici-
pants (Figure 2). One participant was censored at the 
last day of inpatient collection because dates of home 
testing were not reported. The median duration of 
RNA shedding from illness onset was 12 days overall 
(range 7–15 days; 95% CI lower limit 9, upper limit 
undefined [because of small sample size; see Meth-
ods]). For adults, median duration was 9 days (range 
7–9 days; 95% CI lower limit 7, upper limit unde-
fined), and for children, median duration was 12 days 
(range 7–15 days; 95% CI lower limit 11, upper limit 
undefined; p = 0.13) (Figure 3). By 9 days after illness 
onset, 25% of participants were no longer shedding 
detectable RNA; by 14 days, 75% no longer had de-
tectable EV-D68 RNA.
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Table 1. Demographic characteristics of participants and number of specimens collected in study of EV-D68 RNA shedding in the 
upper respiratory tract and associated clinical characteristics, Colorado, USA* 

Characteristic 
All participants, 

N = 25 

EV-D68–positive 
primary participants, 

n = 9 

EV-D68–positive 
household contacts, 

n = 5† 

EV-D68–negative 
household contacts, 

n = 11 
Age, y     
 Median (IQR) 17.0 (2.2–35.0) 2.2 (1.5–3.3) 32.0 (4.0–39.3) 34.5 (26.2–39.2) 
 Range 0.3–44.9 0.7–17.0 0.7–44.9 0.3–40.2 
Sex     
 F 15 (60.0) 2 (22.2) 4 (80.0) 9 (81.8) 
 M 10 (40.0) 7 (77.8) 1 (20.0) 2 (18.2) 
Race     
 American Indian or Alaska Native 0  0  0  0  
 Asian 0  0  0  0  
 Black or African American 0  0  0  0  
 Native Hawaiian or other Pacific Islander 0 0 0 0 
 White 25 (100) 9 (100) 5 (100) 11 (100) 
Ethnicity     
 Hispanic or Latino 15 (60) 6 (66.7) 3 (60) 6 (54.5) 
 Not Hispanic or Latino 10 (40) 3 (33.3) 2 (40) 5 (45.5) 
Median household size (IQR)‡     
 Overall, all members 6 (5–7) 6 (5–7) 6 (5–7) 6 (5–6) 
 Household members >18 y 2 (2–2) 2 (2–2) 2 (2–2) 2 (2–2) 
 Household members <18 y 3 (2–4) 3 (3–4) 3 (3–4) 4 (2–4) 
No. midturbinate specimens collected per participant during study period   
 Median (IQR) 9 (7–10) 9 (8–11) 9 (9–14) 8 (7–10) 
*Values are no. (%) except as indicated. EV, enterovirus; IQR, interquartile range. 
†Two EV-D68–positive household contacts were children and had onset of symptoms starting 2 d before or on the same day as the primary participant. 
The other 3 EV-D68–positive household contacts were adults and had onset of symptoms that started 3–5 d after the primary participant. 
‡Including the primary participant. 

 

 
Table 2. Selected medical history of study participants in study of EV-D68 RNA shedding in the upper respiratory tract and associated 
clinical characteristics, Colorado, USA* 

Comorbidity† 

No. (%) participants 
All participants, 

N = 25 
EV-D68–positive primary 

participants, n = 9 
EV-D68–positive 

household contacts, n = 5 
EV-D68–negative 

household contacts, n = 11 
Asthma 4 (16.0) 1 (11.1) 2 (40.0) 1 (9.1) 
History of prematurity 3 (12.0) 2 (22.12) 1 (20.0) 0  
Chronic heart disease 1 (4.0) 1 (11.1) 0  0  
Chronic lung disease 1 (4.0) 1 (11.1) 0 0  
Other reported history‡ 4 (16.0) 2 (22.2) 1 (20.0) 1 (9.1) 
None reported 15 (60.0) 5 (55.6) 1 (20.0) 9 (81.8) 
*EV, enterovirus.  
†Comorbidities are not mutually exclusive. 
‡Other includes Trisomy 21, chromosomal abnormality, developmental delay, cavernous malformation, obesity, hypothyroidism, or nephrolithiasis. 
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The most common reported symptom in EV-
D68–positive participants was runny nose/nasal 
congestion (100%), followed by cough (92.9%), dif-
ficulty breathing (78.6%), wheezing (57.1%), and 
fever (57.1%). Less common symptoms included 
sore throat (21.4%), headache (21.4%), and diarrhea 
(21.4%). The median illness duration was 20 days 
(range 11–24 days); cough had the longest median du-
ration (18 days, range 7–30 days), followed by runny 
nose and nasal congestion (15 days, range 3–30 days) 
and wheezing (12 days, range 3–26 days). Twelve 
(85.7%) of the 14 EV-D68–positive participants were 
still symptomatic after they were no longer shedding 
detectable RNA. AFM did not develop in any EV-
D68–positive participants in the study.

All EV-D68–positive household contacts were 
symptomatic. The adult household contacts reported 
mild respiratory symptoms, such as cough, runny 
nose and nasal congestion, wheezing, fever, and sore 
throat. Onset of symptoms in household contacts 
ranged from 2 days before to 5 days after symptom 
onset in the primary participant.

Discussion
We found that EV-D68 RNA shedding duration is 
more similar to that of rhinoviruses than of other 
enteroviruses; the median duration of EV-D68 RNA 
shedding in the upper respiratory tract was 12 days. 
Understanding RNA shedding dynamics can inform 
the expected rate at which EV-D68 could be detect-
ed in the upper respiratory tract at various time-
points in the course of illness, particularly in EV-
D68–associated AFM cases. Insight into the natural  

history of EV-D68 from this study also helps inform 
transmission risk among household members and 
further defines the range of disease severity and 
symptoms, which can guide public health mea-
sures and management.

Cases of AFM are often preceded by a respira-
tory or febrile illness; median delay is 5–7 days from 
prodromal respiratory or febrile illness to onset of 
neurologic symptoms (1,2,27). Delayed recognition 
and misdiagnosis of AFM can result in even further 
delays in specimen collection and testing, leading 
to many cases going undiagnosed until weeks to 
months after symptom onset (28). Enterovirus PCR 
detection in sterile sites (e.g., cerebrospinal fluid 
[CSF] or blood) is specific for the diagnosis of en-
terovirus neurologic disease, but detection at those 
sites in AFM is exceedingly rare; enteroviruses are 
more commonly detected in nonsterile sites, par-
ticularly the respiratory tract (EV-D68) and stool 
(poliovirus, enterovirus A71) (29). Unfortunately, in 
many AFM cases, the recommended set of biospeci-
mens is collected late in the course of disease, if at 
all, and samples from nonsterile sites, particularly 
the respiratory tract, are often lacking (29). In a 2014 
study of AFM cases in the United States, 120 AFM 
cases were reported, but a respiratory sample was 
submitted for only 56 (46%) patients. In patients for 
whom respiratory samples were tested for entero-
virus/rhinovirus, 44% were collected >12 days af-
ter symptom onset, and our findings suggest that at 
least half would no longer have been shedding de-
tectable EV-D68 RNA. Those early data demonstrat-
ing that the proportion of EV-D68–positive samples 
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Table 3. Medications and interventions received during the study period for participants in study of EV-D68 RNA shedding in the upper 
respiratory tract and associated clinical characteristics, Colorado, USA* 

Intervention 
All participants, 

N = 25 

EV-D68–positive 
primary 

participants, n = 9 

EV-D68–positive 
household 

contacts, n = 5 

EV-D68–negative 
household 

contacts, n = 11 
Medications     
 Albuterol 13 (52.0) 9 (100) 3 (60.0) 1 (9.1) 
 Antipyretic 17 (68.0) 9 (100) 3 (60.0) 5 (45.5) 
 Steroids 8 (32.0) 7 (77.8) 1 (20.0) 0 
No. outpatient visits during study period†     
 0 13 (52.0) 1 (11.1) 2 (40.0) 10 (90.9) 
 1 11 (44.0) 7 (77.8) 3 (60.0) 1 (9.1) 
 2 1 (4.0) 1 (11.1) 0 0 
Hospital course     
 Required admission 11 (44.0) 9 (100) 2 (40.0) 0  
 Required ICU stay 8 (32.0) 8 (88.9) 0  0  
 Median length of stay (IQR), d 4.0 (3.0–6.5) 5.0 (4.0–7.0) 2.0 (1.5–2.5) NA 
 Median ICU length of stay (IQR), d 2.5 (1.8–4.3) 2.5 (1.8–4.3) NA NA 
Oxygen support at any time during admission     
 Supplemental oxygen 11 (44.0) 9 (100) 2 (40.0) 0  
 Noninvasive positive pressure ventilation 7 (28.0) 7 (77.8) 0  0  
 Intubation 1 (4.0) 1 (11.1) 0  0  
*Values are no. (%) except as indicated. ICU, intensive care unit; IQR, interquartile range; NA, not applicable. 
†Includes clinic, urgent care, and emergency department visits. 
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increased when samples were collected closer to 
symptom onset (47% positive for EV-D68 if tested 
<7 days from onset of respiratory or febrile illness) 
hinted at the importance of early sample collection 
and prompted this effort to learn more about shed-
ding dynamics (29).

Our study confirms that timely specimen collec-
tion, particularly of respiratory specimens, is criti-
cal for detecting EV-D68 in suspected AFM cases 
(20,30), whereas other enteroviruses can shed for 
weeks in stool. On the basis of RNA shedding curve 
in the upper respiratory tract of this study, all par-
ticipants had detectable EV-D68 RNA at 5 days af-
ter symptom onset, reinforcing the goals of prompt 
recognition and early sampling at the time of neu-
rologic symptom onset in cases of suspected AFM. 
In EV-D68–associated AFM cases in which recogni-
tion is delayed, this study suggests that, by 9 days 
after prodromal symptom onset, 25% will no longer 
be shedding detectable RNA; 50% will no longer be 
shedding by 12 days, and 75% by 14 days. The later 
a respiratory specimen is collected in the course of 

AFM, the less likely it is that EV-D68 will be detect-
ed; by 14 days after prodromal symptom onset, EV-
D68 is exceedingly unlikely to be detected, even if 
causing disease. Providers should be encouraged to 
collect respiratory samples, in addition to stool, CSF, 
and serum samples, as soon as AFM is suspected on 
physical examination, without waiting for confirma-
tory imaging, lumbar puncture, or classification and 
confirmation by public health authorities (31). Fur-
thermore, this study highlights that, in some AFM 
cases, EV-D68 RNA detection might not be possible 
if recognition or sample collection is delayed. That 
finding speaks to the need for complementary di-
agnostics, such as EV-D68 antibody testing in CSF 
samples, to detect intrathecal antibody production 
as the serologic footprint of neurologic infection 
when viral RNA is no longer detectable, which has 
become the standard for diagnosing West Nile virus 
and other neuroinvasive arboviruses in immuno-
competent hosts (32).

Enrolling household contacts in this study, in-
cluding adult family members with mild disease, 
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Figure 2. EV-D68 RNA shedding 
curve (A) and associated 
symptoms (B) for all EV-D68–
positive participants (n = 14), 
Colorado, USA. A) Dotted line on 
Kaplan-Meier curve represents 
95% CI. The + mark indicates 
the time at which 1 participant 
was censored at the last day of 
inpatient collection because they 
did not report dates of home 
testing. B) Number of participants 
reporting the symptom at any time 
is indicated. Black dots represent 
the median onset and median 
offset time for each symptom; 
solid horizontal line represents 
the duration between median 
onset and median offset time. 
The double vertical hash lines 
represent the 25th and 75th 
quartile for onset time, and the 
single vertical hash lines represent 
the 25th and 75th quartile 
for offset time. Symptoms on 
standardized list were abdominal 
pain, back pain, cough, diarrhea, 
difficulty breathing, difficulty 
swallowing, difficulty walking, 
facial droop/weakness, fever, 
headache, muscle jerks/tremors, 
nausea/vomiting, neck pain, pain 
in arms/legs, runny nose/nasal 
congestion, sore throat, vision 
changes, weakness in arms/legs, 
and wheezing. EV, enterovirus.
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also provided insight into EV-D68 transmission and 
epidemiology outside of the hospital setting, where 
it has been primarily studied. Of the 9 households in 
the study, 5 (55.6%) had EV-D68–positive household 
contacts, suggesting transmission within households 
occurs between children and parents. All EV-D68–
infected persons were symptomatic. We found no 
evidence of asymptomatically infected persons shed-
ding RNA to suggest the potential for silent transmis-
sion, although brief shedding or transmission before 
or after the collection period could not be excluded. 
Additional community studies are needed to further 
elucidate the burden of EV-D68 respiratory disease.

Both parents and siblings of children hospitalized 
with EV-D68 were themselves infected with EV-D68, 
but the severity of disease between adult and child 
contacts differed. The EV-D68–infected adults had 
only mild respiratory symptoms and did not require 
hospitalization, whereas the 2 EV-D68–infected child 
siblings had more severe respiratory illness that re-
quired hospitalization (15). Despite similar expo-
sures, not all household contacts were infected, some 
had mild disease, and others had more severe dis-
ease, suggesting a role for host immunity in infection. 
Studies have found that, by the time they reach school 
age, most persons have neutralizing serum antibod-
ies against EV-D68 suggestive of previous infection 
(33–35). This study demonstrated that adults, who 
would be expected to have neutralizing antibodies, 
still could be infected with EV-D68 and experience 
respiratory symptoms, but their symptoms tended to 
be milder; the median duration of RNA shedding was 
9 days after symptom onset. Thus, having systemic 
immunity from previous infection might be protec-
tive against more severe manifestations but might 
not provide sterilizing immunity to prevent infection 
entirely or protect against mild respiratory disease. 
Future studies should investigate the role of innate 
and adaptive mucosal and systemic immunity in the 
development of different EV-D68 disease manifesta-
tions (e.g., asymptomatic, mild to severe respiratory 
disease, or neurologic disease). Clarifying the host 
immune response to natural EV-D68 infection will 
be key to developing effective monoclonal antibodies 
and vaccine candidates for treatment and prevention.

In terms of symptoms, we found that EV-D68 
infection caused prolonged illness, including wheez-
ing lasting nearly 2 weeks. As for rhinoviruses, EV-
D68 causes upper respiratory symptoms and triggers 
bronchoreactive symptoms in the lower respiratory 
tract (7). Most children with EV-D68 respiratory ill-
ness in this study were hospitalized with asthma-like 
bronchoreactive symptoms and received treatment 

with medications typically used for asthma, such as 
albuterol and steroids, which are generally not rec-
ommended for viral respiratory infections in young 
children. However, unlike rhinovirus-associated ex-
acerbations occurring predominantly in children with 
underlying asthma, only 1 child with EV-D68 in our 
study had asthma. Previous studies have found that 
EV-D68 induces interleukin-17–dependent airway in-
flammation and hyperresponsiveness, which might 
explain the response to bronchodilators and steroids 
in children without underlying asthma seen in our 
study and in previous EV-D68 outbreaks (36–38). 
Long-term longitudinal studies and a better under-
standing of the mechanisms by which EV-D68 causes 
respiratory disease are needed to determine optimal 
management and whether early EV-D68 infection 
predisposes patients to develop asthma in the future, 
similar to other respiratory viruses, such as respira-
tory syncytial virus (39).

The first limitation of our study was the limited 
time frame in which participants were enrolled, given 
the small window during which EV-D68 circulation 
peaks; thus, our sample size was small and might not 
be fully generalizable to a broader population. Pro-
vider-directed respiratory pathogen panel testing in 
hospitalized children might have biased the primary 
participant study population toward more severe ill-
ness; however, we also enrolled household contacts 
to capture a broader range of clinical manifestations. 
We infer that the RNA shedding of EV-D68 in the up-
per respiratory tract, particularly in those with mild 
respiratory illness, might be similar to the shedding 
that precedes EV-D68 neurologic manifestations (i.e., 
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Figure 3. EV-D68 RNA shedding curve for adults (n = 3) versus 
children (n = 11) in study of shedding and household transmission, 
Colorado, USA. All children required hospitalization. The + mark 
indicates the time at which 1 participant was censored at the last 
day of inpatient collection because they did not report dates of 
home testing. The log-rank test statistic was used to test whether 
the 2 curves were different. EV, enterovirus. 
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AFM). However, that possibility would be extremely 
challenging, if not impracticable, to investigate with-
out enrolling AFM patients before neurologic disease 
develops, during the prodromal respiratory/febrile 
illness. The results of this study cannot be used to 
evaluate the infectious period of EV-D68 because we 
relied on detection of viral RNA above our assay’s 
limit of detection and did not perform viral culture 
because of the difficulty of growing EV-D68 caused 
by its atypical pH and temperature requirements (13). 
However, because RNA is typically shed longer than 
live culturable virus, this study provides upper lim-
its for the longest potential period of infectiousness, 
which could help inform infection control measures. 
We spaced sample collection to every 3 days after 
discharge for ease of home collection, but that timing 
might have decreased the precision of shedding du-
ration endpoints after hospitalization; conservatively 
calculating duration from the first negative sample 
rather than the last positive might slightly overestimate 
shedding durations. Finally, we used midturbinate 
swab specimens (instead of nasopharyngeal swabs) 
to detect RNA shedding, and some of those speci-
mens were collected by the patient or a parent or legal 
guardian. Nasopharyngeal swab specimens are often 
used as the standard for upper respiratory pathogen 
detection, and use of midturbinate swab specimens in 
this study might have decreased sensitivity; however, 
midturbinate swab specimens are increasingly being 
used in practice because of their tolerability and were 
more practical for this study given the serial nature 
of sample collection. In addition, although we cannot 
definitively ensure the quality of home-collected sam-
ples, and differences between home-collected samples 
and those collected by study personnel might exist, 
studies have shown that parent-collected or self-col-
lected specimens are adequate for pathogen detection 
and are a feasible convenient option, particularly in 
studies collecting serial samples (40–42).

Given current epidemiologic patterns, future EV-
D68 outbreaks of respiratory disease and AFM are 
likely. The knowledge generated by this study about 
RNA shedding, transmission dynamics, and the nat-
ural history of EV-D68 can help families, providers, 
and healthcare systems anticipate frequency of ill-
ness, expected disease course, and resource needs to 
prepare for outbreaks. We found a median duration of 
EV-D68 RNA shedding in the upper respiratory tract 
of 12 days after respiratory symptom onset and found 
that transmission within households, both between 
children and with parents, occurs. All participants 
with EV-D68 reported respiratory symptoms, illness 
duration of EV-D68 was >2 weeks, and most hospi-

talized children with asthma-like respiratory disease 
required ICU-level care, highlighting the severity of 
EV-D68 illness. Notably, this study stresses the im-
portance of recognizing illness early and collecting 
respiratory specimens promptly in suspected AFM 
cases. Our findings also underscore the importance 
of diagnostic advances, such as EV-D68–specific CSF 
antibody testing, to help detect previous infection 
when viral RNA is no longer present, confirm cases, 
and enable targeted treatment when EV-D68–specific 
therapeutics are approved.
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Reported Legionnaires’ disease cases began in-
creasing in the United States in 2003 after rela-
tively stable numbers for more than 10 years. 
This rise was most associated with increases in 
racial disparities, geographic focus, and season-
ality. Water management programs should be 
in place for preventing the growth and spread 
of Legionella in buildings.
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Identifying persons who have newly acquired HIV infec-
tions is critical for characterizing the HIV epidemic direc-
tion. We analyzed pooled data from nationally represen-
tative Population-Based HIV Impact Assessment surveys 
conducted across 14 countries in Africa for recent infection 
risk factors. We included adults 15–49 years of age who 
had sex during the previous year and used a recent infec-
tion testing algorithm to distinguish recent from long-term 
infections. We collected risk factor information via partici-
pant interviews and assessed correlates of recent infec-

tion using multinomial logistic regression, incorporating 
each surveyʼs complex sampling design. Compared with 
HIV-negative persons, persons with higher odds of re-
cent HIV infection were women, were divorced/separated/
widowed, had multiple recent sex partners, had a recent 
HIV-positive sex partner or one with unknown status, and 
lived in communities with higher HIV viremia prevalence. 
Prevention programs focusing on persons at higher risk for 
HIV and their sexual partners will contribute to reducing 
HIV incidence.
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Sub-Saharan Africa has the highest HIV infection 
incidence and prevalence in the world (1,2). Al-

though incidence is declining (3), more progress is 
needed to reduce transmission to a sufficient level 
that achieves global epidemic control. Several met-
rics for epidemic control have been proposed, in-
cluding an incidence:mortality ratio (number of new 
HIV infections:total number of deaths from all causes 
among HIV-infected persons), a metric used provid-
ing that both new infections and deaths are low and 
declining (4). In sub-Saharan Africa, the Joint United 
Nations Programme on HIV/AIDS (UNAIDS) esti-
mates that women and girls accounted for 63% of all 
new HIV infections in 2021 (2). Determining risk fac-
tors for HIV acquisition in countries with generalized 
HIV epidemics can help identify appropriate groups 
for tailored prevention programming and can support 
testing for those at highest risk of acquiring infection.

Methods used to examine risk factors for HIV 
often compare HIV-negative and HIV-positive per-
sons (prevalence) (5–7) or use longitudinal cohort 
studies that comprise HIV-negative persons at base-
line (8–11). Each of those methods has drawbacks. 
The prevalence approach does not distinguish recent 
from long-term infections, making it difficult to de-
termine whether risk factors preceded the infection 
(12). In addition, risk factors for HIV might change 
over time, and programmatic efforts need to assess 
who is at the highest risk of acquiring new infections 
to prevent transmission. Longitudinal cohorts can 
establish timing of infection; however, they require 
long follow-up periods and large sample sizes and 
are subject to attrition bias that might not be equal 
across risk factors (12).

Assays that distinguish recent from long-term 
HIV-1 infections present an opportunity to estimate 
HIV incidence and assess risk factors in cross-section-
al population-based household surveys (12,13). The 
limiting-antigen (LAg) avidity enzyme immunoas-
say (EIA) has been well characterized, validated, and 
used for the detection of recent infections and estima-
tion of HIV-1 incidence as part of a recent infection 
testing algorithm (RITA) in cross-sectional surveys, 
including Population-Based HIV Impact Assessment 
(PHIA) surveys (14,15). Therefore, PHIA surveys can 
identify risk factors for new HIV infections in the gen-
eral population across multiple countries in sub-Sa-
haran Africa by using the largest sample of recent in-
fections. We identified demographic and behavioral 
risk factors for recent HIV infections among sexually 
active adults across 14 sub-Saharan Africa countries 
and assessed whether those factors differed between 
recent and long-term infections.

Methods

Study Design
PHIAs are nationally representative, cross-sectional, 
population-based surveys of households across each 
country (16,17). A 2-stage, stratified cluster sample 
design was used in each survey: enumeration areas 
were selected within strata (subnational units, such 
as regions) by using a probability proportional to size 
method, and households within enumeration areas 
were randomly selected in the second stage. Weights 
were calculated to account for unequal probability 
of household selection, nonresponse, and noncover-
age. Within selected households, the household head 
completed a household survey, and eligible house-
hold members completed individual interviews and 
had blood collected after providing consent for each 
survey component.

Study Population
We used data from PHIA surveys completed in 14 
countries during 2015–2019: Cameroon, Cote d’Ivoire, 
Eswatini, Ethiopia, Kenya, Lesotho, Malawi, Namib-
ia, Nigeria, Rwanda, Tanzania, Uganda, Zambia, and 
Zimbabwe. We pooled data across PHIAs in a mul-
ticountry analysis because of small sample sizes for 
recent infections within each country. We included 
adults 15–49 years of age who reported engaging in 
sexual activity during the year before their interview. 
We only included persons who consented to a blood 
draw and had a valid final RITA classification. 

Variable Definitions
We explored demographic and behavioral vari-
ables collected during participant interviews to 
identify potential risk factors. Demographic fac-
tors were country, sex, age, marital status, educa-
tion, and household wealth. Behavioral factors were 
number of recent sexual partners (during the previ-
ous 12 months), age of sexual debut, HIV status of 
partner(s), age of partner(s), condom usage, and 
voluntary medical male circumcision status. Age of 
sexual debut was divided into <18 or >18 years cat-
egories; 18 years of age was the median. The num-
bers of partners in the previous year were grouped 
into categories (0, 1, or >2 partners), consistent with 
previous literature and an examination of the data 
(12,13). Age groups were 15–24, 25–34, and 35–49 
years, according to published precedent.

We calculated community viremia levels within 
each stratum in each country. We defined partici-
pants with long-term HIV infections and detectable 
viral load of >1,000 copies/mL as viremic and all 
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HIV-negative or HIV-positive participants with an 
undetectable viral load as nonviremic. We excluded 
persons with recent HIV infection (as defined in the 
next paragraph) from community viremia calcula-
tions, which were calculated as the weighted number 
of viremic persons divided by the weighted number 
of viremic plus nonviremic persons within each stra-
tum. We then categorized each stratum into quantiles 
representing the percentages of persons with nonsup-
pressed HIV infection within the stratum.

The 3 primary outcome categories for each par-
ticipant were recent HIV infection, long-term HIV in-
fection, or HIV negative. All participants were tested 
for HIV in the household according to each country’s 
national testing algorithm. Confirmatory HIV testing 
was completed in all countries except Uganda by us-
ing the Geenius HIV-1/2 rapid test (Bio-Rad Labo-
ratories, https://www.bio-rad.com). We classified 
HIV according to confirmatory testing and excluded 
a small number of participants (n<25) who tested 
positive for HIV-2 but not HIV-1 from recency test-
ing because the LAg-Avidity EIA is meant for HIV-1 
recency classification only. Among HIV-positive par-
ticipants, RITA was used to distinguish recent from 
long-term infections. The first step of RITA used the 
LAg-Avidity EIA (Sedia Biosciences Corp., https://
www.sediabio.com, for plasma specimens or Maxim 
Biomedical, https://www.maximbio.com, for dried 
blood spot specimens), which assesses development 
of antibody avidity. We classified participants with 
a median normalized optical density <1.5 for plas-
ma samples (or <1.0 for dried blood spot samples 
where venous blood could not be collected [<5% of 
participants]) as LAg-recent infections. Next, we cat-
egorized participants as recently infected if they had 
LAg-recent infections, HIV viral loads >1,000 copies/
mL, and an absence of antiretroviral drug metabolites 
in their blood by using RITA (14,15). All HIV-1–posi-
tive participants who did not meet the criteria for re-
cent infection were categorized as having long-term 
HIV infection.

Statistical Analysis
Initial data analysis strategies were bivariate compar-
isons between HIV-negative participants and those 
who had a recent HIV infection or long-term HIV in-
fections. We calculated an overall χ2 test statistic and 
unadjusted odds ratios for categorical variables. We 
used Taylor series weights and variables representing 
strata and units for all analyses. We performed analy-
ses by using SAS version 9.4 (SAS Institute, https://
www.sas.com) and considered p values <0.05 statisti-
cally significant.

Our model-building strategy incorporated candi-
date exposure variables with bivariate p values <0.20. 
In cases where variables were colinear, we included 
only 1 variable or set of variables in the final model. 
Only variables collected consistently across countries 
were eligible for the multivariable model. We used 
multinomial logistic regression to calculate adjusted 
weighted odds ratios accounting for the complex sur-
vey sample design.

Ethics Statement
PHIA surveys were funded by the US President’s 
Emergency Plan for AIDS Relief (PEPFAR) (18); tech-
nical assistance was provided by the US Centers for 
Disease Control and Prevention. The surveys were 
conducted through cooperative agreements with 
grantees/federal entities, including country Minis-
tries of Health, ICAP at Columbia University (New 
York, New York, USA), and the University of Mary-
land (Baltimore, MD, USA). Each survey was ap-
proved by human subject institutional review boards 
specific for each country, cooperative agreement 
grantees/federal entities conducting the survey, or 
the US Centers for Disease Control and Prevention.

Results

Population Description
Across the 14 countries included in this analysis, we 
identified 16,831 HIV-positive and 241,909 HIV-neg-
ative PHIA participants (Figure). Of the 16,831 HIV-
positive participants, 264 (1.6% of all HIV-positive 
participants) had recent infections and 16,567 had 
long-term infections. Sample sizes of participants 
who met inclusion criteria ranged from 5,874 in Eswa-
tini to 95,463 in Nigeria (Table 1). Biomarker (blood 
draw) response rates ranged from 86.7% in Malawi 
to 99.0% in Uganda for female participants and 85.3% 
in Namibia to 98.5% in Uganda for male participants.

Bivariate Analysis Findings
We performed weighted bivariate comparisons 
between HIV-negative and recently infected par-
ticipants (Table 2, https://wwwnc.cdc.gov/EID/
article/29/11/23-0703-T2.htm). Region was signifi-
cantly associated with recent HIV infection; persons 
living in western Africa represented only 27.1% of 
persons with recent HIV infections but represented 
51.5% of those who were HIV negative. In addition, 
female sex, age 25–34 years, and divorced or sepa-
rated marital status were associated with recent 
HIV infection. Among young adults 15–24 years 
of age, female participants accounted for 72.1% of 
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recent infections. Demographic variables not asso-
ciated with recent infection were urban and rural 
locations, household wealth, and working during 
the previous 12 months.

Behavioral factors were also associated with the 
prevalence of recent infections. For example, com-
pared with HIV-negative participants, those who had 
recent HIV infections were more likely to have had 
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Figure. Inclusion and exclusion 
criteria and final outcome status 
in study of population-based 
assessments of risk factors for 
recent HIV infections among 
sexually active adults in 14 sub-
Saharan Africa countries, 2015–
2019. Shaded circles indicate 
numbers of excluded participants 
and reasons for exclusion from 
the study. Final outcome was 
categorized into 3 groups of 
participants: recent HIV infection, 
long-term HIV infection, and 
HIV negative. PHIA, Population-
Based HIV Impact Assessment.

 
Table 1. Sample sizes of sexually active adults 15–49 years of age in study of risk factors for recent HIV infections among adults in 14 
countries in Africa identified by Population-based HIV Impact Assessment surveys, 2015–2019* 
Region and country HIV negative Long-term HIV infection Recent HIV infection Total sample size 
Western Africa 
 Cameroon 15,747 617 18 16,382 
 Cote d’Ivoire 11,688 258 4 11,950 
 Nigeria 93,895 1,537 31 95,463 
 Subtotal 121,330 2,412 53 123,795 
Eastern Africa 
 Ethiopia 8,131 265 4 8,400 
 Kenya 15,084 880 7 15,971 
 Tanzania 17,113 1,070 27 18,210 
 Rwanda 15,665 520 4 16,189 
 Uganda 17,850 1,171 30 19,051 
 Subtotal 73,843 3,906 72 77,821 
Southeastern Africa 
 Malawi 9,735 1,428 19 11,182 
 Zambia 9,762 1,486 30 11,278 
 Zimbabwe 9,663 1,976 21 11,660 
 Subtotal 29,160 4,890 70 34,120 
Southern Africa 
 Eswatini 3,848 2,004 22 5,874 
 Lesotho 5,480 2,107 31 7,618 
 Namibia 8,248 1,248 16 9,512 
 Subtotal 17,576 5,359 69 23,004 
Overall total 241,909 16,567 264 258,740 
*Sexually active adults are those who reported >1 sexual partner in the previous 12 mo. 

 



Risk Factors for Recent HIV Infection in Africa

a sexual debut at <18 years of age, had >1 partner in 
the previous 12 months, had sex with a partner with 
whom they were not living, not used condoms during 
their last sexual intercourse with a nonregular part-
ner, and had sex within the previous 12 months with 
a partner who had unknown HIV status or an HIV-
positive status (Table 2).

We also performed weighted bivariate compari-
sons of recently infected participants and those with 
long-term infections (Table 2). Compared with par-
ticipants 35–49 years of age, adolescents and young 
adults (15–34 years of age) had a greater percentage 
of recent infections than long-term infections. Par-
ticipants who were never married or were divorced/
separated had a greater percentage of recent than 
long-term infections, whereas those who were wid-
owed were more likely to have long-term infections. 
Sex, employment, education, household wealth, and 
urbanicity were not associated with recent versus 
long-term infections. Behavioral factors more com-
mon in participants who had recent HIV infections 
(compared with those with long-term HIV infections) 
were sexual debut at <18 years of age, >1 sexual part-
ner in the previous 12 months, having partners other 
than a spouse or live-in partner in the previous 12 
months, not using a condom during their last sexual 
intercourse, and having a partner in the previous 12 
months who had unknown HIV status (Table 2).

We performed bivariate exploratory compari-
sons of variables that were not collected consistently 
across all PHIAs or were only relevant to population 
subgroups (Table 3). Participants who had a sexually 
transmitted disease diagnosis or sexually transmitted 
infection symptoms and male participants who did 
not have a medical circumcision were more likely to 
be recently infected than HIV-negative. In addition, 
participants who had long-term infections were more 
likely to have previously been tested for HIV >1 year 
ago and were more likely to be uncircumcised than 
those who had a recent HIV infection (Table 3).

Multivariate Analysis Findings
In the adjusted model, the southern, southeastern, and 
eastern Africa regions and community-level viremia 
remained significantly associated with recent infec-
tions (Table 4). Participants living in countries within 
eastern, southeastern, and southern Africa had higher 
odds of recent HIV infection compared with those in 
western Africa, even after adjusting for community-
level viremia. In addition, participants grouped in the 
third and fourth highest quartiles of community-level 
viremia were more likely to have a recent HIV infec-
tion than those in the lowest quartile; the odds of re-
cent infection increased with each viremia quartile.

Individual demographic characteristics, includ-
ing sex and marital status, remained significantly 
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Table 3. Description of potential risk factors for HIV infection from data collected inconsistently across Population-Based HIV Impact 
Assessment surveys among adults in 14 countries in Africa, 2015–2019* 

Variable 

Recent HIV Infections 

 

HIV negative 

 

Long-term HIV infections 

No. 
Weighted 

No. 
Weighted 

p value No. 
Weighted 

p value No. % No. % No. % 
Previous HIV testing†              
 Never 29 12,504 13.3  28,497 18,070,566 21.2 0.08  950 12,504 8.7 0.0007 
 In previous year 120 40,316 42.8  63,272 34,907,993 41.0   4,941 1,852,308 33.3  
 >12 mo ago 79 41,334 43.9  54,926 32,071,315 37.7   9,053 3,230,533 58.1  
Hazardous drinking‡              
 Yes 23 6,465 12.3  7,687 3,782,225 10.7 0.61  1,286 464,592 14.8 0.38 
 No 115 46,171 87.7  53,395 31,645,051 89.3   8,038 2,671,216 85.2  
STD diagnosis§              
 Yes 7 2,891 10.7  1,239 780,205 4.0 0.02  350 153,294 7.3 0.23 
 No 68 24,249 89.3  37,007 18,917,995 96.0   4,889 1,939,752 92.6  
STI symptoms¶              
 Yes 24 14,602 27.0  9,189 7,347,057 14.3 0.007  1,448 790,794 21.6 0.28 
 No 81 39,535 73.0  59,901 46,925,388 85.7   5,602 2,865,735 78.4  
Victim of sexual violence by partner in previous 12 mo#         
 Yes 2 869 3.8  424 217,821 1.5 0.17  60 20,445 1.4 0.15 
 No 77 21,816 96.2  33,334 14,227,044 98.5   5,650 1,422,172 98.6  
VMMC status**              
 Medical  13 8,262 21.1  31,546 23,295,330 38.2 0.005  976 562,564 26.2 0.004 
 Traditional 26 16,358 41.7  36,456 26,060,244 42.7   1,028 508,445 23.7  
 None 36 14,610 37.2  24,119 11,612,109 19.0   2,797 1,073,815 50.1  
*STD, sexually transmitted disease; STI, sexually transmitted infection; VMMC, voluntary medical male circumcision. 
†Excludes Nigeria. 
‡Includes Eswatini, Kenya, Malawi, Namibia, Tanzania, Zambia, and Zimbabwe. 
§Includes Ethiopia, Kenya, Malawi, Zambia, and Zimbabwe. 
¶Includes Ethiopia, Kenya, Malawi, Tanzania, Zambia, and Zimbabwe. 
#Includes a single participant per household in Cameroon, Cote D’Ivoire, Ethiopia, Lesotho, Malawi, Namibia, Eswatini, Uganda, Zambia, and Zimbabwe. 
**Men only. 
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associated with HIV acquisition; female participants 
had 1.82 times greater odds of recent HIV infection 
than for male participants. In addition, participants 
who were divorced, separated, or widowed had 3.58 
times greater odds of recent HIV infection than for 
those who were never married. Age group was not 
significantly associated with HIV acquisition risk in 
adjusted models (Table 4). Sexual behavior charac-
teristics that remained significantly associated with 
recent HIV acquisition were having >1 partner in the 
previous 12 months (adjusted odds ratio [aOR] 1.92) 
and having >1 partner who thought or was told they 
were HIV-positive (aOR 7.25) or had unknown HIV 
status (aOR 2.05).

In the multivariable model, compared to those 
with longstanding infections, those 15–24 years of 
age (aOR 4.79) and 25–34 years of age (aOR 2.23) were 
more likely to have a recently acquired infection than 
were participants who were 35–49 years of age (Table 
5). Participants who used a condom the last time they 
had sex (aOR 0.46) and had >1 partner in the previ-
ous 12 months that the participant believed or knew 
to be HIV-positive (aOR 0.17) were less likely to have 
a recent infection than a long-term infection. Region, 
sex, marital status, age of sexual debut, partner age 
differences, and community-level viremia did not sig-
nificantly differ between those with recent and long-
term infections.
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Table 4. Correlates of recent and long-term HIV infections compared with HIV negativity in study of risk factors for HIV infections 
among adults in 14 countries in Africa identified by Population-Based HIV Impact Assessment surveys, 2015–2019 

Category 

Recent infection vs. HIV-negative 

 

Long-term infection vs. HIV-negative 
Crude odds ratio 

(95% CI) 
Adjusted odds ratio 

(95% CI) 
Crude odds ratio 

(95% CI) 
Adjusted odds ratio 

(95% CI) 
Region      
 Eastern Africa 2.26 (1.46–3.50) 1.88 (1.18–3.02)  2.74 (2.53–3.00) 1.73 (1.58–1.89) 
 Southeastern Africa 4.39 (2.86–6.73) 2.74 (1.64–4.57)  7.74 (7.17–8.35) 2.66 (2.42–2.93) 
 Southern Africa 8.58 (5.54–13.28) 4.73 (2.65–8.44)  15.02 (13.89–16.25) 4.03 (3.63–4.47) 
 Western Africa Referent Referent  Referent Referent 
Sex      
 F 1.56 (1.09–2.24) 1.82 (1.11–2.98)  1.62 (1.55–1.70) 1.81 (1.68–1.96) 
 M Referent Referent  Referent Referent 
Age group, y      
 15-24 1.60 (1.02–2.51) 1.26 (0.74–2.15)  0.27 (0.25–0.29) 0.26 (0.24–0.29) 
 25-34 1.68 (1.09–2.58) 1.43 (0.92–2.23)  0.64 (0.61–0.68) 0.64 (0.60–0.68) 
 35-49 Referent Referent  Referent Referent 
Marital status      
 Married/cohabiting 0.87 (0.58–1.31) 1.16 (0.67–1.99)  1.92 (1.79–2.07) 1.35 (1.21–1.51) 
 Divorced/separated/widowed 4.24 (2.48–7.26) 3.58 (1.92–6.69)  6.97 (6.37–7.62) 3.28 (2.91–3.70) 
 Never married Referent Referent  Referent Referent 
Age of sexual debut, y      
 <18 1.74 (1.23–2.46) 1.42 (0.99–2.04)  1.17 (1.11–1.23) 1.20 (1.13–1.28) 
 ≥18 Referent Referent  Referent Referent 
No. sexual partners in previous 12 mo      
 1 partner Referent Referent  Referent Referent 
 >2 partners 1.95 (1.34–2.83) 1.92 (1.23–3.00)  0.99 (0.93–1.06) 1.05 (0.96–1.15) 
Condom used at last sex      
 Condom used 1.32 (0.88–1.99) 0.97 (0.58–1.62)  2.59 (2.45–2.73) 2.13 (1.97–2.30) 
 Condom not used Referent Referent  Referent Referent 
HIV status of sexual partners in previous 
12 mo 

     

 >1 partner thought/told/tested HIV+ 15.15 (6.81–33.69) 7.25 (3.41–15.40)  68.92 (6.80–33.68) 42.74 (38.53–47.42) 
 >1 partner with unknown HIV status 1.90 (1.34–2.69) 2.05 (1.38–3.03)  1.41 (1.32–1.49) 1.73 (1.62–1.85) 
 All partners thought/told/tested HIV– Referent Referent  Referent Referent 
Age difference with sexual partners      
 All partners <5 years older than 
participant 

Referent Referent  Referent Referent 

 >1 partner 5–9 years older than 
participant 

1.38 (0.95–2.02) 1.05 (0.67–1.66)  1.27 (1.20–1.35) 0.97 (0.90–1.06) 

 >1 partner >10 years older than 
participant 

0.98 (0.65–1.48) 0.97 (0.58–1.62)  1.20 (1.13–1.27) 1.15 (1.06–1.25) 

Community-level viremia*      
 Lowest quartile  Referent Referent  Referent Referent 
 Second quartile 1.42 (0.64–3.13) 1.86 (0.79–4.38)  1.57 (1.38–1.80) 1.85 (1.62–2.11) 
 Third quartile 2.87 (1.36–6.08) 3.16 (1.38–7.26)  3.99 (3.56–4.48) 3.68 (3.27–4.13) 
 Highest quartile  6.58 (3.22–13.46) 4.81 (2.10–11.00)  11.38 (10.21–12.68) 6.84 (6.09–7.69) 
*Lowest quartile (0–25%), <39.38 viremic persons/10,000 population; second quartile (25%–50%), 39.38–122.51 viremic persons/10,000 population; third 
quartile (50%–75%), 122.52–297.03 viremic persons/10,000 population; highest quartile (76%–100%), >297.03 viremic persons/10,000 population. 
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Discussion
We compared persons recently infected with HIV, 
HIV-negative persons, and persons with long-term 
HIV infections in 14 countries within sub-Saharan 
Africa by using large, nationally representative, 
population-based surveys. Participants living in re-
gions of sub-Saharan Africa with higher HIV preva-
lence were considerably more likely to have a recent 
HIV infection. Similarly, participants living in com-
munities with higher prevalence of HIV viremia 
had higher odds of recent HIV infection. Both asso-
ciations persisted after controlling for individual risk 
factors. Treatment as prevention (TasP) is a primary 
strategy for ending the HIV epidemic and is an es-
sential strategy within the conceptual framework of 
UNAIDS 95–95–95 goals (that 95% of people living 
with HIV/AIDS know their status, 95% of those who 
know their status are on treatment, and 95% of those 

on treatment are virally suppressed). Multiple stud-
ies have shown that persons with undetectable levels 
of HIV (i.e., HIV viral load <200 copies/mL blood) 
have essentially no risk of transmitting HIV through 
sex (19,20). However, population-based studies that 
assess the effects of TasP on HIV incidence in commu-
nities have had fewer clear outcomes; some studies 
found a lack of population-level effect of TasP (21). 
Persons living in areas with higher HIV prevalence or 
higher prevalence of viremic people living with HIV/
AIDS have increased likelihood of acquiring HIV 
infections (22). This finding reinforces the potential 
benefits of identifying persons who are unaware of 
their HIV infection and enrolling them in treatment 
programs to achieve sustained HIV viral suppression, 
as well as benefits of prevention interventions, such 
as scale-up of HIV preexposure prophylaxis accord-
ing to programmatic need.
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Table 5. Crude and adjusted odds ratios comparing recent and long-term HIV infections in study of risk factors for HIV infections 
among adults in 14 countries in Africa identified by Population-Based HIV Impact Assessment surveys, 2015–2019 
Category Crude odds ratio (95% CI) Adjusted odds ratio (95% CI)  
Region   
 Eastern Africa 0.82 (0.53–1.28) 1.10 (0.68–1.76) 
 Southeastern Africa 0.57 (0.37–0.88) 1.03 (0.61–1.73) 
 Southern Africa 0.57 (0.37–0.89) 1.18 (0.66–2.11) 
 Western Africa Referent Referent 
Sex   
 F 0.96 (0.67–1.38) 1.00 (0.61–1.65) 

M Referent Referent 
Age Group, y   
 15–24 6.03 (3.81–9.53) 4.79 (2.79–8.24) 
 25–34 2.60 (1.69–4.01) 2.23 (1.43–3.47) 
 35–49 Referent Referent 
Marital Status   
 Married/cohabiting 0.45 (0.30–0.68) 0.86 (0.49–1.49) 
 Divorced/separated/widowed 0.61 (0.35–1.05) 1.09 (0.58–2.06) 
 Never married Referent Referent 
Age of Sexual Debut, y   
 <18 1.49 (1.05–2.11) 1.19 (0.82–1.71) 
 >18 Referent Referent 
No. sexual partners in previous 12 mo   
 1 Referent Referent 
 >2 1.96 (1.35–2.85) 1.83 (1.17–2.86) 
Condom used at last sex   
 Condom used 0.51 (0.34–0.77) 0.46 (0.28–0.74) 
 Condom not used Referent Referent 
HIV status of sexual partners    
 >1 partner thought/told/tested HIV+ 0.22 (0.10–0.49) 0.17 (0.08–0.36) 
 >1 partner with unknown HIV status 1.35 (0.95–1.92) 1.18 (0.80–1.76) 
 All partners thought/told/tested HIV– Referent Referent 
Age difference with sexual partners    
 Partners <5 years older than participant Referent Referent 
 >1 partner 5–9 years older than participant 1.09 (0.74–1.59) 1.08 (0.68–1.72) 
 >1 partner >10 years older than participant 0.82 (0.54–1.24) 0.84 (0.50–1.42) 
Community-level viremia*   
 Lowest quartile Referent Referent 
 Second quartile 0.90 (0.40–2.01) 1.01 (0.43–2.39) 
 Third quartile 0.72 (0.34–1.54) 0.86 (0.37–1.99) 
 Highest quartile 0.58 (0.28–1.19) 0.70 (0.31–1.62) 
*Lowest quartile (0–25%), <39.38 viremic persons/10,000 population; second quartile (25%–50%), 39.38–122.51 viremic persons/10,000 population; third 
quartile (50%–75%), 122.52–297.03 viremic persons/10,000 population; highest quartile (76%–100%), >297.03 viremic persons/10,000 population. 
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Consistent with existing literature from sub-
Saharan Africa, we found that recent HIV infection 
was higher in female than male participants; female 
participants accounted for 65% of recent infections 
and had ≈2 times the adjusted odds of recent HIV in-
fection compared with male participants (12,23). The 
estimated proportion of new infections occurring 
among adolescents and young adults 15–24 years 
of age (31.4%) was largely consistent with UNAIDS 
estimates of 2 in 7 new infections occurring among 
that age group (24). We also found that >70% of new 
HIV infections among adolescents and young adults 
were acquired by female participants, in line with 
the 60%–80% estimates by UNAIDS (25). Those find-
ings highlight the continued need for HIV preven-
tion programs for women and girls, along with other 
sexual and reproductive health services. Gender dis-
parities in HIV incidence also highlight the need to 
engage male patients in treatment uptake and reten-
tion efforts to further reduce infections among their 
female partners (26). Age group was not associated 
with risk for recent HIV infection in adjusted mod-
els, indicating the importance of HIV prevention 
programming across the age continuum among sex-
ually active adolescents and adults.

Compared with participants having sex only 
with partners they believed or knew were nega-
tive for HIV, having a partner that the participant 
knew or believed was positive for HIV or a part-
ner with unknown HIV status was associated with 
acquiring a recent HIV infection. The relationship 
was stronger for those with a partner known or be-
lieved to be positive for HIV. Still, most new infec-
tions occurred among those who had a sex partner 
with unknown HIV status. Very few participants 
with recent HIV infection had sex only with part-
ners they thought were negative for HIV. Having 
sex with a partner outside of marriage, a sexual 
debut before turning 18 years of age, and having 
multiple partners were also associated with an in-
creased risk for new HIV infection. Those findings 
are not surprising, because they are broadly consis-
tent with similar analyses completed over the pre-
vious 2 decades (12,13). Although HIV incidence 
has decreased during that period, further declines 
in incidence and reduction in incidence disparities 
might rely on continued targeted testing to identify 
those persons at risk of transmitting HIV, as well as 
interventions that encourage disclosure of positive 
status, promote access to antiretroviral therapy to 
suppress viral load, prevent transmission, reduce 
the number of sexual partners, and promote safe 
sex and access to preexposure prophylaxis.

Certain factors could not be included in the fi-
nal model because those data were collected incon-
sistently across countries or were applicable only to 
subpopulations. However, voluntary medical male 
circumcision has been shown to reduce the risk of 
HIV acquisition by 38%–66% (27), and our bivari-
ate comparisons of participants with recent infec-
tions compared with HIV-negative participants are 
consistent with those data. Additional analyses of 
PHIA data from fewer countries but using meth-
ods designed to specifically determine the effect of 
male medical circumcision on HIV incidence have 
similarly found a substantial protective effect, par-
ticularly among younger men and boys 15–34 years 
of age (28).

Although using RITAs in cross-sectional sur-
veys enables the examination of risk factors for new 
infections, limitations to this approach exist. PHIAs 
are designed to estimate national incidence rates by 
using RITAs and are not powered to examine any 
specific associations between potential risk factors 
and recent infections. Even though PHIAs were used 
in some countries with the highest HIV prevalence 
worldwide and sample sizes were large, very few 
(range 4–31) recent infections among the study pop-
ulations were identified. The rarity of the outcome 
precluded country-specific analyses of risk factors 
for recent infections. In addition, cultural context, 
epidemic dynamics, and responses of governments 
to the epidemic are not homogenous across the con-
tinent. Therefore, we could not examine those nu-
ances across or within countries. The size and scope 
of PHIAs prevents data being available in near real-
time; thus, delays in monitoring HIV-acquisition 
trends using survey-based approaches exist, and 
risk factors for new infection might change over 
time. In addition, previous studies that have used a 
similar approach within a single country had larger 
sample sizes of recent infections because a larger 
proportion of HIV infections were classified as re-
cent, such as 7% in Kenya (13) and 17% in Uganda 
(12). In contrast, only 1.6% of HIV infections in our 
study were classified as recent infections, likely be-
cause incidence rates have declined; the studies in 
Uganda (12) and Kenya (13) used data collected dur-
ing 2007, whereas PHIA data used in our study were 
collected during 2015–2019. Furthermore, differenc-
es in RITAs might have contributed to differences in 
proportions of HIV infections classified as recent; for 
example, the Uganda study used a different assay, 
which might have a higher false recency rate than 
the LAg-avidity EIA (29). Moreover, PHIAs used in 
our study were conducted with a revised RITA that 
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incorporated viral load (>1,000 copies/mL) and ab-
sence of antiretroviral drug metabolites.

Because this study used a pooled analysis, we 
were limited to factors that were collected consistent-
ly across each PHIA, reducing our ability to examine 
potential relationships between recent infections and 
other factors, such as mobility, violence, stigma, alco-
hol use, and sexually transmitted infection symptoms 
or diagnosis, which were not collected consistently 
across countries. Other potential risk factors, such as 
education, had to be regrouped into broad categories 
that might have limited our analysis of their relation-
ship with recent HIV infection. Furthermore, only 
countries that completed a PHIA were included in 
the analysis; therefore, results might not be generaliz-
able to other countries in sub-Saharan Africa. Com-
munity-level viremia was calculated at the stratum 
level, which often represented larger geographic or 
political areas such as regions or provinces. Finally, a 
potential for misclassification of potential risk factors 
in PHIAs existed because of the self-reported nature 
of risk factors of interest and potential for outcome 
misclassification by RITA.

Despite those limitations, we successfully iden-
tified key factors associated with recent infections 
among the adult populations of 14 countries that have 
high HIV burdens. Focusing prevention resources on 
persons who are at higher risk of acquiring a recent 
infection should contribute to the continued decline 
in HIV incidence and, ultimately, to epidemic control. 
Additional strategies will be needed to monitor recent 
infections, such as routine surveillance as part of HIV 
testing services for rapid case and cluster investiga-
tions (30–32) or using testing history–based methods 
to classify recent infections within surveys that do not 
require the use of a recency assay (33). Those data will 
provide actionable information for HIV programs re-
garding new outbreak locations and where preven-
tion resources might be needed most (30).
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Antimicrobial resistance (AMR) is a growing pub-
lic health problem that affects health, the econ-

omy, and human development (1). A 2016 review of 
AMR showed that drug-resistant infections will kill 10 
million persons annually by 2050 and cause a cumula-
tive economic loss of US $100 trillion if proactive solu-
tions to slow the rise of drug resistance are not imple-
mented (2). Although some persons have criticized  

this forecast, numerous researchers agree that the 
spread of AMR is an urgent problem, one that will re-
quire a global, coordinated action plan to solve (3,4).

Recently, a study using statistical predictive 
models based on a comprehensive systematic review 
estimated 4.95 million deaths related to AMR, includ-
ing 1.27 million deaths attributable to AMR, occurred 
across 204 countries and territories in 2019 (5). The 
highest burden of AMR is seen in low-resource set-
tings. AMR was the third leading underlying cause 
of death for 2019 in the Institute for Health Metrics 
and Evaluation’s Global Burden of Disease study 
(https://www.healthdata.org/research-analysis/
gbd). In addition, deaths attributable to AMR sur-
passed deaths caused by HIV, tuberculosis, and ma-
laria. Understanding the effects of AMR is crucial for 
building policy resolutions, particularly regarding 
antimicrobial and diagnostic stewardship and infec-
tion prevention and control programs. This study, in 
which we defined attributable lethality as the excess 
lethality of patients with infections caused by resis-
tant organisms compared with patients with infec-
tions caused by the same susceptible pathogens, rep-
resents an essential contribution to knowledge of the 
effects of AMR on lethality. However, because the 
estimations were performed for 2019, data related to 
the effects of the COVID-19 pandemic could not be 
part of this study. In addition, estimates of attribut-
able lethality for the Latin America region were based 
principally on data from Brazil, Colombia, and Mex-
ico; information from other countries in the region 
was limited (5). The incidence of multidrug-resistant 
organisms (MDROs) increased during the COVID-19 
pandemic because of widespread use of antimicro-
bial drugs and breaches in infection control prac-
tices (6–8). During 2020–2021, Latin American and  
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Antimicrobial resistance is a pressing global health con-
cern, leading to 4.95 million deaths in 2019. We con-
ducted a systematic review and meta-analysis to assess 
the lethality attributed to infections caused by multidrug-
resistant organisms (MDROs) in Latin America and the 
Caribbean. A comprehensive search of major databases 
retrieved relevant studies from 2000–2022. We included 
54 observational studies, primarily from Brazil, Argentina, 
and Colombia. The most commonly studied organism 
was methicillin-resistant Staphylococcus aureus. The 
overall unadjusted case fatality rate related to MDROs 
was 45.0%; higher adjusted lethality was observed in 
persons infected with MDROs than in those infected with 
other pathogens (adjusted odds ratio 1.93, 95% CI 1.58–
2.37). A higher lethality rate was seen in patients who did 
not receive appropriate empirical treatment (odds ratio 
2.27, 95% CI 1.44–3.56). These findings underscore the 
increased lethality associated with antimicrobial resis-
tance in Latin America and the Caribbean.
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Caribbean (LAC) countries reported clinical emer-
gence of carbapenemase-producing Enterobacterales 
that had not been previously characterized locally, in-
creased prevalence of carbapenemases that had been 
previously detected, and coproduction of multiple 
carbapenemases in some isolates (9).

Several studies have estimated the effects of anti-
biotic resistance on incidence, deaths, length of hospi-
tal stay, and healthcare costs for MDROs (1,2,10), but 
systematic research on the effects of AMR in the LAC 
region for a wide range of bacteria and infections is 
lacking. We conducted a systematic review to address 
this evidence gap.

Materials and Methods

Search Strategy and Selection Criteria
We performed a systematic review and meta-anal-
ysis using Cochrane methods (11) and the PRISMA 
(12) statement for reporting systematic reviews and 
meta-analysis. We searched records published dur-
ing January 1, 2000–March 29, 2022, in the databases 
CENTRAL (Cochrane Central Register of Controlled 
Trials), MEDLINE, Embase, LILACS (Latin Ameri-
can and Caribbean Health Sciences Literature), and 
CINAHL (Cumulative Index to Nursing and Allied 
Health Literature), without language restriction and 
with geographic scope of LAC countries (Appendix, 
https://wwwnc.cdc.gov/EID/article/29/11/23-
0753-App1.pdf).

We included cohort studies, case–control stud-
ies, cross-sectional and control arms of randomized 
and quasi-randomized controlled trials, with >20 
inpatient or outpatient participants, irrespective 
of age and sex, that assessed case-fatality rate (i.e., 
number of deaths among diagnosed cases only) 
within 30 days postinfection by any of the following 
resistant organisms: methicillin-resistant Staphylo-
coccus aureus (MRSA), vancomycin-resistant Entero-
coccus spp. (VRE), extended-spectrum β-lactamase 
producing Enterobacterales (ESBL-E), carbapenem-
resistant Enterobacterales (CRE, including Klebsiel-
la pneumoniae, Enterobacter, Escherichia coli, Proteus, 
and Serratia), carbapenem-resistant Pseudomonas 
aeruginosa (CR-PA), carbapenem-resistant Acineto-
bacter baumannii (CR-AB), or azole/echinocandin-
resistant Candida spp. (1). We have incorporated 
the MDRO category, which encompasses a diverse 
array of microorganisms (MRSA, VRE, ESBL-E, 
CRE, CR-PA, CR-AB). MDRO definitions and ap-
propriate empirical treatment varied among pri-
mary studies. We accepted the definitions given by 
each study author.

We planned to include economic evaluations to 
assess resource use, including hospital stays and loss 
of health-related quality of life. We considered sys-
tematic reviews and meta-analyses only as sources 
for primary studies. When we found data or data 
subsets reported in >1 publication, we selected the 
most recent study or the study with the larger sample 
size. We searched databases containing proceedings 
of regional congresses and doctoral theses. We also 
consulted websites from the main regional medical 
societies, experts, and associations related to the topic 
(Appendix).

Statistical Analysis
Pairs of reviewers independently selected articles 
by evaluating titles and abstracts of identified stud-
ies and then performing full-text review using Co-
vidence software (https://www.covidence.org). One 
reviewer performed data extraction and a second 
verified data by using a prespecified extraction online 
form previously piloted in 10 studies. The same re-
viewers independently assessed the risk for bias us-
ing a checklist for observational studies developed 
by the US National Heart, Lung, and Blood Institute 
(https://www.nhlbi.nih.gov/health-topics/study-
quality-assessment-tools). All authors resolved dis-
crepancies by consensus.

We extracted study information consisting of 
type of publication, year of publication, authors, pop-
ulation, geographic location, study design, methods, 
pathogen–drug combinations, counterfactual data, 
and outcomes of interest. We classified population 
risk as high risk if they met >1 of the following char-
acteristics: intensive care unit (ICU) setting or >50% 
of enrolled patients from ICU; median Charlson Co-
morbidity Index of >3 (if not reported, >50% of the pa-
tients with >1 comorbidity); or patients referred from 
high-risk wards (i.e., hematology, oncology, burns, 
transplantation, and infectious diseases, including 
HIV units). Otherwise, we classified the population 
as average risk. If study authors provided no data, we 
categorized the population risk as unknown.

To analyze our data, we used descriptive statistics 
and performed proportional meta-analysis using the 
random effects model whenever possible, employing 
methods to stabilize variance given the degree of ex-
pected heterogeneity. We applied the arcsine trans-
formation to stabilize the variance of proportions us-
ing inverse arcsine variance weights for the random 
effects model with the metagen function (13,14). We 
used the restricted maximum-likelihood estimator 
to calculate the heterogeneity variance τ2 across the 
studies and I2 statistic as a measure of the proportion  
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of the overall variation that was attributable to be-
tween-study heterogeneity (15,16).

The primary outcome was deaths attributable to 
AMR. Mortality rates describe the incidence of deaths 
among a specific population over a specific time. In 
this study, the population under investigation con-
sisted of infected persons; although the accurate term 
is lethality (number of deaths among infected pa-
tients), we occasionally use the term mortality, which 
is more commonly used in the literature. We have in-
cluded adjusted measures, such as odds ratio (OR), 
relative risk (RR), or hazard ratio (HR), when they 
were available for >10 events in the susceptible or 
resistance group. We included the longest time-point 
in-hospital lethality reported in each study in the 
analysis. We also performed a random-effects meta-
analysis to estimate the pooled unadjusted OR when 
possible. Otherwise, we calculated ORs and 95% CIs 
using the information provided in each study. We re-
port all effects estimates with a 95% CI. We describe 
the remaining results narratively and in tables.

We performed subgroup analysis by recruitment 
year and pathogen-drug combination. We performed 
a sensitivity analysis to assess the effect of risk for 
bias on the results of the primary analyses by limit-
ing the analysis to a low risk for bias for the primary 
domains. We also used Knapp-Hartung adjustments 
to estimate 95% CIs around the pooled effect as a sen-
sitivity analysis (17).

To further explore heterogeneity, we conducted 
a meta-regression analysis to examine whether ad-
justed and unadjusted effect estimates differed nota-
bly by year of study recruitment, population sever-
ity, resistance mechanisms or type of resistance, and 
appropriate empirical antibiotic treatment. We also 
planned a sensitivity analysis on the basis of the type 
of adjustment performed and considered it appropri-
ate if the authors controlled in the final model >1 vari-
able in each of these categories: variables related to 
the patients’ baseline status, variables related to the 
infection, and variables related to the treatment (18).

We visually inspected the funnel plot for asym-
metry to assess publication bias and performed 
Begg’s test. We used R software version 4.0.3 for all 
analyses (19). The protocol of this study is registered 
in PROSPERO (https://www.crd.york.ac.uk/pros-
pero; identification no. CRD42022322795).

Results
We identified 1,141 records from databases and 204 
records from other sources; after the selection pro-
cess, 54 studies met our inclusion criteria (Figure 1). 
The articles were published during January 1, 2000–

March 29, 2022; the inclusion period of participants 
was 1991–2020. We excluded 19 studies at the extrac-
tion stage (Appendix Table 6). Most included studies 
were cohort studies (50/54 [92.6%]); 36 were retro-
spective studies. The studies provided data on AMR 
mainly from Brazil (29 [53.7%]), Argentina (8 [14.8%]), 
Colombia (6 [11.1%]), and Mexico (6 [11.1%]). Of the 
54 included studies, participants in 38 (70.4%) were 
adults (adults and elderly patients), and 6 (11.1%) 
studies included only children (neonates and pe-
diatric patients). In the 49 studies that reported the 
source of patients, all participants were hospitalized, 
18 (36.7%) consisted of ICU patients, and 20 (40.9%) 
included both ICU and non-ICU patients. High-risk 
populations were included in 43 (79.6%) studies. The 
most frequently evaluated individual microorganism 
was MRSA in 16 (29.6%) studies (Appendix Table 
12). We identified a fair risk of bias in 24 (44.4%) of 54 
studies (Appendix Tables 7, 8). We noted additional 
characteristics of individual included studies (Ap-
pendix Table 9).

We assessed lethality and association measures of 
the individual studies (Appendix Table 13). The over-
all unadjusted case-fatality rate related to MDRO was 
45.0% (95% CI 40.0–50.0; I2 85.0%) (Appendix Figure 
1). We found higher lethality among participants in-
fected with MDRO than among participants infected 
with nonresistant organisms, grouped according to 
the type of resistance (pooled adjusted OR [aOR] 1.93, 
95% CI 1.58–2.37; I2 0%) (Figure 2). Although that 
trend was maintained in studies that reported RR or 
HR as adjusted measures, the difference was not sta-
tistically significant. We found no evidence of publi-
cation bias among studies reporting aOR or adjusted 
HR (Appendix Figures 2, 3).

Higher lethality was also observed in those who 
did not receive appropriate empirical treatment (OR 
2.27, 95% CI 1.44–3.56) than in those who did (OR 1.59, 
95% CI 0.99–2.56), although the test for subgroup dif-
ferences was not statistically significant (p = 0.57). We 
also found no statistically significant difference (p = 
0.75) between resistance and lethality in those stud-
ies that included appropriate empiric antibiotic treat-
ment as a covariate in the adjusted model (Figure 3; 
Appendix Figure 4).

We report the association between unadjusted le-
thality and type of resistance (Table). The pooled un-
adjusted lethality associated with resistant infections 
was significantly higher (OR 1.86, 95% CI 1.55–2.23) 
than that associated with susceptible infections but 
with high heterogeneity (I2 71%) (Appendix Figure 5). 
We identified a downward trend (p = 0.463) of this 
pooled OR of lethality over time (Figure 4). We also 
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presented a forest plot of unadjusted OR for lethal-
ity by year of study recruitment (Appendix Figure 6). 
The results of a meta-regression analysis showed no 
significant differences in effect estimates (Appendix 
Table 10).

We analyzed the difference between the pooled 
unadjusted and adjusted lethality associated with re-
sistance between studies that reported both measures 
(Appendix Figure 7). The magnitude of the effect was 
larger when looking at the unadjusted measures, but 
the differences between subgroups were not statisti-
cally significant (p = 0.360).

We performed a sensitivity analysis based on the 
type of multivariate model adjustment reported in 
the studies. Although the aOR was larger when the 
adjustment was appropriate, we found no statistically 
significant subgroup differences (p = 0.56) (Appendix 
Figure 8). As a sensitivity analysis, we report the 95% 
CI around the pooled effect with Knapp-Hartung 
adjustments in those studies that report adjust mea-
sures. We found no major differences with or without 
this method (Appendix Table 11).

In all but 2 reports where hospitalization stay was 
documented, patients with resistant microorganisms 
exhibited longer length of stay relative to those with 
susceptible strains (Appendix Table 9). We did not 

find any information related to loss of health-related 
quality of life attributable to MDRO in the region. 
Length of stay was not reported because data were 
scarce and heterogeneous.

Discussion
This systematic review and meta-analysis offers a 

thorough and current evaluation of how infection with 
a wide range of antimicrobial-resistant bacteria affects 
the lethality rates for infectious diseases during hos-
pitalization in LAC countries. We established the un-
adjusted and adjusted lethality attributable to MDRO 
within this region. A previous study reported estima-
tions using predictive statistical modeling to produce 
estimates of AMR burden for all locations, including 
for locations with no data. However, the methodologic 
approach used in this study differed substantially (5).

Although unadjusted case-fatality rates varied 
across different MDROs, the lowest values were ob-
served for ESLB-E. That finding might be because 
of the increased use of carbapenems as appropriate 
initial empirical treatments, especially for healthcare-
associated infections, which some studies have dem-
onstrated in the region (34).

Similar to previous researchers (35,36), we also 
report that drug resistance might lead to an increased 
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Figure 1. Flowchart demonstrating identification process of studies for systematic review and meta-analysis of deaths attributable to 
antimicrobial resistance, Latin America. CINAHL, Cumulative Index to Nursing and Allied Health Literature; LILACS, Latin American and 
Caribbean Health Sciences Literature). 
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attributable risk for death. However, our findings 
should be interpreted with caution because of sub-
stantial heterogeneity in effect estimates across stud-
ies and other methodologic limitations. The hetero-
geneity was partially explained by the fact that some 

studies were adjusted for confounding variables, 
but others were not. When we analyzed studies ad-
justed for confounding variables separately, the re-
sults for each group were no longer heterogeneous. 
The adjustment decreased the association strength, 
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Figure 2. Association between antimicrobial resistance and lethality by the type of resistance in systematic review and meta-analysis of 
deaths attributable to antimicrobial resistance, Latin America. Adjusted measures are shown as adjusted odds ratio (A), adjusted hazard 
ratio (B), and adjusted risk ratio (C). Death-R indicates death in the resistant group; Death-S indicates death in the susceptible group. 
Error bars indicate 95% CIs. CR-AB, carbapenem-resistant Acinetobacter baumannii; CRE, carbapenem-resistant Enterobacterales; 
CR-GNB, carbapenem-resistant gram-negative bacteria (including CRE, CR-PA, CR-AB); CR-PA, carbapenem-resistant Pseudomonas 
aeruginosa; CRO, carbapenem-resistant organisms; ESBL-E, extended-spectrum β-lactamase–producing Enterobacterales; HR, hazard 
ratio; LAC, Latin American and Caribbean; MDR-GNB, multidrug-resistant gram-negative bacilli (including ESBL-E, CRE, CR-PA, CR-
AB); MDRO, multidrug-resistant organisms (including MRSA, vancomycin-resistant Enterococcus, ESLB-E, CRE, CR-PA, CR-AB); 
MRSA, methicillin-resistant Staphylococcus aureus; OR, odds ratio; RR, risk ratio.
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although the subgroup differences were not statisti-
cally significant. The downward trend of pooled un-
adjusted lethality OR and resistance by calendar re-
cruitment period was not statistically significant, but 
this finding still might reflect a better understanding 
of the resistance mechanisms and an improved em-
pirical treatment.

As in previous reports (37,38), our report found 
2 times higher attributable lethality associated with 
MRSA infections than with non-MRSA infections. 
As in our study, the heterogeneity was explained 
by the fact that some studies were adjusted for 
confounding variables, but others were not. When 
those studies that were adjusted for confounding 

variables were analyzed separately from studies 
that were not adjusted, the results for each group 
were no longer heterogeneous (Appendix Figure 
7). Of note, several studies have identified the asso-
ciation of inappropriate empirical antibiotic treat-
ment with increased lethality among patients with 
MRSA bacteremia (39,40).

In our study, patients with VRE infections were 
4-fold (unadjusted) more likely to die than patients 
infected with vancomycin-susceptible Enterococcus 
spp. A previous meta-analysis indicated that vanco-
mycin resistance was an independent predictor of 
death among patients with enterococcal bacteremia 
(2.5-fold adjusted) (41). Some plausible explanations 
for this association difference, besides the adjustment 
of the last estimation, might include type of infection, 
suboptimal activity, or dosing among the antimi-
crobials used against VRE, a systematic delay in the 
initiation of antimicrobial agents active against VRE, 
and differences in intrinsic virulence among vanco-
mycin-resistant and vancomycin-susceptible species 
of enterococci.

In our study, infections by ESBL-E were asso-
ciated with higher lethality than for non–ESBL-E. 
Other studies have found that ESBL-E bacteremia is 
associated with higher lethality than bacteremia with 
non–ESBL-E, although the estimate of this association 
is affected by adjustment procedures. Adjustment 
for adequate empirical therapy or delay in effective 
therapy leads to reduced ORs, indicating that higher 
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Figure 3. Adjusted odds ratios between antimicrobial resistance and lethality by appropriate empirical antibiotic treatment (considering 
the definition of appropriate empirical treatment given by each author) in systematic review and meta-analysis of deaths attributable to 
antimicrobial resistance, Latin America. Death-R indicates death in the resistant group; Death-S indicates death in the susceptible group. 
Error bars indicate 95% CIs. CR-AB, carbapenem-resistant Acinetobacter baumannii; CRE, carbapenem-resistant Enterobacterales; 
CR-PA, carbapenem-resistant Pseudomonas aeruginosa; ESBL-E, extended-spectrum β-lactamase–producing Enterobacterales; 
MDR-GNB, multidrug-resistant gram-negative bacilli (including ESBL-E, CRE, CR-PA, CR-AB); MDRO, multidrug-resistant organisms 
(including MRSA, vancomycin-resistant Enterococcus, ESLB-E, CRE, CR-PA, CR-AB); MRSA, methicillin-resistant Staphylococcus 
aureus; NR, not reported; OR, odds ratio.

 
Table. Pooled unadjusted odds ratio for the association between 
antimicrobial resistance and lethality by type of resistance, Latin 
America* 
Type of resistance OR (95% CI) I2 
Carbapenem-resistance 2.86 (2.07–3.95) 61% 
Extended-spectrum β-lactamase 1.28 (0.95–1.74) 38% 
Methicillin-resistance 1.78 (1.29–2.45) 63% 
MDRO† 1.64 (1.16–2.30) 68% 
Azol-resistant 1.41 (0.59–3.35) - 
Vancomycin-resistant 4.09 (2.40–6.97) 0% 
Random effect model 1.86 (1.55–2.23) 71% 
*MDRO, multidrug-resistant organisms; OR, pooled odds ratio. 
†Multidrug-resistant organisms include methicillin-resistant 
Staphylococcus aureus, Vancomycin-resistant Enterococcus spp, 
extended-spectrum β-lactamase producing Enterobacterales, 
carbapenem-resistant Enterobacterales (including Klebsiella, 
Enterobacter, Escherichia coli, Proteus, Serratia), carbapenem-resistant 
Pseudomonas aeruginosa, carbapenem-resistant Acinetobacter 
baumannii and azole/echinocandin-resistant Candida spp. 
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lethality is likely to be partly mediated through this 
phenomenon (42–44).

We found a significant attributable lethality as-
sociated with carbapenem-resistant organisms in 11 
studies included in our meta-analysis. A previous 
study showed that KPC-producing K. pneumoniae 
was independently associated with 3 times higher in-
hospital lethality (45).

A meta-analysis of 15 studies consisting of 3,201 
cases of P. aeruginosa infection demonstrated a 2-fold 
higher lethality rate among patients infected with 
the multidrug-resistant strain than those with a non–
multidrug-resistant strain, especially in patients with 
bloodstream infection, immunosuppression, and inad-
equate antimicrobial therapy (35). Other meta-analyses 
showed that appropriate initial antibiotic therapy was 
associated with lower unadjusted lethality for P. aeru-
ginosa infections than was inappropriate initial antibi-
otic therapy. The association with lethality persisted in 
sensitivity meta-analysis of low-risk bias studies (46).

In a meta-analysis that included 16 observation-
al studies, patients with CR-AB had a significantly 
2-fold higher risk for lethality than patients with 
non–carbapenem-resistant strain in the pooled analy-
sis, although substantial heterogeneity was evident. 
The association remained significant in the pooled 
aOR of 10 studies. Compared with patients with non–
carbapenem-resistant strains, patients with CR-AB 
were more likely to have a severe underlying illness 
and to receive inappropriate empirical antimicrobial 
treatment, which increases the risk for lethality (47).

In our meta-analysis, 4 studies evaluating attrib-
utable lethality showed that MDRO had significantly 
higher lethality than non-MDRO. Although different 
microorganisms and site infections were represented, 
we did not find statistical heterogeneity.

For gram-negative infections, a meta-analysis 
showed that lethality was higher in patients with 
multidrug-resistant infections than those with non–
multidrug-resistant infections (48). The meta-analysis 
demonstrated that septic shock, ICU stay, pneumonia, 
isolation of multidrug-resistant gram-negative bacte-
ria, inappropriate empirical and definitive treatment, 
and male sex were more common in patients who 
died than patients who survived (48). In addition, 
several studies have reported inappropriate empiri-
cal and definitive treatment as independent variables 
associated with attributable lethality (35,39–44,46–49)

As the incidence of AMR rises, a corresponding 
increase in the likelihood of inappropriate empirical 
treatment occurs. Our meta-analysis revealed that 
persons who did not receive appropriate empirical 
treatment had a higher lethality rate than those who 

did. However, the lack of information regarding the 
adequacy of antimicrobial therapy in many studies 
might explain the absence of statistically significant 
differences between subgroups.

The first limitation of our study is that of the 41 
cohort studies included, only 14 were prospective. In-
complete collection in surveys in retrospective cohort 
studies limits confidence in their estimates. Other 
limitations include the lack of data for most countries 
in the LAC region and the number of included stud-
ies with small samples. For example, most data were 
obtained from a few tertiary centers in each country, 
which are likely to report higher rates of resistance 
than their national averages. Methods for reporting, 
collection, and analysis might also differ among labo-
ratories, countries, and surveillance networks. Other 
limitations included the type of infections (which 
might vary across included studies), the type of an-
timicrobial drugs administered for the infection, the 
type of bacteria, and the mechanism of resistance, 
which might lead to differences in lethality. 

In conclusion, our systematic review and meta-
analysis demonstrate that MDROs are associated 
with higher attributable lethality across different 
periods in LAC than sensitive organisms, even after 
adjusting for confounding variables. More studies on 
AMR-attributable lethality would be needed in the 
region, with adjustment by confounders and larger 
sample sizes. Rather than relying solely on new drug 
development to address the problem of AMR, we 
should focus efforts on preventing the emergence 
and transmission of these organisms through the One 
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Figure 4. Pooled unadjusted OR between antimicrobial resistance 
and lethality by calendar recruitment period in systematic 
review and meta-analysis of deaths attributable to antimicrobial 
resistance, Latin America. Data points depict pooled lethality 
estimates from random effects meta-analysis models. Error bars 
indicate 95% CIs. OR, odds ratio.
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Health initiative, principally in low-income settings 
(50). Future studies that involve many healthcare cen-
ters and that adjust for potential confounding vari-
ables should be undertaken to address the impact of 
AMR. In addition, expanding microbiology laborato-
ry capacity and data collection systems are necessary 
to improve our understanding of this critical human 
health threat. 
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etymologia revisited
Picobirnavirus [pi-ko-burґnə-vi″rəs] 

Picobirnavirus, the recently recognized sole genus in the family Picobirna-
viridae, is a small (Pico, Spanish for small), bisegmented (bi, Latin for 

two), double-stranded RNA virus. Picobirnaviruses were initially considered 
to be birna-like viruses, and the name was derived from birnavirus (biseg-
mented RNA), but the virions are much smaller (diameter 35 nm vs. 65 nm).

Picobirnaviruses are reported in gastroenteric and respiratory infec-
tions. These infections were first described in humans and black-footed pig-
my rice rats in 1988. Thereafter, these infections have been reported in fe-
ces and intestinal contents from a wide variety of mammals with or without  
diarrhea, and in birds and reptiles worldwide.
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On May 13, 2022, the World Health Organization 
raised an alert caused by a large increase in the 

number of infections by monkeypox virus (MPXV), 
which causes mpox, a zoonotic disease endemic to 
some countries of Central and West Africa that has 
rapidly expanded to nonendemic countries (1). A case 
of MPXV infection in Chile was confirmed on July 17, 
and since then, >1,400 cases and 2 deaths related to 
mpox have been reported during the outbreak, ac-
cording to the Chile Ministry of Health (2). The San-
tiago Metropolitan Region in Chile is the most popu-
lated region in the country, accounting for >40% of 
the total population and most (81%) of the reported 
MPXV infections (2).

Wastewater surveillance has been demonstrat-
ed as a key contributor in monitoring viruses, such 
as poliovirus and SARS-CoV-2, enabling tracking 
of new variants and, thus, providing an accurate 
view of infections at the population level (3–5). In 
this regard, MPXV detection in sewage samples 
has also been proposed as a useful complement 
to clinical surveillance (6–9). Because stigma and 
discrimination associated with certain infections 

limit the willingness of at-risk persons to consult 
hospital centers, wastewater-based epidemiology 
(WBE) becomes even more useful because anony-
mous pooled samples enable visualization of the 
contributions of a community without revealing 
individual identities (10).

We report wastewater monitoring of MPXV DNA 
in sewage samples from 3 wastewater treatment 
plants (WWTPs), accounting for 85% of the overall 
sewage from Santiago Metropolitan Region, repre-
sentative of >5.5 million persons. We also report the 
presence of infective MPXV in those samples.

The Study
We collected 21 raw samples of wastewater dur-
ing April–September 2022 from the WWTPs El 
Trebal (n = 6), La Farfana (n = 6), and La Higuera 
(n = 9). We collected samples in 1,000-mL sterile 
propylene flasks, transported them to the Labora-
tory of Environmental Virology at Universidad de 
Chile Faculty of Medicine, and stored them at 4°C  
until processing.

We concentrated the samples by ultracentrifuga-
tion according to the protocol described by Fumian 
et al. (11). We resuspended the pellet obtained in 200 
μL of phosphate-buffered saline and stored at −80°C 
until use.

We used 200 µL of concentrated viral particles 
to isolate DNA with the QIAamp DNA MiniKit  
(QIAGEN, https://www.qiagen.com), according to 
the instructions provided by the supplier. We mixed 5 µL  
of DNA with the TaqMan Microbe Detection Monkey-
Pox Vi07922155_s1 (ThermoFisher Scientific, https://
www.thermofisher.com) and the TaqPath 1-Step Mul-
tiplex Master Mix (ThermoFisher Scientific) for the 
specific detection of MPXV DNA in a QuantStudio 
5 real-time PCR machine (ThermoFisher Scientific). 
A pMG-Amp plasmid carrying the synthetic MPXV 
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Sewage surveillance provides useful epidemiologic 
and public health information on viral infections at the 
population level. We detected monkeypox virus DNA 
from sewage samples covering 85% of the population 
in Santiago Metropolitan Region, Chile. We also iso-
lated infective viruses from those samples. Wastewater 
surveillance could complement clinical surveillance for 
monkeypox virus.
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DNA fragment 5′-GTGTCTGAATCGTTCGATTA-
ACCCAACTCATCCATTTTCAGATGAATAGAGT-
TATCGATTCAGACACATGCTTTGAGTTTT-
GTTGAATCGATGAGTGAAGTATCATCGGTTG-
CACCTTCAGATGC-3′, which contains the target 
sequence of the primers, was synthesized at Macro-
gen Inc. (https://www.macrogen.com). We used that 
plasmid as a positive control and as a template for the 
calibration curve enabling the quantification of MPXV 
genome copies per milliliter. We cloned the amplified 
DNA fragment into pGEM-T Easy Vector (Promega, 
https://www.promega.com) and transformed it into 
Escherichia coli JM109. Five clones from each sample 
were sequenced at Macrogen Inc. and compared with 
MPXV sequences from the 2022 outbreak.

From the 21 sewage samples collected and ana-
lyzed from the 3 WWTPs, we detected MPXV DNA 
in 6 (Table). Consistent with earlier cases of mpox 
reported in Chile, viral DNA was detected in sew-
age samples collected in July (La Farfana), August 
(La Farfana, El Trebal) and September (La Farfana, El 
Trebal, La Higuera), but not in April or May (Table).

Quantification of MPXV DNA in sewage showed 
viral loads ranging from 35 to 2,231 genome copies/

mL (Table). Higher viral loads in sewage samples 
correlated with an increase in the number of cases 
reported by the Chile Ministry of Health in Santiago. 
Sequencing of the 106-bp amplified DNA fragment 
from wastewater samples showed 100% homology 
with MPXV sequences from the 2022 outbreak reported 
from Germany, the Netherlands, Italy, France, the Unit-
ed Kingdom, the United States, and Chile (Figure 1).

To determine whether the sewage samples con-
tained viable MPXV, we used the samples that had 
the highest viral load to inoculate VeroE6 monolayers 
(ATCC CRL-1586). For this procedure, we infected 
cells with a mixture of MPXV DNA–positive sewage 
samples and culture medium and collected the su-
pernatant after 7 days for PCR detection. We stored 
the remaining supernatant and performed a second 
round of infection by using the supernatant from the 
first infection. We used positive and negative controls 
in separate plates to avoid cross-contamination. At 
24- and 48-hours postinfection, we collected superna-
tant for MPXVDNA detection by PCR.

In addition, we inoculated 300 µL of sample AF0922 
supplemented with 700 µL of Dulbecco’s Modified 
Eagle Medium plus 2% fetal bovine serum (FBS) into 
VeroE6 cells in a 6-cm plate. After 2 hours of incuba-
tion, we replaced the medium with 5 mL of Dulbecco’s 
Modified Eagle Medium plus 2% FBS. After 7 days, we 
fixed infected cells with 4% glutaraldehyde and per-
formed negative staining for electron microscopy ob-
servation (Appendix Figure, https://wwwnc.cdc.gov/
EID/article/29/11/23-0096-App1.pdf) All procedures 
related to viral isolation were performed in a Biosafety 
Level 3 laboratory at Unidad de Virología Aplicada, 
Pontificia Universidad Católica de Chile, Santiago.

We detected a high viral DNA load in the su-
pernatant at day 7 postinoculation, suggesting the 
presence of infective MPXV in sewage samples (Fig-
ure 2, panel A). We were not able to detect MPXV 
DNA from cells inoculated with samples that tested  
negative for the virus (Figure 2, panel B). Electron 
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Table. Monkeypox virus detection in wastewater samples from 3 
areas, Santiago Metropolitan Region, Chile, 2022* 
Date  La Farfana El Trebal La Higuera 
Apr 11 ND ND ‒ 
Apr 19 ‒ ‒ ND 
Apr 22 ND ND ‒ 
May 5 ND ND ‒ 
May 16 ‒  ‒ ND 
May 19 ND ND ‒ 
Jun 6 ‒ ‒ ND 
Jun 16 ND ND ‒ 
Jul 18 36 ‒ ND 
Jul 22 ND ND ‒ 
Aug 12 ND ND ‒ 
Aug 16 35 171 ND 
Aug 18 ND ND ‒ 
Sep 15 ND ND 895 
Sep 20 2,231 960 ND 
*Values are genome copies/mL. ND, not done; ‒, negative. 

 

Figure 1. Comparison of nucleotide sequences of the MPXV amplicon obtained for wastewater samples from Santiago Metropolitan 
Region, Chile (sewage samples 1‒9), with reference sequences obtained from other countries during the 2022 mpox outbreak. 
The 106-bp amplicon generated by quantitative reverse transcription has 100% homology with MPXV sequences obtained in 2022 
from cases reported by different countries. GenBank numbers and location and date of isolation are provided for the 9 Chile sample 
sequences obtained in this study; GenBank or GISAID (https://www.gisaid.org) accession numbers and country are provided for 
reference sequences. MPXV, monkeypox virus.
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microscopy analyses of VeroE6 cells inoculated with 
MPXV recovered from sample AF0922 showed intra-
cellular viral particles with an average size of ≈300 
nm (Appendix Figure).

Conclusions
WBE has acquired an increasingly useful role in sur-
veillance systems that efficiently detect pathogenic 
microorganisms. It will also be useful as a tool for 
control and timely prevention of endemic and emerg-
ing infectious diseases.

Using WBE as a complement to universal clinical 
surveillance enables determination of actual pathogen 
circulation and its load in a population. For example, 
WBE has become a useful tool worldwide for visual-
izing the circulation of SARS-CoV-2 and its variants 
(3–5). Therefore, WBE could also complement clinical 
surveillance of MPXV, enabling estimation of actual 
circulation and load of the virus in a community (6,9). 
However, it will be useful to generate more informa-
tion regarding virus elimination in an infected per-
son; viral DNA load in stool, urine, semen, saliva, and 
other secretions; and persistence and infectivity of the 
virus in the environment and, in particular, in a ma-
trix as complex as wastewater.

In conclusion, we detected MPXV DNA and 
determined its concentration in wastewater in San-
tiago, Chile. We were also able to isolate the virus 
from samples with the highest viral loads. Al-
though detection of viable virus in sewage samples 
observed in this study generates an alert, there is no 
information on the risk that this could have for the 
personnel working in treatment plants. The poten-
tial risk for environmental transmission of MPXV 
is still unknown and thus remains a serious public 
health issue.
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etymologia revisited
Nipah Virus
[ne´-pə vī´-rəs]

In 1994, a newly described virus, initially called equine morbillivirus, 
killed 13 horses and a trainer in Hendra, a suburb of Brisbane, Aus-

tralia. The reservoir was subsequently identified as flying foxes, bats of 
the genus Pteropus (Greek pteron [“wing”] + pous [“foot”]). In 1999, sci-
entists investigated reports of febrile encephalitis and respiratory illness 
among workers exposed to pigs in Malaysia and Singapore. (The pigs 
were believed to have consumed partially eaten fruit discarded by bats.)

The causative agent was determined to be closely related to Hen-
dra virus and was later named for the Malaysian village of Kampung 
Sungai Nipah. The 2 viruses were combined into the genus Henipavi-
rus, in the family Paramyxoviridae. Three additional species of Henipa-
virus—Cedar virus, Ghanaian bat virus, and Mojiang virus—have 
since been described, but none is known to cause human disease. 
Outbreaks of Nipah virus occur almost annually in India and Bangla-
desh, but Pteropus bats can be found throughout the tropics and sub-
tropics, and henipaviruses have been isolated from them in Central 
and South America, Asia, Oceania, and East Africa.
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Tularemia is a zoonotic disease of the Northern 
Hemisphere, caused by the highly virulent bac-

terium Francisella tularensis. Although F. tularensis 
subspecies tularensis (type A, found only in North 
America) is associated with severe infections, F. tula-
rensis subsp. holarctica (type B, found throughout the 
Northern Hemisphere) causes less severe illness (1,2). 
Infection occurs after contact with infected animals, 
transmission via arthropod vectors, or contact with 
contaminated water or soil (3). Only sporadic infec-
tions, detected primarily by serologic testing, have 
been reported in Austria; therefore, genomic data 
are scarce (3,4). Recently, cases of tularemia have in-
creased in Austria (Figure 1). We report 3 tularemia 
cases that developed after arthropod bites in Austria. 
Ethics approval was not necessary because routine 
data were processed in the study and personal data 
were anonymized. The patients gave written consent 
for publication of the case reports.

The Cases
Patient 1 was a 64-year-old woman who had re-
ceived a tick bite in the right inframammary region. 
After experiencing fever, chills, and a general feeling 
of discomfort, along with nausea and vomiting, she 
sought emergency care when symptoms persisted. 
Clinical examination detected a 20-mm skin lesion 
surrounded by a reddish hem and central necrotic 
ulcer. Results of serologic testing for Lyme borrelio-
sis were negative. Stab incision of the skin lesion was 
performed, and no bacteria grew in culture of the 
sampled pus. Blood cultures grew F. tularensis. An-
timicrobial treatment with oral ciprofloxacin (500 mg 
2×/d) led to sign/symptom resolution.

Patient 2 was a 5-year-old girl seen at a pediatric 
outpatient clinic for retroauricular pain after a tick 
bite 9 days earlier. Clinical examination showed a 
swollen and reddened pinna, a pus-covered 5-mm 
retroauricular skin lesion with a central ulcer (Ap-
pendix Figure, https://wwwnc.cdc.gov/EID/
article/29/11/23-0460-App1.pdf), and swollen cer-
vical lymph nodes. After 2 days, fever, increased 
lymph node swelling, and tonsillitis developed, and 
the retroauricular wound deteriorated. Therapy 
was switched from oral amoxicillin/clavuanic acid  
(250 mg 4×/d) and fucidin ointment to intravenous 
ceftriaxone (520 mg 1×/d), followed by oral cefixim 
(64 mg 2×/d), which alleviated signs and symp-
toms. A wound swab sample culture yielded F. tula-
rensis. Antimicrobial treatment, changed to oral cip-
rofloxacin (250 mg 2×/d), led to substantial signs/
symptom improvement.

Patient 3 was a 76-year-old man who was hospital-
ized after reporting fever, generalized discomfort, nau-
sea, and vertigo. A red, painless skin lesion with central 
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Tularemia is increasing in Austria. We report Francisella 
tularensis subspecies holarctica isolated from 3 patients 
who had been bitten by arthropods. Next-generation se-
quencing showed substantial isolate similarity. Clinicians 
should consider bloodstream F. tularensis infections for 
patients with signs/symptoms of ulceroglandular tularemia, 
and surveillance of potential vectors should be intensified.
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crust on the left thigh, which probably developed after 
an arthropod bite, and inguinal lymphadenopathy 
were noted. Antimicrobial treatment with ampicillin/
sulbactam was started because of suspected pneumo-
nia. Eight days after hospitalization, F. tularensis grew 
on anaerobic blood culture. Therapy with ciprofloxa-
cin was initiated and later switched to oral doxycycline 
(100 mg 2×/d) because of potential allergic reaction to 
ciprofloxacin, followed by substantial sign/symptom 
improvement. The findings suggest local transmission 
of F. tularensis after an insect or tick bite.

We used multiplex PCR (Analyticon Instruments 
GmbH, https://www.analyticon.eu/de) to test sam-
ples, and all were positive for F. tularensis. Real-time 
PCR (TIB MolBiol, https://www.tib-molbiol.de), per-
formed for subspecies determination according to 
manufacturer instructions, yielded F. tularensis subsp. 
holarctica (5). We determined MICs for 6 antimicrobials 
by Etest (bioMérieux, https://www.biomerieux.fr) and 
interpreted results according to Clinical and Laboratory 
Standards Institute guidelines (6) (Table). Because of 
high-level erythromycin resistance, we assigned the iso-
lates to F. tularensis subsp. holarctica biovar II (genotype 
B.12), which was later confirmed by whole-genome se-
quencing (WGS) to be subclade B.34/B.35.

For all F. tularensis samples, we performed WGS 
on a NextSeq 2000 instrument (Illumina, Inc., www. 
illumina.com), 150-bp paired-end, by using a QIAGEN 
MagAttract HMW DNA Kit (https://www.qiagen.

com) for DNA isolation and a Nextera XT DNA Li-
brary Prep Kit (Illumina, Inc.) for library preparation. 
We assembled whole-genome sequences de novo by 
using SPAdes (7) version 3.15.2, analyzed them by us-
ing Jspecies webserver (8), and corroborated real-time 
PCR species results by using the TCS (Templeton, Cran-
dall and Sing) calculation method. In a pairwise com-
parison, the 3 isolates differed in 5 genes: 410015–22 
vs. 410016–22 (FTL_0160, FTL_0920, FTL_1212, and 
FTL_1567); 410015–22 vs. 410041–22 (FTL_0414 and 
FTL_0920), and 410016–22 vs. 410041–22 (FTL_0160, 
FTL_0414, FTL_1212, and FTL_1567). Average allelic 
distance is 3.3 alleles, which is above cluster threshold 
for this species (1 allele difference). We applied core- 
genome multilocus sequence typing analysis by us-
ing Seqshpere+ version 8.5.1 (Ridom GmbH, https://
www.ridom.de) with the published core-genome multi-
locus sequence typing scheme (9) to compare our isolate 
genomes against genomes from Germany (Bavaria) and 
Austria from a previous study (PRJEB40963 [10]). We 
identified clades/subclades by using CanSNPer2 (11). 
We submitted the following F. tularensis subsp. holarc-
tica WGS assemblies to the National Center for Biotech-
nology Information (BioProject PRJNA900077): biosa-
mple SAMN31677967 (410015–22, patient 1), accession 
no. JAPKFK000000000; biosample SAMN31677968 
(410016–22, patient 2), accession no. JAPKFJ000000000; 
and biosample SAMN32382778 (410041–22, patient 3), 
accession no. JAPZIK000000000 (Figure 2, Appendix).
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Figure 1. Reported cases (solid 
line) and trends (dotted line) 
of tularaemia in Austria, 1990–
2021. Data from the Austrian 
Epidemiologic Reporting System 
(https://oecd-opsi.org).

 
Table. Antimicrobial MICs for Francisella tularensis isolates recovered from 3 patients with tickborne tularemia, Austria* 

Patient 
MIC, mg/L 

Gentamicin Erythromycin Ciprofloxacin Tetracycline Doxycycline Streptomycin 
1 0.25 >256 0.008 0.047 0.094 1.5 
2 0.5 >256 0.012 0.032 0.19 3 
3 0.19 >256 0.008 0.125 0.125 0.75 
*Boldface indicates antimicrobial resistance according to Clinical and Laboratory Standards Institute standards (6). 

 



Tickborne Francisella tularensis Infection, Austria

Conclusions
Outbreaks of F. tularensis subsp. holarctica in Europe 
are linked mainly to infected rodents and hares; mos-
quitos and ticks serve as arthropod vectors (3). Over 
the past 30 years (1990–2021), a total of 302 human 
infections have been reported in Austria, with 2 peaks 
after outbreaks in hares during 1994–1995 and 1997–
1998 (12–14). So far, national reported cases show an 
upward trend; in 2021 alone, a total of 58 cases were 
reported (Figure 1).

Biovar I (genotype B.6) is found mainly in western 
Europe and biovar II (genotype B.12) in northern and 
eastern Europe (11). Most tularemia cases in Austria  
are associated with hunting hares and skinning car-
casses and are caused by F. tularensis subsp. holarc-
tica biovar II. Recently, ticks have been identified as 

vectors, and F. tularensis subsp. holarctica biovar I 
was detected in Austria in 2016 (1,15). Under debate 
is whether pathogenic potential of biovar I may be 
higher than that of biovar II (15).

Of the 3 patients, 2 reported removing a tick af-
ter spending time in rural areas; the third did not ob-
serve a tick or insect bite but had local skin alterations 
that were highly comparable to those seen on other 
patients with tickborne tularemia. Isolate sequences 
were closely related to isolates from Austrian and 
German hares (10).

Bloodstream infections with F. tularensis after ar-
thropod bites are rarely reported in Europe. One rea-
son might be that in Europe only F. tularensis subsp. 
holarctica is found, and it is known to cause milder 
disease than F. tularensis subsp. tularensis in the United 
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Figure 2. Ridom SeqSphere+ NJ tree (Ridom Gmbh, https://www.ridom.de) for 41 Francisella tularensis samples isolated from 3 
patients in Austria, based on 1,147 columns from F. tularensis core-genome multilocus sequence typing. Scale bar indicates nucleotide 
substitutions per site. Metadata are provided in the Appendix Table (https://wwwnc.cdc.gov/EID/article/29/11/23-0460-App1.pdf).
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States. Thus, we find it remarkable that bacteremia de-
veloped in 2 patients in Austria. WGS showed a close 
relationship between isolates from the patients and iso-
lates found mostly in Germany and Austria, as shown 
in the neighbor-joining tree for 41 F. tularensis complete 
genomes (Figure 2; Appendix Table), which indicates 
the wild animal population as a host for F. tularensis 
subsp. holarctica biovar II (B.12) and ticks as vectors for 
tularemia in Austria.

Our findings show that ticks represent underes-
timated vectors for F. tularensis transmission in Aus-
tria. Aside from other tickborne diseases endemic 
to Austria, clinicians should consider tularemia as a 
cause of signs/symptoms that follow tick bites, espe-
cially when combined with fever, enlarged and pain-
ful lymph nodes, and skin ulcers. Diagnosis can be 
achieved by molecular testing. Genomic data are es-
sential for understanding dissemination and invasion 
of certain genotypes that may cause systemic infec-
tions. To confidently declare that certain genetic sub-
populations are associated with systemic infections, 
a larger number of isolates and further research are 
needed. For that reason, Austria established large-
scale monitoring of arthropod vectors for the pres-
ence of vectorborne pathogens, including F. tularensis, 
to provide public health authorities with knowledge 
about infection risk for the exposed population.
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In May 2022, mpox cases were detected in mul-
tiple non–mpox-endemic countries. Increasing 

numbers of cases worldwide, primarily within sex-
ual networks of gay and bisexual men, prompted 
the World Health Organization to declare a public 
health emergency in July 2022 (1). Although mpox-
associated deaths have been infrequent (1), mpox 
can cause considerable illness (2).

No antiviral medications have been approved 
for mpox treatment in the United States (3). How-
ever, an Expanded Access Investigational New Drug 
(EA-IND) protocol held by the Centers for Disease 
Control and Prevention enabled health providers to 
prescribe tecovirimat for persons with mpox in the 
United States. The New York City (NYC) Department 
of Health and Mental Hygiene (DOHMH) coordinat-
ed the distribution of tecovirimat to hospitals and a 
single partner pharmacy that delivered medication to 

NYC addresses cost-free for patients. DOHMH pro-
vided technical support to prescribers and intentional 
outreach to federally qualified health centers and 
safety-net health systems.

In the United States, mpox disproportionately 
affects Hispanic/Latino and Black persons (4,5), con-
sistent with well-established inequities in healthcare 
access and outcomes because of interpersonal, institu-
tional, and structural racism (6–8). For example, racial 
inequities in access to HIV preexposure prophylaxis 
are well-documented and affect similar populations 
(9). We explored racial and socioeconomic inequities 
in tecovirimat treatment of mpox in NYC.

The Study
We included all NYC residents who had a positive 
nonvariola orthopoxvirus (probable case) or mpox 
(confirmed case) test reported to DOHMH during May 
19–October 29, 2022. We collected data on age, gender, 
race/ethnicity, sexual orientation, and residential ad-
dresses during standardized interviews. We obtained 
tecovirimat treatment data from provider reports via a 
mandatory REDCap survey and from partner pharma-
cy dispensing records. We matched cases with treat-
ment data by using names, dates of birth, and postal 
(ZIP) codes. For persons treated before their first posi-
tive test, we used the treatment date instead of diagno-
sis date. We excluded persons who were treated but 
never had a reported positive test.

We calculated descriptive statistics for selected 
demographic characteristics (Table), both overall and 
according to treatment status. We assessed differenc-
es by using χ2 tests or t-tests. We included unknown 
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We assessed tecovirimat treatment equity for 3,740 
mpox patients in New York, New York, USA, during the 
2022 mpox emergency; 32.4% received tecovirimat. 
Treatment rates by race/ethnicity were 38.8% (White), 
31.3% (Black/African American), 31.0% (Hispanic/La-
tino), and 30.1% (Asian/Pacific Islander/other). Future 
public health emergency responses must prioritize in-
stitutional and structural racism mitigation.
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values as separate categories under race/ethnic-
ity and sexual orientation. We calculated cumulative 
changes in percentages of tecovirimat-treated persons 
in 2-week intervals according to race/ethnicity and 
neighborhood poverty level (defined as the percent-
age of residents in the patient’s ZIP code living below 
the federal poverty level according to the American 
Community Survey [https://www.census.gov]). We 
categorized neighborhoods into 4 groups: low pover-
ty, <10%; medium, 10%–19.9%; high, 20%–29.9%; and 
very high, >30%. We performed analyses by using SAS 
version 9.4 (SAS Institute, https://www.sas.com) and 

R version 4.2.3 (The R Project for Statistical Comput-
ing, https://www.r-project.org). We considered a p 
value <0.05 statistically significant. DOHMH’s Insti-
tutional Review Board deemed this evaluation to be 
public health surveillance.

Mpox was diagnosed for 3,740 persons during 
the study period. Most mpox-positive persons were 
25–44 years of age (74.7%); men (94.2%); lesbian, gay, 
bisexual, or queer (64.4%); Hispanic/Latino or Black/
African American (61.8%); and lived in medium- or 
high-poverty neighborhoods (66.6%) (Table). A to-
tal of 1,213 (32.4%) persons were treated. Compared 
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Table. Characteristics of persons with mpox according to treatment status in study of racial and socioeconomic equity of tecovirimat 
treatment during 2022 mpox emergency, New York City, New York, USA, May 19, 2022–October 29, 2022* 
Characteristics Overall Tecovirimat treatment No treatment p value 
Total no. persons 3,740 (100) 1,213 (32.4) 2,527 (67.6) NA 
Median age (IQR) 35 (12) 36 (11) 35 (12) ND 
Mean age (SD) 37 (9.4) 37 (9) 36 (9.5) 0.004 
Age groups, y <0.001 
 0–24 255 (6.8) 55 (4.5) 200 (7.9) 

 

 25–34 1,527 (40.8) 471 (38.8) 1,056 (41.8)  
 35–44 1,265 (33.8) 449 (37.0) 816 (32.3)  
 45–54 507 (13.6) 177 (14.6) 330 (13.1)  
 55–64 166 (4.4) 55 (4.5) 111 (4.4) 

 

 >65 20 (0.5) 6 (0.5) 14 (0.6) 
 

Gender† 0.01 
 Men 3,516 (94.2) 1,133 (93.5) 2,383 (94.6) 

 

 Nonbinary/gender queer 52 (1.4) 22 (1.8) 30 (1.2)  
 Transgender men or women 70 (1.9) 33 (2.7) 37 (1.5)  
 Women 93 (2.5) 24 (2.0) 69 (2.7)  
 Unknown 9 1 8  
Sexual orientation <0.001 
 LGBQ+ 2,409 (64.4) 857 (70.7) 1,552 (61.4) 

 

 Straight 296 (7.9) 61 (5.0) 235 (9.3)  
 Unknown‡ 1,035 (27.7) 295 (24.3) 740 (29.3)  
Race/ethnicity§ <0.001 
 Asian/Pacific Islander/other 196 (5.2) 59 (4.9) 137 (5.4) 

 

 Black/African American 1,017 (27.2) 318 (26.2) 699 (27.7)  
 Hispanic/Latino 1,294 (34.6) 400 (33.0) 894 (35.4)  
 White 847 (22.7) 329 (27.1) 518 (20.5)  
 Unknown‡ 386 (10.3) 107 (8.8) 279 (11.0)  
Borough of residence <0.001 
 Bronx 729 (19.5) 259 (21.4) 470 (18.6) 

 

 Brooklyn 888 (23.7) 299 (24.6) 589 (23.3)  
 Manhattan 1,480 (39.5) 504 (41.5) 976 (38.7)  
 Queens 596 (15.9) 139 (11.5) 457 (18.1)  
 Staten Island 45 (1.2) 12 (1.0) 33 (1.3)  
 Unknown 2 0 2  
Neighborhood poverty level¶ 0.53 
 Low 579 (15.5) 177 (14.6) 402 (16.0) 

 

 Medium 1588 (42.6) 508 (41.9) 1080 (42.9)  
 High 894 (24.0) 303 (25.0) 591 (23.5)  
 Very High 668 (17.9) 223 (18.4) 445 (17.7)  
 Unknown# 11 2 9  
*Values are no. (%) except as indicated. IQR, interquartile range; LGBQ, lesbian, gay, bisexual, and queer; NA, not applicable; ND, not done. 
†Gender categories are provided as defined by the New York City Department of Health and Mental Hygiene. 
‡Because of a substantial number of persons who had unknown sexual orientation or race/ethnicity, those persons were included as a separate category 
in the 2 test. For other characteristics, people with unknown values were excluded from 2 test. 
§All persons who identified as Hispanic or Latino (Hispanic), regardless of race, were classified as Hispanic; all other race/ethnicity categories were non-
Hispanic. 
¶Neighborhood poverty level was defined as the percentage of residents in a postal (ZIP) code tabulation area with household incomes of <100% of the 
federal poverty level according to the American Community Survey 2016–2020 (https://www.census.gov). Neighborhoods were categorized into 4 groups: 
low poverty, <10% of population; medium, 10%–19.9%; high, 20%–29.9%; and very high, >30%. 
#Unknown because of missing residential or invalid New York ZIP code. 
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with untreated persons, a larger percentage of treated 
persons were lesbian, gay, bisexual, or queer (70.7% 
vs. 61.4%) and White (27.1% vs. 20.5%); a smaller per-
centage of treated persons were of unknown race/
ethnicity (8.8% vs. 11.0%) or resided in Queens (11.5% 
vs. 18.1%) (Table).

By October 29, 2022, the percentage of treated 
persons was highest among those identifying as 
White (38.8%), then Black/African American (31.3%), 
Hispanic/Latino (31.0%), Asian/Pacific Islander/
other (30.1%), and unknown race/ethnicity (27.7%) 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/29/11/23-0814-App1.pdf). Percentages of 
treated persons were similar (30.6%–33.9%) across 
neighborhood poverty levels (Appendix Table). Per-
centages of treated persons increased initially for all 
racial/ethnic groups, stabilizing by late July 2022, 
except for White persons, among whom percentages 
increased an additional month before stabilizing (Fig-
ure). In all but one 2-week interval, percentages of 
tecovirimat-treated White persons were higher than all 
other groups. The increasing trend was generally con-
sistent across neighborhood poverty levels (Figure).

Conclusions
During our evaluation period, 32.4% of persons in NYC 
with reported mpox were treated with tecovirimat, 
compared with <20% nationally (10). The increasing 
percentages of treated persons during the outbreak 
was likely related to advocacy by and peer support 
from affected communities (11), increased prescriber 
familiarity with tecovirimat, and iterative revisions 
to the EA-IND protocol that reduced provider ad-
ministrative requirements. The higher percentage of  

persons treated in NYC and our finding that treatment 
did not substantially vary by neighborhood poverty 
level might be attributable to the free, at-home de-
livery approach to tecovirimat distribution, which 
eliminated pharmacy access as a barrier. DOHMH 
also established a team to recruit and support provid-
ers to prescribe tecovirimat under the EA-IND proto-
col. Safety net health systems and federally qualified 
health centers were chosen for early outreach and  
technical assistance to improve access for under-
insured and uninsured patients. In addition, the 
DOHMH team connected patients to available pre-
scribers, if their initial providers were unable to meet 
EA-IND requirements.

Although percentages of tecovirimat-treated 
persons increased over time across all racial/ethnic 
groups, inequities existed. When we evaluated the 
cumulative percentages of treated persons in each ra-
cial/ethnic category, none approached that of White 
persons (≈31% for other groups vs. 38.8% for White 
persons) (Figure 1). Racial inequities and, specifically, 
lower percentages of treated Black/African American 
and Hispanic/Latino persons were foreseeable, be-
cause similar patterns have been observed for other 
medical countermeasures (e.g., mpox vaccines, COV-
ID-19 antivirals, and HIV treatment) (5,12,13). Stigma 
from healthcare providers experienced by Black gay 
and bisexual men is a known barrier to sex-related 
healthcare access (14). Furthermore, the regulatory 
obligations of the EA-IND process limited the num-
ber of tecovirimat prescribers, which might have dis-
proportionately affected Black and Hispanic/Latino 
communities. For example, DOHMH sexual health 
clinics, safety-net providers of services for Black and 
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Figure. Comparisons of cumulative percentages of persons with mpox treated with tecovirimat during 2-week intervals in study of racial 
and socioeconomic equity of tecovirimat treatment during 2022 mpox emergency, New York City, New York, USA. Percentages of mpox 
cases diagnosed during May 19–October 29, 2022, are indicated. Treated persons who had no prescription date (n = 22) were not 
counted. A) Percentages according to race/ethnicity. B) Percentages according to neighborhood poverty level, defined as: low poverty, 
<10% of neighborhood population; medium, 10%–19.9%; high, 20%–29.9%; and very high, >30%.
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Hispanic/Latino men who have sex with men, did 
not prescribe tecovirimat until mid-September 2022 
because of regulatory issues. In addition, insurance 
coverage inequities are a major barrier to access-
ing primary care (15), including mpox testing and 
treatment. No comprehensive data source identifies 
healthcare providers serving specific race/ethnicity 
groups, making interventions to increase equitable 
access to mpox countermeasures imprecise.

The first limitation of our study is that uni-
variate analysis cannot capture all factors affect-
ing treatment, such as differences in eligibility,  
healthcare access, and provider prescribing. Sec-
ond, tecovirimat data were not available if the pre-
scriber did not complete the online form when the 
drug was prescribed through a clinical trial begin-
ning in mid-September 2022 or was dispensed from 
an inpatient pharmacy (e.g., some hospitalized pa-
tients). Lack of tecovirimat treatment data might 
have caused treatment undercounting, but we ex-
pect minimal effect because crossover between the 
trial recruitment period and our evaluation was 
brief, and the reporting form was mandatory for  
all prescribers.

In conclusion, our findings indicate racial in-
equity in tecovirimat treatment in NYC during the 
2022 mpox emergency. Future responses to public 
health emergencies must prioritize institutional and 
structural racism mitigation from the outset to build 
more resilient communities and healthcare delivery 
systems. Additional analyses of factors (e.g., clinical 
characteristics, acceptability of treatment, detailed 
sociodemographic information) should be priori-
tized to assess the extent and effect of race/ethnicity 
on mpox treatment distribution and to inform future 
efforts to achieve equitable medical countermeasure 
access. Having comprehensive data for race/ethnic-
ity of populations served by healthcare providers/
networks and for characteristics of persons receiv-
ing medical countermeasures is critical for improv-
ing equity in emergency preparedness and response.  
Although neither dataset is sufficient to overcome 
institutional or structural racism, the alternative, a 
reactive approach, will inevitably perpetuate en-
trenched inequities.
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In 2019, the Israeli Ministry of Health joined the 
World Health Organization initiative to eliminate 

hepatitis C virus (HCV) (1). The national elimination 
program included HCV testing among 6 high-risk 
groups: recipients of blood transfusions before 1992; 
persons who use intravenous drugs; patients treated 
with improperly sterilization medical equipment or 
blood products; immigrants from the former Soviet 
Union and Romania; persons infected with HIV or 
hepatitis B virus (HBV); and known HCV carriers (2).

HCV seroprevalence among the general popula-
tion of Israel is estimated to be 1.9% and detectable 
HCV RNA is estimated to be 0.7% (3,4). In Israel, the 
prevalence of HCV RNA among migrants from the 
former Soviet Union is higher than that of the gen-
eral population, reaching ≈5.5% (5); seroprevalence is 
≈60.0% among intravenous drug users (IVDUs) (6).

In August 2020, the Israeli Prison Service (IPS), 
which operates 33 prisons and houses ≈14,500 prisoners 
across the country (7), implemented an HCV screening, 
testing, and treatment initiative among inmates at high 
risk for HCV. We estimated HCV prevalence among 
prison inmates and identified demographic and behav-
ioral characteristics of HCV-infected inmates.

The Study
HCV serology screening tests were offered to all in-
mates considered to be at high risk for HCV infection 
if they met >1 of the following criteria: had a history 
of illicit drug use or were arrested for a drug-related 
felony; were born in the former Soviet Union or Ro-
mania; or had known HIV or HBV infection. Inmates 
were screened and followed from August 1, 2020, 
through July 31, 2021, or prison discharge. We collect-
ed data from IPS medical records and only included 
inmates incarcerated for >30 days to allow sufficient 
time to complete the screening process.

Willing inmates who were at high risk for HCV 
were screened for HCV antibodies and, if positive, 
were screened for HCV RNA. Participants with de-
tectable HCV RNA were offered free, direct-acting 
antiviral drug treatment after consultation with gas-
troenterologists. We considered undetectable HCV 
RNA 12 weeks after treatment to be sustained viral 
response. Injection drug use is prohibited in prison; 
thus, we defined IVDUs as inmates who were treated 
with opiate substitutes.

We compared HCV-seropositive and seronega-
tive participants. We used the Student t-test to com-
pare continuous variables and the χ2 test for cate-
gorical variables. We considered p<0.05 statistically 
significant. We performed multivariate analysis by 
logistic regression to identify variables associated 
with being HCV seropositive and calculated odds ra-
tios and 95% CIs. The study was approved by the eth-
ics committee of Ashkelon Academic College in Israel 
(approval no. 2022–33).

Serologic screening was offered to all 2,824 in-
mates in the IPS who were at high risk for HCV infec-
tion; 1,751 (62.0%) opted to be tested and 1,021 (36.2%) 
declined (Figure). Of the tested inmates, 21.6% (379) 
were seropositive. HCV RNA testing was performed 
in 317 (83.6%) of the positive serology group and 
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The Israeli Prison Services implemented a hepatitis C 
virus (HCV) elimination program in 2020. Inmates con-
sidered high risk for HCV were offered serology; HCV-
seropositive participants were offered HCV RNA testing. 
Among participants, 7.0% had detectable HCV RNA and 
were offered antiviral drug therapy. This program re-
duced HCV burden among incarcerated persons.
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119 were positive; 47 declined testing, and 15 were 
released from prison before testing. Therefore, de-
tectable HCV RNA was found in 7.0% (119/1,689) of 
all tested participants. Of those, 113 had newly diag-
nosed cases and 6 had known cases.

Altogether, 80/119 (67.2%) inmates completed an-
tiviral drug treatment during incarceration. Of those 
followed up after 12 weeks, 97.8% (46/47) had con-
firmed sustained viral response; the other 33 refused 
follow-up testing or were discharged from prison.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2359

Figure. Flowchart of participant 
enrollment in a hepatitis C 
elimination program among high-
risk prison inmates, Israel. Bold 
boxes on left indicate participants. 
HCV, hepatitis C virus.

 
Table 1. Characteristics of participants and nonparticipants in a hepatitis C virus elimination program among high-risk prison inmates, Israel* 

Characteristics 
Participated in serology 

screening, n = 1,751 
Did not participate in serology 

screening, n = 1,021 p value 
Gender 

 
 0.01 

 M 1,701 (97.1) 1,009 (98.8)  
 F 49 (2.8) 12 (1.2)  
 Transgender 1 (<0.1) 0  
Mean age, y (SD) 41.6 (12.2) 36.4 (11.1) <0.01 
Marital status 

 
  

 Married 454 (25.9) 193 (18.9) <0.01 
 Nonmarried†  1,282 (73.2) 812 (79.5)  
 Data not available 15 (0.9) 16 (1.6)  
Education level, did not complete high school 1,358 (77.5) 810 (79.3) 0.2 
Previously incarcerated 1,471 (84.0) 922 (90.3) <0.01 
 Mean number of imprisonments (SD) 8.2 (7.3) 8.7 (6.7) <0.01 
Smoker 1,442 (82.3) 885 (86.6) 0.03 
Alcohol user 202 (11.5) 99 (9.7) 0.1 
Risk criteria 

 
  

 Country of birth 
 

  
  Former Soviet Union and Romania 651 (37.2) 288 (28.2) <0.01 
  Israel 876 (50.0) 599 (58.7)  
  West Bank and Gaza Strip 115 (6.6) 54 (5.3)  
  Other countries 80 (4.6) 62 (6.1)  
  Data not available 29 (1.6) 18 (1.7)  
 Drug use 

 
  

  No drug use 371 (21.2) 182 (17.9) 0.03 
  Non–IV drug use 1,053 (60.1) 718 (70.3) <0.01 
  IV drug use 327 (18.7) 121 (11.8) <0.01 
 HIV infection 18 (1.0) 2 (0.1) 0.01 
 Hepatitis B virus infection 71 (4.0) 13 (0.7) <0.01 
*Values indicate no. (%) unless otherwise indicated. IV, intravenous. 
†Includes single, divorced, and widowed. 

 
 



DISPATCHES

Compared with nonparticipants, the participant 
group comprised more female inmates, married per-
sons, nonsmokers, IVDUs, and HIV- or HBV-infected 
persons; participants were also older and had fewer 
previous incarcerations (Table 1). Inmates who were 
HCV seropositive were more likely older, single, 
had been previously incarcerated, were born in the 
former Soviet Union or Romania, had used intrave-
nous drugs, or were HIV- or HBV-positive (Table 2). 
In the multivariate analysis, older age, being single, 
having a greater number of previous incarcerations, 
being born in the former Soviet Union or Romania, 
drug use, and HBV infection were variables predict-
ing HCV-positive serology among participants.

Conclusions
HCV seroprevalence among study participants was 
21.6% and detectable HCV RNA was 7.0%. Those 
prevalences are higher than the estimates of 1.9% 
seroprevalence and 0.7% HCV RNA-positive in the 
general population of Israel (3,4). However, HCV 
seroprevalence among study participants was lower 
than persons in the general population who use in-
travenous drugs (60.0%) (6), and close to HCV RNA 
prevalence (≈5.5%) among male migrants from for-
mer Soviet Union in the general population (5).

The rates of HCV infection among inmates vary 
widely in different prison populations worldwide. A 
previous meta-analysis (8) explained HCV seropreva-
lence heterogeneity (2.0%–58.0%) in the correctional 
system mainly by differences in proportion of inmates 
who are IVDU (3.0%–69.0%). In our study, seropreva-
lence was 21.6% and the proportion of IVDUs among 
inmates who participated in the study was 18.6%.

Older age, being single, having a greater number of 
previous incarcerations, being born in the former Soviet 
Union or Romania, and being HBV-positive were risk 
factors associated with HCV-positive serology among 
participants in our study. Inmates who had used in-
travenous drugs had higher rates of HCV-positive se-
rology, as previously published (9). Of note, prisoners 
who used drugs by other than intravenous routes and 
those who were incarcerated for drug-related felonies 
also had higher rates of HCV-positive serology. Because 
most risk factors can be identified by prison authorities 
when inmates are admitted to prison, IPS can use a tar-
geted screening policy to improve HCV elimination.

A total of 67.2% of infected inmates completed 
antiviral drug treatment during their sentences. That 
completion rate helped lower the overall HCV burden 
in IPS and highlights the contribution of the screening 
program to decrease HCV in prison settings among 
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Table 2. Comparison between participants with HCV-positive and HCV-negative serology in a hepatitis C virus elimination program 
among high-risk prison inmates, Israel* 

Characteristics 
HCV-positive, 

n = 379 
HCV-negative, 

n = 1,372 p value 
Multivariate analysis 

OR (95% CI) p value 
Sex      
 M 367 (96.8) 1,334 (97.2) 0.8   
 F 12 (3.2) 37 (2.7)    
 Transgender 0 1 (0.1)    
Mean age, y (SD) 47.6 (9.3) 39.9 (12.4) <0.01 1.06 (1.05–1.08) <0.01 
Marital status      
 Married 77 (20.3) 375 (27.33) <0.01 Referent <0.01 
 Nonmarried†  299 (78.9) 983 (71.65)  1.7 (1.2–2.4)  
 Data not available 3 (0.8) 14 (1.02)    
Education level, did not complete high school 299 (78.9) 1,059 (77.2) 0.4   
Previously incarcerated‡ 342 (90.2) 1,129 (82.2) <0.01   
 Mean number of imprisonments (SD) 11.6 (8.8) 7.3 ± 6.5 <0.01 1.07 (1.05–1.09) <0.01 
Smoker 324 (85.5) 1,118 (81.5) 0.07   
Alcohol user 33 (8.7) 169 (12.3) 0.05   
Risk criteria      
 Country of birth      
  Former Soviet Union and Romania 201 (53.0) 450 (32.8) <0.01 7.4 (5.4–10.3)  
  Israel 157 (41.4) 719 (52.4)  Referent <0.01 
  West Bank and Gaza Strip 9 (2.4) 106 (7.7)    
  Other countries 9 (2.4) 71 (5.2)    
  Data not available 3 (0.8) 26 (1.9)    
 Drug use      
  No drug use 53 (14.0) 318 (23.2) <0.01 Referent <0.01 
  Non–IV drug use 176 (46.4) 877 (63.9)  5.4 (3.5–8.4)  
  IV drug use 150 (39.6) 177 (12.9)  12.8 (7.9–20.7)  
 HIV infection 11 (2.9) 7 (0.5) <0.01 NA NS 
 Hepatitis B virus infection 31 (8.1) 40 (2.9) <0.01 3.8 (2.0–7.3) <0.01 
*Values indicate no. (%) unless otherwise indicated. IV, intravenous; NA, not applicable; NS, not significant. 
†Includes single, divorced, and widowed. 
‡This variable was not included in the multivariate analysis because it is collinear with number of imprisonments. 
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persons at high-risk for HCV. The IPS plays a critical 
role in the national efforts to achieve HCV elimination 
in Israel. In line with the high turnover of inmates who 
revolve between the community and prisons, the suc-
cess in reducing HCV burden during incarceration also 
positively affects the community (10). IPS structural ef-
forts, inmate cooperation (11), and involvement of the 
medical insurers in the community are all essential to 
accomplishing HCV elimination in Israel.

The first limitation of this study is that the data 
were collected from IPS medical files, and we had 
limited access to community medical records of in-
mates who were discharged from prison. Thus, an-
tiviral drug treatment outcomes in those cases could 
not be determined. Second, not all eligible inmates 
were willing to be screened, which might lead to se-
lection bias. To assess the bias, we compared the char-
acteristics of those refusing to those who were tested 
and found lower proportions of all individual high-
risk criteria among those who declined screening (Ta-
ble 1). Thus, the bias is conservative if it exists. Third, 
acute cases of HCV might not have been detected in 
serologic testing due to a window period. To increase 
internal validity, only inmates whose incarceration 
was >1 month were included. Fourth, some of the 
data, such as smoking history, could be subject to 
reporting bias. Last, this study did not classify HCV 
clusters (12) because of lack of available data.

In conclusion, HCV seroprevalence among inmates 
at high risk was 21.6% and HCV RNA was detectable 
in 7.0%. The risk factors associated with HCV-positive 
serology among inmates included older age, being sin-
gle, and having more previous incarcerations, as well as 
other HCV risk criteria, such as IV drug use, being born 
in former Soviet Union or Romania, and being co-infect-
ed with HBV. The IPS-led HCV elimination program 
achieved a decrease in HCV burden among inmates at 
high risk for HCV. To achieve national HCV elimina-
tion, Israel should strengthen cooperation between IPS 
and medical insurers in the community.
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Enterovirus D68 (EV-D68) was recognized as a re-
spiratory virus in 1962 (1). In 2014, unprecedented 

large outbreaks of EV-D68 infections associated with 
severe respiratory illnesses occurred in children in 
the United States (2), coinciding with a subsequent 
increase in cases of acute flaccid myelitis (AFM) (3). 
The Centers for Disease Control and Prevention 
(CDC) began active AFM monitoring in 2014, and as 
of July 2023, there have been 729 confirmed cases (4). 
Most patients have AFM develop during August–No-
vember. Cyclical peaks in AFM incidence were ob-
served every 2 years (2014, 2016, and 2018) before the  
COVID-19 pandemic.

CDC began active sentinel surveillance for EV-
D68 in 2017 through the New Vaccine Surveillance 
Network and detected a greater number of EV-D68 
cases during July–August 2022 (5). However, there 
is no formal EV-D68 surveillance at state or local 
levels. Considering the emergence of wastewater  

surveillance (WWS) as a method to monitor patho-
gens at various population levels (6), we sought to 
assess the feasibility of applying WWS to elucidate 
EV-D68 circulation. WWS could provide an early 
alert system for public health authorities to mitigate 
possible increases in severe acute respiratory illness 
and AFM and to enhance physician awareness during 
times of increased circulation.

EV-D68 is shed in respiratory secretions and fe-
ces (7), although data are limited. Two recent stud-
ies reported EV-D68 RNA in wastewater in 2021 and 
concordance with confirmed infections in Israel and 
the United Kingdom (8,9). In this retrospective, lon-
gitudinal study, we developed an EV-D68 assay, de-
ployed it for WWS, and compared WWS results with 
laboratory-confirmed EV-D68 cases. This study was 
reviewed by the State of California Health and Hu-
man Services Agency Committee for the Protection 
of Human Subjects and determined to be exempt 
from oversight.

The Study
We tested the EV-D68–specific primers and probe 
developed by Wylie et al. (10) for their sensitiv-
ity and specificity in silico and in vitro against 
virus panels, intact viruses, and cDNA gene 
blocks (Appendix, https://wwwnc.cdc.gov/EID/
article/29/10/23-1080-App1.pdf). In silico testing 
indicated no cross-reactivity with non–EV-D68 se-
quences deposited in GenBank, and in vitro testing 
indicated no cross-reactivity with nontarget viral 
gRNA. However, the assay did not detect the EV-
D68 variant circulating in fall 2022 in the Northern 
Hemisphere (EV-D68–2022).

Trends of Enterovirus D68 
Concentrations in  

Wastewater, California, USA, 
February 2021–April 2023
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In this retrospective study, we measured enterovirus D68 
(EV-D68) genomic RNA in wastewater solids longitudinally 
at 2 California, USA, wastewater treatment plants twice 
per week for 26 months. EV-D68 RNA was undetectable 
except when concentrations increased from mid-July to 
mid-December 2022, which coincided with a peak in con-
firmed EV-D68 cases.
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We therefore developed a new set of primers, 
and modified the probe, to amplify and detect in 
EV-D68–2022 the same region of the polyprotein re-
gion (viral protein 1) gene targeted by Wylie et al. 
We downloaded EV-D68–2022 genome sequences 
from GenBank in September 2022, aligned them to 
identify conserved regions in viral protein 1, and 
developed primers and probes in silico (Appendix 
Table 1). We confirmed the new primers and probes 
were specific and sensitive in silico and in vitro. The 
EV-D68 assay used in this study uses 2 forward and 
2 reverse primers to ensure detection of all EV-D68 
variants (Table).

We retrospectively selected wastewater solids 
grab samples from biobanked samples collected as 
part of a prospective, longitudinal WWS program 
in California. We selected samples from wastewater 
treatment plants in San Jose , serving 1.5 million per-
sons in Santa Clara County and Oceanside, serving 
250,000 persons in San Francisco County (Appendix 
Figure 1). We collected and analyzed 2 samples that 
were collected from each site per week during Febru-
ary 1, 2021–April 24, 2023.

We thawed wastewater solids overnight and 
extracted nucleic acids from 10 replicate sample ali-
quots as described (11). We used RNA as template in 
10 replicate digital droplet reverse transcription PCR 
wells for each sample to measure EV-D68 RNA. We 
measured pepper mild mottle virus RNA as an en-
dogenous control.

Details of reverse transcription PCR chemistry 
and data processing are provided (Appendix). We re-
port measurements as copies per gram dry weight of 
solids (copies/g) with SDs. The lower limit of detec-
tion was ≈500 copies/g.

During February 2021–April 2023, EV-D68 RNA 
concentrations in wastewater solids were not detect-
able except for samples collected during mid-July 
2022 to mid-December 2022. During that time, EV-
D68 RNA concentrations increased to ≈105 cp/g in 
mid-October at both plants (Figure, panels A, B). 
Plots of EV-D68 normalized by pepper mild mottle 
virus were similar (Appendix Figure, panels A, B).

Although there is no active EV-D68 surveillance 
in California, the California Department of Public  

Health Viral and Rickettsial Disease Laboratory 
(VRDL) accepts enterovirus-reactive specimens 
from hospitals, clinics, and local public health labo-
ratories for strain typing. Enterovirus typing enables 
us to know, at a limited level, which enterovirus 
types are circulating and associated with illness. 
Since 2020, the VRDL has maintained an AFM sur-
veillance program with CDC (12). This enhanced 
AFM surveillance captures patient information but 
is not specific for EV-D68. However, enterovirus 
testing and typing are conducted when appropriate 
sample types are submitted. We aggregated the 35 
EV-D68 clinical samples confirmed by VRDL during 
January 2021–April 2023 by week (Figure, panel C). 
The average time from date of collection to reporting 
out EV-D68 result was 32 days (range 12–63 days) 
(data not shown).

Trends in EV-D68 RNA wastewater concen-
trations at the 2 California communities match the 
trend in the state-aggregated weekly data on lab-
oratory-confirmed EV-D68 cases (Figure). Weekly 
mean wastewater EV-D68 RNA concentrations were 
positively correlated with weekly case counts for 
both sites (Kendalls τ = 0.47 for San Jose and 0.50 for 
Oceanside; p<0.001).

Conclusions
Detection of EV-D68 in wastewater over 26 months 
in 2 California communities corresponded strikingly 
with the trend in statewide laboratory-confirmed EV-
D68 cases, although specific EV-D68 case data were 
not available from those 2 communities (Appendix 
Table 3). Passive enterovirus surveillance and senti-
nel EV-D68 surveillance in the United States do not 
detect most enterovirus cases and focus primarily 
on the most severe enterovirus cases causing acute 
respiratory illness, meningitis, and AFM. Most per-
sons infected with enterovirus are either asymptom-
atic or have mild symptoms and would not likely be 
tested. For persons who are tested, enterovirus-spe-
cific testing is rare, and a presumptive diagnosis is 
often based on the rhinovirus/enterovirus test on a 
respiratory virus panel assay without further charac-
terization. Even in cases where EV-D68 is identified, 
EV-D68 infection is not a reportable disease and not 
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Table. Forward and reverse primers and probe used in study of trends of EV-D68 concentrations in wastewater, California, USA, 
February 2021–April 2023* 
Target Primer/probe Sequence, 5′ → 3′ 
EV-D68 VP1 Forward CACYGAACCAGARGAAGCCA and 

CACTGAACCAGAGGAAGCTA 
Reverse CCAAAGCTGCTCTACTGAGAAA and 

CTAAAGCTGCCCTACTAAGRAA 
Probe TCGCACAGTGATAAATCRACAYGG 

*EVD-68, enterovirus D68; VP, viral protein. 
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necessarily captured in public health surveillance 
systems. During July–December 2022, when EV-D68 
RNA was detected and peaked in wastewater, case 
data were sparse, even when aggregated at the state 
level (Figure, panel C).

Given that recent EV-D68 surges have been as-
sociated with severe pediatric respiratory illness and 
coincided with increased numbers of AFM cases, 
there is a benefit to enhancing EV-D68 surveillance 
so that its circulation dynamics are better understood. 
Specific testing is rarely done on clinical samples, 
and surveillance for EV-D68 is limited. When avail-
able, EV-D68 typing of clinical cases is seldom timely.  

Because WWS results are specific for EV-D68 and 
available 24 hours after sample collection, early warn-
ing of EV-D68 levels could be available irrespective of 
clinical testing. WWS for EV-D68 can inform public 
health action, including when to issue alerts to im-
prove clinical recognition of the potential for severe 
respiratory illnesses and AFM cases. Our findings sup-
port routine prospective WWS for EV-D68 to inform 
public health surveillance. However, monitoring EV-
D68 target sequences is necessary to ensure appropri-
ate primers and probes are used for EV-D68 detection  
in wastewater.
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confirmed enterovirus D68 cases in California.
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The causative agents of borreliosis, also known as 
Lyme disease, in Europe are Borrelia garinii, B. af-

zelii, and, more rarely, B. burgdorferi sensu stricto. Lyme 
borreliosis is endemic in France except the southern 
region. Mean annual incidence of Lyme borreliosis in 
France may be as high as 84 cases/100,000 persons (1). 

B. spielmanii is a rare agent of Lyme borreliosis 
first isolated in 1993 from a patient with erythema 
chronicum migrans (ECM) in the Netherlands (2), 
then well-characterized as a novel genetic variant 
in 1999 (3). B. spielmanii was described as a new 
species in 2006 with a type strain isolated from Ixo-
des ricinus ticks collected from a garden dormouse 
in the Petite Camargue Alsacienne region in France 
(4,5). A few human cases were reported from Ger-
many (4), Hungary (6), Czech Republic (7), Den-
mark, and Slovenia (8); patients in all reported 
cases exhibited ECM (9). B. spielmanii has been 
found in a low percentage of ticks feeding on dogs 
in the United Kingdom, Switzerland, and Belgium 
and on birds in Poland. Also, ticks in Austria, Den-
mark, and the Czech Republic (some removed from  

humans), I. ricinus ticks in the Crimea peninsula 
(10), as well as in animal tissues from Poland (red 
fox) (11) and Hungary (hedgehogs), have been 
shown to carry B. spielmanii (12). No infected hu-
mans have been identified France. 

Erythema Migrans Caused by  
Borrelia spielmanii, France
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We describe a rare case of early Lyme borreliosis in 
France caused by Borrelia spielmanii, which manifest-
ed as a large erythema chronicum migrans rash. The 
patient completely recovered after a 15-day course of 
amoxicillin. Absence of pathognomonic signs prevent-
ed distinguishing B. spielmanii from other etiologies as 
cause in this case-patient. 

Figure 1. Large erythema chronicum migrans rash on a 60-year-
old woman in France that was later determined to be caused 
by Borrelia spielmanii. A) Edges of linear erythema band on 
patient’s back, indicated by arrows. B) End of linear erythema 
band beginning on patient’s back, indicated by arrows on 
patient’s knee.



Erythema Migrans Caused by Borrelia spielmanii, France

The Study
A 60-year-old woman sought treatment on Novem-
ber 15, 2017, for 2 erythematous linear asymptomatic 
and noninfiltrated bands on her left knee and the left 
side of her thorax. In August 2017, the woman had 
noticed an annular erythema initially in the middle 
and on the left side of her back. The annular erythema 
had gradually extended to the upper left side of her 
back to form a single erythematous band (Figure 1, 
panel A) and progressed to the left knee, also form-
ing an erythematous band (Figure 1, panel B). Both 
general and skin exams were otherwise unremark-
able. We hypothesized that the rash might constitute 
an unusually large ECM. Because Lyme borreliosis 
is unknown in that area of southeastern France, we 

questioned her about her recent travel history. She 
had spent the week of June 14–20, 2017, in the county 
of Oise, north of Paris, where Lyme borreliosis is en-
demic. We performed a punch biopsy on the thoracic 
erythema band and prescribed oral amoxicillin (1 g 
3×/d for 15 d), which resolved the ECM. 

We screened a serum sample from the patient using 
an enzyme-linked immunoassay (Liaison Borrelia burg-
dorferi; DiaSorin, https://www.diasorin.com), which 
revealed presence of IgG and absence of IgM for B. burg-
dorferi sensu lato. Western blotting using LymeCheck 
Optima IgG & IgM (Biosynex, https://www.biosynex.
com) revealed presence of Borrelia spp.–specific IgG for 
p100, VlsE, p58, and p41 antigens and a faint band for 
B. spielmanii–specific ospC antigen (Appendix Figure, 
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Figure 2. Maximum-likelihood 
phylogenetic tree of the 16s 
rRNA gene (rrs) of Borrelia genus 
bacteria showing the position 
of the B. spielmanii sequence 
obtained from the patient (large 
bold font) Evolutionary analyses 
were conducted using TOPALi 
version 2.5 (http://www.topali.org). 
The sequences of the 16S rDNA 
amplified in this study with other 
12S rDNA tick sequences available 
on GenBank (910 positions in the 
final dataset) were aligned using 
ClustalW (https://www.genome.jp/
tools-bin/clustalw) implemented on 
BioEdit version 3 (https://bioedit.
software.informer.com). The 
evolutionary history was inferred 
by using the maximum likelihood 
method based on the Hasegawa–
Kishino–Yano model plus invariate 
sites plus gamma distribution. The 
percentage of trees in which the 
associated taxa clustered together 
is shown next to the branches. 
GenBank accession numbers 
are provided. Scale bar indicates 
nucleotide sequence divergence.
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https://wwwnc.cdc.gov/EID/article/29/11/23-0149-
App1.pdf). Two weak bands showed IgM for B. spielma-
nii p100 and p41 antigens (Appendix Figure). 

We amplified portions of 16S rRNA (13) and ospA 
(5) borrelial genes from the biopsy sample. BLAST 
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) of 
sequenced amplicons showed 100% identity of the 
biopsy sequences with strain A14S of B. spielmanii 
for both the 910 bp–long portion of 16S rRNA gene 
(Genbank accession no. AF102056) and 260 bps-long 
amplicon of ospA (Genbank accession no. CP001469). 
We deposited our sequences into Genbank (accession 
nos. OR192893 and OR234396). The phylogenic tree 
(Figure 2) showed that the sequence obtained from 
the patient clusters with other B. spielmanii strains. 

Previously, only B. azfelii, B. garinii, and B. 
burgdoferi sensu stricto had been identified from pa-
tients in France (14). Our patient manifested a rare 
clinical form of ECM, with a large erythema migrans 
across her body, extending from her upper back to 
her knee. However, the unusually large size might 
have resulted from delays in seeking treatment and 
diagnosis, so that particular clinical manifestation 
might not be specific to B. spielmanii. 

We reviewed available literature on clinical de-
scriptions of human cases of B. spielmanii infection and 
found only 2 published case reports. A 69-year-old 
woman from Slovenia showed skin manifestations 
described as redness, mild local itching, burning, and 
pain on the left knee and later a 24 × 20 cm ring-like 
lesion on the left thigh (8), but she had no identified 
tick bite. In a second case, a 42-year-old woman from 
Hungary exhibited an ECM 10 cm in diameter on 
her knee (6). Clinical manifestations were missing in 
other case reports (3,9), in which only human isolates 
were described. In 1 study, B. spielmanii was detected 
in isolates from 4/242 patients with ECM from Ger-
many and Slovenia (9). However, in that study, 3 of 
the 4 patients infected with B. spielmanii lived in Mu-
nich where a higher proportion of ticks were positive 
for that pathogen. This finding argues for sporadic 
occurrences of the infection in other locations. 

In summary, our study has contributed more 
data on Borrelia spp. as potential causes of Lyme dis-
ease, prompting need for broader surveillance. How-
ever, additional well-documented reports on ECM as 
a manifestation of B. spielmanii are needed to provide 
new information about the epidemiology of this Bor-
relia in Europe. 
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On January 27, 2022, the United Kingdom reported 
an increased number of infections with exten-

sively drug-resistant (XDR) Shigella sonnei during Sep-
tember 1, 2021–January 10, 2022 (1). A total of 146 cas-
es were later reported in 9 other countries in Europe, 
all having either a similar XDR profile or close genet-
ic relationship to the UK cases (2). Most cases were 
linked to sexual transmission between gay, bisexual, 
and other men who have sex with men (MSM) (2). 

In Spain, information on S. sonnei exposure is 
rarely available (only in 7.2% of cases), but person-
to-person transmission is the most frequently ob-
served. Previous studies in Spain reported circu-
lation of lineages of S. sonnei resistant to first- and 
second-line oral treatments among MSM in different 
autonomous communities (Catalunya, Andalucía, 
País Vasco, and Madrid) as early as 2015 (3–7). We 
describe the multidrug-resistant (MDR) isolates of 
S. sonnei circulating in Spain during January 2021–
April 2022.

The Study
For this investigation, we defined a suspected case as a 
patient with laboratory-confirmed S. sonnei infection; 
an MDR profile characterized by nonsusceptibility to 
>1 agent in >3 of the antimicrobial categories tested, 

Genetic Characterization  
of Extensively Drug-Resistant  

Shigella sonnei Infections,
Spain, 2021–2022

Camille Jacqueline, Guillermo Ruiz Carrascoso, José Gutiérrez-Fernández, Teresa Vicente Rangel, 
Lidia Goterris, Fernando Vazquez Valdes, Domingo Fernández Vecilla, Matilde Elía López,  

Maria Rocío Martinez Ruiz, Carmen Aspiroz Sancho, Ramón Perez Tanoira, Elia Sirvent Quílez,  
Alba de la Rica Martínez, Nieves Gonzalo Jiménez, Cristina García Salguero, Eva González Barbera, 

Maria Reyes Sánchez Florez, Francisco J. Merino, Begoña Sagardia Redondo,  
Enrique Rodriguez Guerrero, Claudia Sanz González, Silvia Herrera-Leon

2370	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023

DISPATCHES

Author affiliations: European Public Health Microbiology Training 
Program, European Centre for Disease Prevention and Control, 
Stockholm, Sweden (C. Jacqueline); Centro Nacional de  
Microbiología, Instituto de Salud Carlos III, Majadahonda, Spain 
(C. Jacqueline, S. Herrera-Leon); Servicio de Microbiología 
Clínica, Hospital Universitario La Paz, Madrid, Spain  
(G.R. Carrascoso, C.S. González); Universidad de Granada, 
Granada, Spain (J. Gutiérrez-Fernández); Hospital General Uni-
versitario Gregorio Marañon, Madrid, Spain (T.V. Rangel);  
Hospital Universitario Vall d’Hebron, Barcelona, Spain  
(L. Goterris); Hospital Universitario Central De Asturias, Oviedo, 
Spain (F.V. Valdes); Hospital Universitario de Basurto, Bilbao, 
Spain (D.F. Vecilla); Hospital Universitario de Navarra, Pampona, 
Spain (M.E. López); Hospital Puerta De Hierro, Majadahonda, 

Spain (M.R.M. Ruiz); Hospital Royo Villanova, Zaragoza, Spain 
(C. Aspiroz Sancho); Hospital Universitario Príncipe de Asturias, 
Alcalá de Henares, Spain (R.P. Tanoira); Hospital General  
Universitario de Elche, Alicante, Spain (E.S. Quílez,  
A.R. Martínez, N.G. Jiménez); Hospital Clínico San Carlos,  
Madrid, Spain (C.G. Salguero); Hospital Universitario y Politécnico 
La Fe, Valencia, Spain (E.G. Barbera); C.H.U. Nuestra Señora de 
Candelaria, Santa Cruz de Tenerife, Spain (M.R.S. Florez);  
Hospital Universitario Severo Ochoa, Leganés, Spain (F.J. Merino); 
Laboratorio De Salud Pública, Palma De Mallorca, Spain  
(B.S. Redondo); Hospital Universitario Virgen de las Nieves, 
Granada, Spain (E.R. Guerrero)

DOI: http://doi.org/10.3201/eid2911.221746

In 2022, the United Kingdom reported an increase in drug 
resistance in Shigella sonnei isolates. We report 33 cases 
in Spain genetically related to the UK cases and 4 cases 
with similar antimicrobial resistance profiles infected with 
genetically distant strains. Our results suggest circulation 
of multiple genetic clusters of multidrug-resistant S. son-
nei in Spain.
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including third-generation cephalosporins, amino-
glycosides, sulfamethoxazole, and fluroquinolones; 
and a specimen collected in Spain during January 1, 
2021–April 1, 2022. Over the study period, hospitals 
voluntarily sent 51 S. sonnei isolates to the National 
Center of Microbiology in Spain, and epidemiologic 
data were collected from laboratory request forms 
or by directly contacting the hospitals. From those 
cases, we identified 37 (72%) suspected cases across 
12 autonomous communities (Appendix 1, https://
wwwnc.cdc.gov/EID/article/29/11/23-1746-App1.
xlsx). This finding represented a dramatic increase 
compared with 2019 data from Spain, in which only 
6% of isolates tested in the National Center of Micro-
biology were identified as MDR (C. Jacqueline et al., 
unpub. data). We excluded 2020 from review because 
of the COVID-19 pandemic. 

The median age of the persons with suspected cas-
es was 34 (range 18–75) years (Appendix 2, https://
wwwnc.cdc.gov/EID/article/29/11/23-1746-App2.
pdf). Seventeen (46%) persons reported diarrhea, 
and 1 person was asymptomatic (tested as contact of 
another case); for 19 (51%) persons, symptoms were 
not reported. Eight (22%) persons were hospitalized 
for fever, enterocolitis, pancolitis, and dehydration; 
hospitalization status was unknown for 2 (5%) per-
sons. The percentage of hospitalizations was similar 
to data from 2018 (20%) but higher than data from 
2019 (11%). Mean duration of hospitalization was 5.7 
(range 2–10) days, and no person died from their in-
fection. When considered appropriate, patients were 
treated with ertapenem, meropenem, ciprofloxacin, 
amoxicillin/clavulanic acid, metronidazole, or fosfo-
mycin (alone or in combination). Antibiotic treatment 
failure was occasionally observed and resolved by a 
change in treatment (7).

Nineteen (51%) persons from 7 distinct autono-
mous communities were identified as MSM, and 
sexual transmission was hypothesized in 4 groups of 
sexual partners. One person reported sexual contact 
with persons in France. No person reported expo-
sure to potentially contaminated food or water. Some 
patients were HIV positive (frequency is omitted to 
prevent deductive disclosure), and only 2 persons 
reported using preexposure prophylaxis (18 cases re-
ported not using preexposure prophylaxis; informa-
tion was unavailable for the 17 other cases).

We performed whole-genome sequencing (WGS; 
Illumina Inc., https://www.illumina.com) on all iso-
lates from suspected cases. Sequences can be accessed 
on Enterobase (https://enterobase.warwick.ac.uk; 
uberstrains ESC_BB1296AA to ESC_BB1332AA). Us-
ing the Escherichia/Shigella scheme of Enterobase, we 

performed a core genome multilocus sequence typ-
ing analysis. We found 33 (89%) isolates that were 
within 7 allelic differences (absent alleles were not 
considered as differences) of the 3 representative out-
break sequences shared by the United Kingdom in 
the EpiPulse event notification portal (https://www.
ecdc.europa.eu/en/publications-data/epipulse- 
european-surveillance-portal-infectious-diseases). 
We defined all isolates belonging to that genetic clus-
ter as confirmed cases and belonging to sequence type 
(ST) 152. Two ST152 isolates showed a high number 
of allelic differences compared with the main cluster, 
including 1 isolate from a female case-patient. In ad-
dition, we identified 2 isolates as belonging to differ-
ent sequence types, ST3075 and ST5390 (Appendix 1).

We investigated the genetic diversity of ST152 
isolates using a single-nucleotide polymorphism 
analysis (Center for Genomic Epidemiology, 
https://cge.food.dtu.dk/services/CSIPhylogeny). 
We included all the sequences available on Entero-
base that corresponded to S. sonnei ST152 cases in 
Spain during 2019–2022. We found a low genetic 
diversity overall, especially between the sequences 
of confirmed cases, but we observed 3 phylogeneti-
cal clades (confirmed by hierBAPS, https://github.
com/gtonkinhill/rhierbaps) (Figure). We observed 
1–9 single-nucleotide polymorphisms of differ-
ence between cases where sexual transmission  
was hypothesized.

We determined the genetic determinants of resis-
tance using PlasmidFinder 2.1 (8) and ResFinder 4.1 
(9,10). First, we found that all confirmed cases har-
bored the plasmid replicon IncFII, which carried the 
gene blaCTX-M-27, responsible for resistance to ampicil-
lin, cefepime, cefotaxime, and ceftazidime. However, 
the ST152 isolate from the female case-patient and the 
ST3075 and ST5390 isolates harbored different extend-
ed-spectrum β-lactamase–producing genes (Appendix 
Table). Resistance to streptomycin was associated with 
aadA5, resistance to sulfamethoxazole was associated 
with sul1, and resistance to trimethoprim was associ-
ated with dfrA1, all of which were also harbored by the 
IncFII plasmid. The gene mphA conferring resistance 
to azithromycin was present in all but 2 isolates. We 
also detected an additional plasmid replicon, IncB/O/
K/Z, in 30 isolates. In the core genome, the same point 
mutation S83L in the gyrA gene, conferring fluoroqui-
nolone resistance, was present in all isolates.

Conclusion
We describe the circulation in Spain of a cluster of ex-
tended spectrum β-lactamase–producing and MDR 
S. sonnei infections genetically related with those  
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observed in a contemporaneous UK outbreak. Be-
cause most of the isolates harbored the gene confer-
ring azithromycin resistance, we hypothesize that 
they would be XDR, even though we did not confirm 
it phenotypically. We also identified strains of MDR 
S. sonnei that belonged to STs other than the one de-
scribed in the United Kingdom. This finding raises 
concerns about the ability to manage the spread of 
MDR and XDR Shigella infections and highlights the 
need to strengthen surveillance of shigellosis.

In the United Kingdom, sexual transmission 
between MSM was identified as the main factor of  

circulation for the strains harboring the IncFII plas-
mid replicon (1). Although we cannot exclude other 
confounding factors, our results point in the same 
direction. Indeed, food exposure was not reported, 
and 19 confirmed case-patients were MSM, even 
though the respondent rate for sexual orientation 
was low in our study. However, identifying a female 
case-patient and a heterosexual male case-patient 
suggests circulation of MDR S. sonnei outside of the 
MSM population. In Spain, efforts should be made to 
obtain information related to exposure and to recom-
mend the use of microbiological culture and WGS to  
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Figure. Phylogenetic analysis 
of ST152 isolates showing 2 
clusters from an investigation of 
suspected multidrug-resistant 
Shigella sonnei in Spain. 
Red text indicates reference 
sequences from the United 
Kingdom; blue text indicates 
assembly barcodes of ST152 
feeding sequences available on 
Enterobase (https://enterobase.
warwick.ac.uk) from 2019 
to 2022. Green arrowheads 
indicate cases associated with 
MSM; green brackets connect 
known sexual partners. Orange 
arrowheads indicate cases in 
heterosexual persons (female or 
male); gray arrowheads indicate 
sexual behavior was unknown. 
A sequence from another 
sequence type was used as an 
outgroup. Numbers on branches 
indicate bootstrap values >80%. 
MSM, men who have sex with 
men; ST, sequence type.
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identify chains of transmission and antibiotic re-
sistance. Such efforts will be crucial in preventing 
further selection of antimicrobial resistance, avoid-
ing possible treatment failures, and managing what 
might become a global outbreak.

Further monitoring of the situation in Spain, 
as well as in Europe, will be necessary to assess the 
extent of the circulation of XDR S. sonnei. Although 
more studies are needed to confirm the role of sexual 
transmission in Spain, communication campaigns, 
notably in HIV and preexposure prophylaxis clinics, 
could inform MSM on ways to minimize the risk of 
infection. Finally, alerting healthcare professionals to 
the role of sexual transmission in S. sonnei infections 
is critical for obtaining information on sexual history 
and identifying new cases, particularly in adult men 
with acute diarrhea.

Acknowledgments
We thank the Genomic and Bioinformatic departments of 
the National Center of Microbiology for their help with 
WGS and Kristina Zugazaga from the Hospital of Basurto 
for her technical support.

Financial support for this work came from the National 
Institute of Health Carlos III with the project Acción  
Estratégica de Salud Intramural (AESI; PI21CIII/00029).

About the Author
Dr. Jacqueline is a EUPHEM fellow (European Centre 
for Disease Prevention and Control, Stockholm, Sweden) 
working at the Instituto de Salud Carlos III in Madrid.  
Her primary research interests are public health  
microbiology, epidemiology, and outbreak investigation. 

References
  1.	 Charles H, Prochazka M, Thorley K, Crewdson A, Greig DR, 

Jenkins C, et al.; Outbreak Control Team. Outbreak of  
sexually transmitted, extensively drug-resistant Shigella  
sonnei in the UK, 2021–22: a descriptive epidemiological  
study. Lancet Infect Dis. 2022;22:1503–10. https://doi.org/ 
10.1016/S1473-3099(22)00370-X

  2.	 European Centre for Disease Prevention and Control.  
Increase in extensively-drug resistant Shigella sonnei  
infections in men who have sex with men in the EU/EEA 
and the UK—23 February 2022. Stockholm: The Centre; 2022. 

  3.	 Moreno-Mingorance A, Espinal P, Rodriguez V, Goterris L, 
Fàbrega A, Serra-Pladevall J, et al. Circulation of  
multi-drug-resistant Shigella sonnei and Shigella flexneri 
among men who have sex with men in Barcelona, Spain, 
2015–2019.Int J Antimicrob Agents. 2021;58:106378.  
https://doi.org/10.1016/j.ijantimicag.2021.106378

  4.	 Ortiz de la Rosa JM, Rodríguez-Villodres Á,  
Casimiro-Soriguer CS, Ruiz-Pérez De Pipaón M, Briones 
E, Aznar Fernández M, et al. MDR Shigella sonnei in Spain: 
an ever-evolving emerging threat? JAC Antimicrob Resist. 
2022;4:dlac090. https://doi.org/10.1093/jacamr/dlac090

  5.	 González Donapetry P, Pescador Martín P, Gómez-Gil Mira R, 
Ruiz Carrascoso G. Imported infection by CTX-M-15 
extended-spectrum beta-lactamase-producing Shigella sonnei. 
Enferm Infecc Microbiol Clin (Engl Ed). 2019;37:141.  
https://doi.org/10.1016/j.eimce.2018.03.009

  6.	 López-cerero L, Stolz E, Pulido M, Pascual A. Characterization 
of extended-spectrum ß-lactamase-producing Shigella  
sonnei in Spain: expanding the geographic distribution of 
sequence type 152/CTX-M-27 clone. Antimicrob Agents 
Chemother. 2022;66:e0033422. https://doi.org/10.1128/
aac.00334-22

  7.	 Vecilla DF, Inchaurzaa KZ, Aguirreb IL, del Arcoa JLD de T. 
Phenotypic and genotypic characterization of Shigella sonnei 
carrying the extended-spectrum beta-lactamase CTX-M-27. 
A report of two cases in Spain in men who have sex with 
men. Enferm Infecc Microbiol Clin (Engl Ed). 2023;41:248–50. 
https://doi.org/10.1016/j.eimce.2023.02.003

  8.	 Carattoli A, Zankari E, García-fernández A, Larsen V,  
Lund O, Villa L, Aarestrup M, Hasman H. In silico detection 
and typing of plasmids using Plasmidfinder and plasmid 
multilocus sequence typing. 2014;58:3895–903.  
https://doi.org/10.1128/AAC.02412-14

 9.	 Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, 
Cattoir V, et al. ResFinder 4.0 for predictions of phenotypes 
from genotypes. J Antimicrob Chemother. 2020;75:3491–500. 
https://doi.org/10.1093/jac/dkaa345

10.	 Zankari E, Allesøe R, Joensen KG, Cavaco LM, Lund O, 
Aarestrup FM. PointFinder: a novel web tool for WGS-based 
detection of antimicrobial resistance associated with  
chromosomal point mutations in bacterial pathogens.  
J Antimicrob Chemother. 2017;72:2764–8. https://doi.org/ 
10.1093/jac/dkx217

Address for correspondence: Silvia Herrera León, Centro Nacional 
de Microbiología, Instituto de Salud Carlos III, Pozuelo Road, 28, 
28222, Majadahonda, Madrid; email: sherrera@isciii.es

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2373



Severe Rickettsia typhi  
Infections, Costa Rica

Diana Chinchilla, Inés Sánchez, Ida Chung,  
Arlyn N. Gleaton, Cecilia Y. Kato
Author affiliations: Instituto Costarricense de Investigación y  
Enseñanza en Nutrición y Salud, Cartago, Costa Rica  
(D. Chinchilla, I. Sánchez); Centers for Disease Control and  
Prevention, Atlanta, Georgia, USA (I. Chung, A.N. Gleaton, C.Y. Kato)

DOI: https://doi.org/10.3201/edi2911.221561

Murine typhus is an acute febrile, fleaborne dis-
ease caused by infection with Rickettsia typhi 

bacteria. The initial symptoms are nonspecific and 
resemble those of other common bacterial and viral 
infections. Murine typhus is generally mild to moder-
ate in severity and has a low case-fatality rate, espe-
cially in treated patients (1,2). In untreated patients, 
the case-fatality rate is reported to be 0.4%, and com-
plications can occur in 6%–30% of patients (1).

In Costa Rica, cases of spotted fever group (SFG) 
rickettsiosis and Rocky Mountain spotted fever have 
been reported since 1950, and 6 species of Rickettsia 
have been identified (2,3). In Central America, there is 
serologic evidence of antibodies in humans against ty-
phus group (TG) Rickettsia in El Salvador, Guatemala, 
Honduras, Nicaragua, and Panamá, but there are no 
serologic or molecular reports of R. typhi in Costa Rica 
(2). We report 2 cases of murine typhus in Costa Rica.

During 2015–January 2021, a total of 190 acute-
phase clinical samples from patients suspected of 
having rickettsiosis, ehrlichiosis, Lyme disease, and 
other febrile illnesses were submitted to the Centro 
Nacional de Referencia de Bacteriología, Instituto 
Costarricense de Investigación y Enseñanza en Nu-
trición y Salud, Cartago, Costa Rica, for laboratory 
diagnosis. For rickettsial disease testing, we extracted 
DNA from whole blood, serum, swab specimens, or 
biopsy specimens collected <21 days from symptom 
onset within 3 days of collection by using the QIAamp 
DNA Mini Kit (QIAGEN, https://www.qiagen.com). 
We also used automated platforms (Seeprep12 and 
SGprep 32; Seegene, https://www.seegene.com) for 
extraction of blood and serum, according to the man-
ufacturer’s instructions. 

We performed the Rickettsia genus-specific  
real-time PCR, PanR8, as described (4). We further 
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Murine typhus is a febrile, fleaborne disease caused by in-
fection with Rickettsia typhi bacteria. Cases can range from 
mild and nonspecific to fatal. We report 2 cases of murine 
typhus in Costa Rica, confirming the presence and circula-
tion of R. typhi causing severe disease in the country.

Figure. Location of 2 cases of 
murine typhus (colored circles), 
Costa Rica.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023	 2375

RESEARCH LETTERS

analyzed all 8 samples that tested positive with the 
PanR8 assay by using the RRi6 assay; a real-time PCR 
assay specific for R. rickettsii (causative agent of Rocky 
Mountain spotted fever) detection (4,5). We assessed 
amplicon size verification by using gel electrophore-
sis with the Qiaxcel Automated Platform (QIAGEN). 
We performed immunofluorescence-IgG (Fuller Lab-
oratories, http://www.fullerlabs.com) when second 
samples were available.

A total of 104 coded samples were sent to the 
diagnostics laboratory of the Rickettsial Zoonoses 
Branch, Division of Vector-Borne Diseases, National 
Center for Emerging and Zoonotic Infectious Diseas-
es, Centers for Control Disease and Prevention, for 
diagnostic testing to confirm results by using >1 of 
the following assays: PanR8 Rickettsia spp. real-time 
PCR (4), RCKr Rickettsia spp. real-time reverse tran-
scription PCR (6), and RT27 and RT12 for R. typhi (D. 
Chinchilla, unpub. data). We attempted sequencing 
for all specimens that had positive results by using 
the 17kDa (TG and SFG) (7,8) and ompA (SFG) (9,10) 
gene targets.

We detected Rickettsia spp. nucleic acid in 8 sam-
ples (7.7%). Of those, 2 (1 whole blood and 1 serum) 
were identified as R. typhi (GenBank accession no 
LS992663.1) by sequencing of the 17-kDa gene target-
ing TG Rickettsia. The remaining 6 samples that were 
positive for Rickettsia spp. could not be further iden-
tified by sequencing, probably because of low copy 
numbers (Appendix, https://wwwnc.cdc.gov/EID/
article/29/11/22-1561-App1.pdf). The samples cor-
responding to the 2 murine typhus cases were sub-
mitted in March and October 2019.

Both murine typhus patients required hospital-
ization and had severe disease develop. The patients 
lived in a rural area in Cartago, a province located in 
the Central Valley of Costa Rica (Figure). Both patients 

had fever and moderate symptoms at the early stages 
but later progressed to severe disease (Table). One of 
the patients required admission to the intensive care 
unit and mechanical ventilation, and the other patient 
died of superimposed nosocomial pneumonia (Ta-
ble). Neither patient had a rash, which occurs in up to 
50% of the patients with murine typhus and is often 
considered suggestive of rickettsial disease. At hos-
pital admission, both patients had fever of unknown 
origin, but rickettsiosis was not considered in the clin-
ical diagnosis because of the lack of knowledge of the 
incidence of rickettsial disease in Costa Rica and the 
consideration that a rash is expected to occur.

We evaluated samples by using the PanR8 assay 
as part of the laboratory differential diagnosis as-
says performed for samples suspected of indicating 
a tickborne disease. Patient 1 was initially suspected 
of having leptospirosis or ehrlichiosis, and patient 2 
was suspected of having Lyme disease, brucellosis, 
or dengue; all of those conditions are febrile diseases 
that have similar symptoms at early stages. Subse-
quent sequencing using 17-kDa TG primers identified 
R. typhi DNA within each sample. Patient 2 showed 
seroconversion to TG in a convalescent-phase sample 
(titer 1:64)

In conclusion, we report 2 cases of murine typhus 
in Costa Rica, confirm the presence of R. typhi by se-
quencing, and document the occurrence of severe 
disease. Our findings indicate that R. typhi is actively 
circulating in Costa Rica and is capable of causing 
severe disease. Early clinical and laboratory diagno-
sis of SFG and TG rickettsiosis in Costa Rica will en-
sure timely treatment to prevent complications and 
deaths. Laboratory confirmation of the specific rick-
ettsial agent is also critical to support epidemiologic 
interventions, including vector control and commu-
nity and physician education.

 
Table. Characteristics of 2 patients confirmed to have murine typhus, Costa Rica, 2019 
Characteristic Patient 1 Patient 2 
Age, y/sex 30/M 46/F 
Presumptive diagnosis upon arrival Leptospirosis, ehrlichiosis Lyme disease, brucellosis, dengue fever 
Travel history Visited Cocles Beach on the Atlantic 

coast of Costa Rica 
Not indicated 

Days after onset of symptoms Sample drawn within 7 d Sample drawn within 9 d 
Early symptoms Fever, joint pain, myalgia, chills, 

headache, abdominal pain, 
dehydration, diarrhea, cough 

Fever, chills, headache, vomiting, cough 

Late symptoms Jaundice, gum bleeding, multiple 
organ failure 

Sepsis 

Hospital ward Admitted to intensive care unit, 
required mechanical ventilation 

Admitted to infectious disease ward 

Outcome Recovered after 15 d treatment with 
doxycycline and tigecycline 

Died from nosocomial pneumonia, septic 
shock, and renal failure (as stated in 

certificate of death) 
Seroconversion in convalescent-phase sample* No convalescent-phase sample  Titer of IgG against Rickettsia typhi 1:64 
*By immunofluorescence for IgG against spotted fever group and typhus group Rickettsia (Fuller Laboratories, http://www.fullerlabs.com).  
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As of August 2023, >340,000 test-confirmed  
COVID-19 cases and 5,689 COVID-19–related 

deaths had been reported in Kenya (1). Seropositivity 

1These authors contributed equally to this article.

We report a newly emerged SARS-CoV-2 Omicron sub-
variant FY.4 that has mutations Y451H in spike and P42L 
in open reading frame 3a proteins. FY.4 emergence co-
incided with increased SARS-CoV-2 cases in coastal 
Kenya during April–May 2023. Continued SARS-CoV-2 
genomic surveillance is needed to identify new lineages 
to inform COVID-19 outbreak prevention.
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rates in rural and urban populations were high, and 
vaccine uptake was low (≈28% of the adult popula-
tion received >1 dose) (2). By August 2022, a total of 
69%–81% of rural (Kilifi and Siaya) and 89%–95% of 
urban (Nairobi and Kisumu) adults in Kenya had IgG 
against the SARS-CoV-2 spike protein (3).

Genomic surveillance is critical to determine 
origins of new waves, evolution, and spread pat-
terns of SARS-CoV-2. As of June 2023, a total of 7 
distinct waves of SARS-COV-2 infections have been 

observed in Kenya (1; G. Githinji et al., unpub. data, 
https://doi.org/10.1101/2022.10.26.22281446). The 
last 3 waves were dominated by Omicron BA.1-like, 
BA.5-like, and BQ-like lineages (in that order), asso-
ciated with increases in SARS-CoV-2 cases because 
of virus mutations that conferred transmission ad-
vantage or escape from preexisting immunity (4).

In coastal Kenya, the Kenya Medical Research 
Institute Wellcome Trust Research Programme 
is conducting SARS-CoV-2 genomic surveillance 

Figure. Number of positive samples, distribution, and growth rate for new SARS-CoV-2 Omicron variant with spike protein mutation Y451H, 
Kilifi, Kenya, March–May 2023. The x axes indicate calendar weeks beginning on January 1, 2023. A) Weekly number of collected samples 
(black data line) and positive SARS-CoV-2 cases (data bars) in health facilities within the KHDSS during January–May 2023. Vertical dotted 
lines indicate the weeks when the FY.4 lineage was first detected in Kenya (red) and Kilifi (black). B) Weekly distribution of SARS-CoV-2 
lineages observed in samples processed at the Kenya Medical Research Institute Wellcome Trust Research Programme from KHDSS 
(red dots) and non-KHDSS (blue dots) health facilities during January–May 2023. C) Growth rate estimates for the Omicron FY.4 variant in 
Kenya relative to those in the United States and Germany. KHDSS, Kilifi Health Demographic Surveillance System.
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across 5 health facilities within the Kilifi Health and 
Demographic Surveillance System (KHDSS) (5). Up 
to 75 respiratory samples are collected weekly from 
persons of all ages with acute respiratory illness at 
participating health facilities. SARS-CoV-2 reverse 
transcription PCR and sequencing are performed 
on virus-positive samples from KHDSS health  
facilities and other collaborating health facilities 
across Kenya.

SARS-CoV-2 positivity rates in KHDSS health fa-
cilities increased from 1.2% during the week beginning 
March 27, 2023, to 42.9% during the week beginning 
April 24, 2023 (Figure, panel A). After dropping to 
23.5% during the first week of May, rates remained at 
5.0%–7.7% over the next 3 weeks. 

During January–May, a total of 120 (7.4%) of 
1,612 samples collected from KHDSS health facili-
ties were positive for SARS-CoV-2. We sequenced 
96 (80%) of 120 samples that had PCR cycle thresh-
old values <35 by using GridION (Oxford Nanopore 
Technologies, https://www.nanoporetech.com) (n 
= 35) or MiSeq (Illumina, https://www.illumina.
com) (n = 61) instruments; we recovered 76 (79%) 
genomes with >70% coverage. We also received 39 
SARS-CoV-2–positive samples from health facilities  

outside the KHDSS and sequenced 32 (82%) of 
them, yielding 25 (78%) genomes (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/29/11/23-
0894-App1.pdf).

We assigned the 76 genomes from KHDSS health 
facilities to 2 lineages: BQ.1.1 (n = 1) and FY.4 (n = 75). 
The SARS-CoV-2 infection rate increase observed in 
late March coincided with detection of the new Omi-
cron FY.4 lineage (Figure, panel B). In Kenya, FY.4 
was first observed in Lamu County (n = 6) on March 
10, 2023 (Figure, panel A); in KHDSS, FY.4 was first 
identified from samples collected on March 27 and, in 
April and May, it became the dominant lineage, rep-
resenting 98% of all SARS-CoV-2 cases. By May 31, 
according to the GISAID database  (https://www.gi-
said.org), FY.4 had been detected in 4 other counties: 
Mombasa (n = 2), Narok (n = 2), Nairobi (n = 7), and 
Kiambu (n = 31). The FY.4 subvariant has since been 
detected in Austria, Belgium, Germany, Italy, India, 
Sweden, Canada, France, China, Australia, Spain, the 
United Kingdom, and the United States (6).

In KHDSS health facilities, patients infected with 
FY.4 had cough (98%), fever (78%), and nasal dis-
charge (74%); 7% had difficulty breathing (Table). 
Only 13 (16%) participants reported receiving >1 dose 
of a COVID-19 vaccine. A serosurveillance study 
(February–June 2022) found that 67% of unvaccinat-
ed KHDSS health facility residents had SARS-CoV-2 
IgG, indicating a high percentage of this population 
might have been naturally infected (3).

Compared with other Omicron lineages, FY.4 
had 2 amino acid mutations, Y451H in the spike pro-
tein and P42L in the open reading frame (ORF) 3a 
protein. The effect of the Y451H change is unknown; 
however, an L452R mutation in the receptor-binding 
domain of the spike protein (near the Y451H site) in-
creased virus infectivity and fusogenicity by enhanc-
ing spike stability and cleavage (7). Changes within 
ORF3a epitopes can cause complete loss of CD8+ T-
cell recognition of ancestral SARS-CoV-2 lineages and 
Alpha variant (8).

We applied a Bayesian hierarchical model (9) to 
estimate the growth rate of FY.4-like lineages in Ke-
nya. Growth estimates serve as an epidemic warning 
system for lineages that have consistent increases in 
frequency for >2 consecutive weeks. We compared 
growth rate estimates from Kenya with those from 
Germany and the United States, the only other coun-
tries reporting FY.4 cases for >2 consecutive weeks 
during the last weeks of May 2023 (Figure, panel C). 
The model warned of a high epidemic potential in  
Kenya from March 26 through May, suggesting con-
tinued increases in cases attributed to the FY.4 lineage.

 
Table. Clinical signs and symptoms for patients infected with 
SARS-CoV-2 Omicron FY.4 variant with spike protein mutation 
Y451H, Kilifi Health Demographic Surveillance System, Kilifi, 
Kenya, January–May 2023* 
Signs/symptoms No. (%) patients  
Fever 
 Yes 57 (78.1) 
 No 16 (21.9) 
Cough 
 Yes 72 (98.6) 
 No 1 (1.4) 
Nasal discharge 
 Yes 54 (74.0) 
 No 19 (26.0) 
Difficulty breathing 
 Yes 5 (6.8) 
 No 68 (93.2) 
Sore throat 
 Yes 28 (38.4) 
 No 45 (61.6) 
Body malaise 
 Yes 25 (34.2) 
 No 48 (65.8) 
Conscious level 
 Alert 73 (100.0) 
COVID-19 vaccination status 
 Yes 12 (16.4) 
 No 60 (82.2) 
 No data 1 (1.4) 
COVID19 vaccine doses 
 1 3 (4.1) 
 2 7 (9.6) 
 No data 63 (86.3) 
*Total number of patients was 73. 
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In conclusion, we detected emergence of a new 
Omicron lineage with unique spike and ORF3a gene 
mutations in coastal Kenya by using SARS-CoV-2 ge-
nomic surveillance. FY.4 subvariant detection coincid-
ed with an increase in SARS-CoV-2 cases in Kilifi. FY.4 
was also detected in other parts of Kenya, and growth 
estimates suggest potential for continued spread of 
the FY.4 subvariant. Continued SARS-CoV-2 genomic 
surveillance is critical for identifying new lineages to 
inform COVID-19 prevention measures.
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Respiratory syncytial virus (RSV), an RNA virus of 
the family Pneumoviridae, causes acute respira-

tory infections, primarily in children, adults with se-
vere lung disease, and elderly persons (1). The United 
States experienced an early surge in RSV cases during 
the 2022–2023 respiratory pathogen season, coincid-
ing with high levels of influenza and SARS-CoV-2 
infections (2). In Arizona, USA, numbers of labora-
tory-confirmed RSV cases increased beginning in 
September 2022, peaked in mid-November 2022, and 
then declined to average levels by March 2023 (Fig-
ure, panel A). 

The 2 major RSV subtypes, RSV-A and RSV-B, 
have distinct antigenic characteristics in the P, N, F, 
and G proteins (1). Each subtype is classified into gen-
otypes based on sequence variability in the G protein 
(3). According to sequencing data from the GISAID 
database (4), global distribution of RSV genotypes 
during 2022–2023 was split between the GA2.3.5 gen-
otype of RSV-A and the GB5.0.5a genotype of RSV-B 
(Figure, panel B). However, RSV vaccines are based on 
the prefusion conformation of the F protein. Because 
surveillance efforts should focus on whole-genome 
sequencing to better understand the evolution of the 
virus and its potential effect on vaccine efficacy, we 
conducted surveillance of genomic sequences from 

RSV-A and -B subtypes to identify genetic mutations. 
This study was approved by the Arizona State Uni-
versity Institutional Review Board (STUDY00011967). 

We tested 127 RSV-positive nasopharyngeal 
swabs from previous standard-of-care respiratory 
pathogen testing at Valleywise Health Medical Cen-
ter, which serves Maricopa County, Arizona, USA. 
Patients were a median of 22 years of age (inter-
quartile range 2–44 years). We performed genomic 
surveillance to determine RSV strains circulating 
in Arizona during the 2022–2023 season. We per-1These first authors contributed equally to this article.

We conducted surveillance of respiratory syncytial virus 
(RSV) genomic sequences for 100 RSV-A and 27 RSV-B 
specimens collected during November 2022–April 2023 
in Arizona, USA. We identified mutations within prefu-
sion F-protein antigenic sites in both subtypes. Contin-
ued genomic surveillance will be critical to ensure RSV 
vaccine effectiveness.

Figure. Genomic sequencing analysis of RSV in Arizona, USA, 
2022–2023. A) Five-week moving average of PCR-confirmed RSV 
detections in Arizona reported to the National Respiratory and 
Enteric Virus Surveillance System and RSV sequence counts by 
genotype obtained for specimens used in this study. B) Relative 
abundance of RSV-A and RSV-B genotypes shown for all RSV 
genomes (RSV-A, n = 1,047; RSV-B, n = 941) deposited in GISAID 
(https://www.gisaid.org) with collection dates January 1, 2022–May 
1, 2023, including genotypes obtained for specimens used in this 
study (RSV-A n = 100; RSV-B, n = 27). C) Reverse transcription 
PCR Ct values and genome coverage for RSV-A and RSV-B 
samples. Ct, cycle threshold; RSV, respiratory syncytial virus.
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formed 2 × 150-bp paired-end next-generation se-
quencing using a hybrid capture enrichment panel 
(Illumina Respiratory Virus Oligo Panel version 2, 
https://www.illumina.com). We used Trim Ga-
lore version 0.6.10 (https://github.com/FelixK-
rueger/TrimGalore) to quality filter and adaptor 
trim sequencing reads, mapped the reads to RSV-
A and RSV-B reference sequences (GISAID acces-
sion nos. EPI_ISL_412866 and EPI_ISL_165399) us-
ing Burrows-Wheeler Aligner version 0.7.17-r1188 
(https://bio-bwa.sourceforge.net), and generated 
consensus sequences using SAMtools version 1.17 
(https://github.com/samtools/samtools/releases). 
We assembled 92 RSV-A (GA2.3.5 genotype) and 
24 RSV-B (GB5.0.5a genotype) complete genome 
sequences and 8 RSV-A (GA2.3.5) and 3 RSV-B 
(GB5.0.5a) partial genome sequences (GenBank  
accession nos. OR143134–250; GISAID accession 
nos. EPI_ISL_17808760–814) (Figure, panel A). 

To determine RSV viral load, we performed 
quantitative reverse transcription PCR using pan-
HRSV assays that recognize both subtypes RSV-A 
and RSV-B (5). The mean RSV cycle threshold (Ct) 
value was 29.83 (SD 7.44). We found that specimens 
with viral load Ct ≤33 yielded 99%–100% genome 
coverage (Figure, panel C). Whole-genome phylo-
genetic analysis (Nextclade version 2.14.1, https://
clades.nextstrain.org) showed that RSV-A sequences 
from Arizona clustered in clade GA2.3.5, indicating 
>3 independent introductions of RSV-A into Ari-
zona (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/ariticle/29/11/23-0836-App1.pdf). RSV-B se-
quences from Arizona formed a monophyletic group 
in clade GB5.0.5a, indicating a single introduction of 
strains locally transmitted within the state (Appen-
dix Figure 1). Our findings were consistent with RSV 
investigations in Massachusetts (6) and Washington 

(7), USA, both of which suggested the atypical in-
crease in cases during the 2022–2023 season resulted 
from multiple introductions of extant lineages, not 
a divergent RSV lineage with increased virulence  
or transmissibility. 

The US Food and Drug Administration has ap-
proved 2 RSV vaccines for persons >60 years of age, 
both based on the RSV prefusion F protein. Arexvy 
(GlaxoSmithKline, https://www.gsk.com) is mon-
ovalent and Abrysvo (Pfizer, https://www.pfizer.
com), bivalent (8,9). Most host antibodies target 6 an-
tigenic sites (Ø–V) of the F protein (10). Within the 
F-gene sequences from RSV genomes from Arizona, 
we identified 7 nonsynonymous substitutions in an-
tigenic sites I, II, IV, and V of RSV-A and 5 nonsyn-
onymous substitutions in antigenic sites Ø, I, II, and 
V of RSV-B. We found each RSV-A genome mutation 
in <10% of samples. Most RSV-B genome mutations 
were more frequent; we found only 1 rare single-
nucleotide polymorphism. Mutation frequencies 
were comparable with trends in recent global RSV 
genome sequences (Table). RSV-B S190N, S211N, 
and S389P mutations specifically have become in-
creasingly dominant since 2020. Mutability at residue 
389 was shared between subtypes, and each subtype 
had a preferential amino acid. Finally, we located the 
mutated residues on the prefusion F-protein crystal 
structure (protein data bank 7KQD). Many mutated 
residues were exposed on the F protein surface, sug-
gesting they might interfere with antibody recogni-
tion (Appendix Figure 2). 

Although RSV remains a substantial clinical bur-
den, approved RSV vaccines reduce the risk of lower 
respiratory tract illness. By tracking RSV evolution, 
we can improve design of vaccine formulations to im-
prove effectiveness. Our study was limited because 
we lacked understanding of potential functional  

 
Table. Nonsynonymous amino acid substitutions in RSV-A and RSV-B F protein antigenic sites found in genome sequences in 
Arizona, USA, during 2022–2023 compared with GISAID global genome sequences* 

Mutation Antigenic site 
Global frequency, no. (%) Arizona frequency,† 

no. (%) 2020 2021  2022 2023† 
RSV-A  n = 967 n = 1,144 n = 740 n = 115 n = 92 
 I57V V 0 0 19 (3) 1 (1) 2 (2) 
 I59V V 2 (<1) 1 (<1) 0 0 1 (1) 
 S276N II 29 (3) 51 (4) 142 (19) 14 (12) 4 (4) 
 V379A I 0 0 1 (<1) 0 8 (9) 
 L381I I 0 0 0 0 1 (1) 
 P389S I 0 5 (<1) 3 (<1) 0 2 (2) 
 K470R  IV 0 0 0 0 1 (1) 
RSV-B  n = 305 n = 812 n = 720 n = 126 n = 24 
 R42K I 1 (<1) 15 (2) 61 (8) 16 (13) 18 (75) 
 S190N V 9 (3) 191 (24) 400 (56) 116 (92) 24 (100) 
 S211N Ø 1 (<1) 195 (24) 399 (55) 116 (92) 24 (100) 
 E378D III 1 (<1) 0 0 0 2 (8) 
 S389P I 0 193 (24) 412 (57) 116 (92) 24 (100) 
*GISAID, https://www.gisaid.org; RSV, respiratory syncytial virus. 
†Through April 30, 2023. 
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consequences from mutations in F-protein antigenic 
sites. Although the G protein is under greater selective  
pressure and has higher mutation rates (3), observ-
ing its evolutionary trajectory in context with the F 
protein will be critical. Our study demonstrates the 
value of using whole-genome sequencing to identify 
genetic mutations in respiratory pathogens, including 
RSV, to ensure ongoing effectiveness of RSV vaccines. 
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Carbapenem-resistant Pseudomonas aeruginosa 
(CRPA) is increasing worldwide and has up to 

30% prevalence in US P. aeruginosa isolates (1). The 
Antimicrobial Resistance Laboratory Network re-
ported 280 carbapenemase-producing CRPA in 
2021, most commonly Verona integron metallo-β-
lactamase (Centers for Disease Control and Preven-
tion, https://arpsp.cdc.gov/profile/arln/crpa). New 
Delhi metallo-β-lactamase (NDM)–producing CRPA  
is prevalent in Eurasia and the Middle East.  
Sporadic NDM CRPA cases linked to internation-
al travel have been reported in the United States, 
the earliest of which was identified in Delaware in  
2014 (2). We describe a case of NDM CRPA in south-
ern California.

A previously healthy patient in his 50s was ad-
mitted to a hospital in Riverside County, California, 
in 2023 with cardiogenic shock secondary to new 
onset nonischemic cardiomyopathy. He was briefly 
admitted to the same hospital a few weeks earlier 
because of chest pain and dyspnea. He had no other 
healthcare exposures and had only traveled briefly to 
Hawaii earlier that year.

Shortly after the second admission, the patient 
experienced cardiac arrest, was cannulated for extra-
corporeal life support, and was transferred to Ronald 
Reagan UCLA Medical Center for heart transplant 
evaluation. Admission blood cultures grew Bacillus 
cereus, attributed to gastrointestinal translocation. 
The patient received vancomycin, resulting in bac-
teremia clearance, and empiric piperacillin/tazo-
bactam for gram-negative bacteria coverage. Four 
days pretransplant, hypotension and leukocytosis 
worsened, and antimicrobial therapy was empiri-
cally changed to meropenem and amikacin. A urine 
culture sent during sepsis evaluation grew P. aeru-
ginosa. On the basis of susceptibility testing results, 
cefiderocol was initiated; the patient received heart 
and kidney transplants the next day. Cefiderocol 
was continued for 6 days posttransplant; subsequent 
urine cultures were negative. P. aeruginosa was not 
isolated from other blood or respiratory cultures.

Initial susceptibility testing of the urine iso-
late revealed extensive resistance to carbapenems,  

aminoglycosides, fluoroquinolones, and cephalo-
sporins, except cefiderocol (Appendix, https://
wwwnc.cdc.gov/EID/article/29/11/23-0646-App1.
xlsx). Rapid Carba-5 (Hardy Diagnostics, https://
hardydiagnostics.com) testing detected NDM. We 
performed whole-genome sequencing by using 
MiSeq (Illumina, https://www.illumina.com) and 
assembled reads de novo by using CLC Genomics 
Workbench (QIAGEN, https://www.qiagen.com). 
We submitted tentative assemblies to the Compre-
hensive Antibiotic Resistance Database Resistance 
Gene Identifier tool (https://card.mcmaster.ca/
analyze/rgi) for resistance gene detection and veri-
fied results by using ResFinder (Center for Genomic 
Epidemiology, https://genomicepidemiology.org) 
(Table). The isolate contained 5 β-lactamase genes: 
class A extended-spectrum β-lactamase blaPME-1, 
class B carbapenemase blaNDM-1, class D oxacillinase 
blaOXA-50–type blaOXA-488 and blaOXA-10, and class C ceph-
alosporinase blaPDC-35.

Multilocus sequence typing designated the 
isolate as sequence type (ST) 235, frequently as-
sociated with blaNDM-1, including in isolates from 
Serbia, France, and Italy (3,4). ST235 is consid-
ered a high-risk clone, notable for harboring 
multiple β-lactamases, causing invasive infec-
tions and high mortality rates (5). Although most 
metallo-β-lactamases detected in ST235 are imi-
penemase variants, NDM CRPA are globally dis-
seminated and have been reported in Asia, Europe, 
the Middle East, and Africa (5). We also detected 
other resistance genes reported in ST235 strains, 
including aminoglycoside-modifying enzyme 
aac(6’)-Ib9 and chloramphenicol resistance genes 
cmlA and catB7 (6). In an outbreak of NDM CRPA 
in Iran, 86.2% of isolates coharbored blaOXA-10 (7), 
which we also detected in the isolate in this case. 
 
Table. Antimicrobial genetic markers detected in a case of 
domestically acquired NDM-1–producing Pseudomonas 
aeruginosa, southern California, USA, 2023 
Resistance mechanism Genes 
Aminoglycoside 
modifying enzymes 

aac(6')-Ib9, ant(3′)-IIa,  
aph(3′)-IIb, aph(3′)-VIa 

β-lactamases blaNDM-1, blaOXA-10, blaOXA-488,  
blaPDC-35, blaPME-1 

Fluoroquinolone 
resistance determinant 

gyrA (T83I), parE (S457R) 

Chloramphenicol 
resistance determinant 

catB3, catB7, cmlA9 

Fosfomycin resistance 
determinant 

fosA 

Tetracycline resistance 
determinant 

tet(D) 

Sulfonamide resistance 
determinant 

sul1 

*NDM, New Delhi metallo-β-lactamase. 

 

We describe a case of New Delhi metallo-β-lactamase 
1–producing carbapenem-resistant Pseudomonas ae-
ruginosa (CRPA) in a transplant patient with multiple 
hospitalizations in California, USA. Whole-genome se-
quencing revealed the isolate was genetically distinctive, 
despite ≈95% similarity to other global strains. The pa-
tient’s lack of international travel suggests this CRPA was 
acquired domestically.
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Consistent with other blaNDM-1–positive isolates, 
blaNDM-1 in this isolate was flanked by IS91-type  
insertion sequences, indicating mobilizability (8). 
The isolate also exhibited intermediate susceptibil-
ity to colistin, sometimes used to treat carbapene-
mase-producing CRPA. The isolate lacked an mcr 
gene, indicating mutations in pmrAB could be re-
sponsible for this phenotype, consistent with other 
ST235 carbapenemase-producing CRPA (9).

We used CSIPhylogeny (Center for Genomic 
Epidemiology) to perform single-nucleotide poly-
morphism (SNP) analysis against other NDM-1–
producing ST235 isolates, then CLC Bioinformatics 
Workbench (QIAGEN) to generate a phylogenetic 
tree. The isolate from this study exhibited highest 
homology (≈30 SNPs difference) with 2 non–NDM-
producing ST235 isolates from Malaysia (Appen-
dix). Among NDM-producing carbapenemase-pro-
ducing CRPA, the isolate clustered with an NDM 
CRPA from Italy (147 SNPs distance), suggest-
ing origin in Europe (Figure). Among US strains, 
the isolate was genetically distinct from all NDM 
CRPA strains in isolate banks (Appendix Table 3) 
and a travel-associated strain from Texas (>20,000 
SNPs distance) (10). That finding, and our patient’s 
lack of international travel, suggest that a domes-
tic NDM CRPA strain is circulating in southern 
California. The patient received care at multiple in-
stitutions, making the precise origin of this strain 
unknown. Before this isolate, the rate of NDM–pro-

ducing organisms at our institution remained low, 
<3 carbapenem-resistant Enterobacterales isolated 
annually, with no NDM CRPA.

The NDM CRPA isolate we report exhibited suscep-
tibility to cefiderocol, which was used to clear the uri-
nary tract infection. Upon phenotypic carbapenem re-
sistance identification, cefiderocol susceptibility testing 
indicated sensitivity. The rapid availability of suscepti-
bility testing results and preliminary testing performed 
within 24 hours after isolation were crucial for appropri-
ate clinical management and antimicrobial drug choice, 
leading to safe heart transplantation and receipt of im-
munosuppression. Carbapenemase-producing bacteria 
should not disqualify a patient from transplantation. 

In conclusion, high mortality rates of ST235 
NDM CRPA in invasive infection and a potential 
community spread in southern California warrant 
concern. The mobilization potential of blaNDM-1 re-
mains unknown. Infection control measures and 
expanded surveillance efforts, including routine 
laboratory screening of all CRPA isolates via car-
bapenemase tests, could curb the spread of this 
high-risk genotype.

About the Author
Dr. Gray is a clinical microbiologist at the University of 
California Los Angeles Medical School, USA. Her research 
interests include antimicrobial resistance, genomic 
epidemiology, and healthcare acquired infections.

Figure. Phylogenetic tree for domestically acquired NDM-1–producing Pseudomonas aeruginosa, southern California, USA, 2023. 
Node colors indicate geographic location of organism isolation; the isolate described in this case report is designated as NDM_PSA_
UCLA_2023_1. Accession numbers are provided for reference sequences. Scale bar indicates nucleotide substitutions per site. 
ARBank, CDC & FDA Antimicrobial Resistance (AR) Isolate Bank (https://www.cdc.gov/drugresistance/resistance-bank); NDM, New 
Delhi metallo-β-lactamase; UCLA, University of California Los Angeles.
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Until recently, little or no endemic transmis-
sion of Plasmodium vivax has been reported in 

sub-Saharan Africa outside of the Horn of Africa 
(1). P. vivax was presumed to be largely absent be-
cause the Duffy blood group antigen was rare in 
persons living in the region. However, accumu-
lating evidence of endemic P. vivax has indicated 
that this parasite might be present in many areas of 
sub-Saharan Africa, albeit at low levels, and Duffy 
antigen–negative persons can be infected and con-
tribute to transmission (2).

Turkana County is in northwestern Kenya and 
shares a border with Uganda, South Sudan, and 
Ethiopia. Turkana county’s harsh climate is charac-
terized by an average rainfall of <215 mm/year and 
daytime temperatures of 40°C. Malaria transmis-
sion in this region was predicted to occur in isolated 
pockets with epidemic potential only after unusual 
rainfall. However, reactive case detection conducted 
across central Turkana County documented year-
round symptomatic and asymptomatic P. falciparum 
infections and confirmed perennial endemic trans-
mission of malaria (3). 

We hypothesized that P. vivax might also be cir-
culating in Turkana County because of stable malaria 
transmission and proximity to Ethiopia, where P. 

In urban and rural areas of Turkana County, Kenya, 
we found that 2% of household members of patients 
with Plasmodium falciparum infections were infected 
with P. vivax. Enhanced surveillance of P. vivax and in-
creased clinical resources are needed to inform control 
measures and identify and manage P. vivax infections.
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vivax infections are endemic. To test this hypothesis, 
we extracted genomic DNA from 3,305 dried blood 
spots collected from household members of patients 
with P. falciparum infections; household members 
were enrolled in the study at their homes in catch-
ment areas surrounding 3 rural and 3 urban health 
facilities in central Turkana County (3). The study 
was approved by the Moi University Institutional 
Research and Ethics Committee and Duke University 
Institutional Review Board.

We tested each DNA sample for P. vivax by using 
an established nested qualitative PCR protocol (4). Gel 
electrophoresis bands were identified independently 
by 2 observers. We randomly selected 15 extracts for 
retesting by probe-based real-time PCR with the same 
primer sequences to detect the same target; all PCR 
products were confirmed. For our analysis, we used 
nested qualitative PCR results. 

The percentage of household members infect-
ed with P. vivax was 2.1% (69/3,305); of those, 45% 
(31/69) were co-infected with P. falciparum (Table). 
We detected P. vivax infections across our study 
transect throughout most of the year (Figure; Ap-
pendix Figures 1, 2, https://wwwnc.cdc.gov/EID/

article/29/11/23-0299-App1.pdf); the highest (5.8%, 
28/485) prevalence was recorded near an urban fa-
cility in the town of Lodwar. Infections were pres-
ent across all age groups, but we observed a slightly 
higher (1.6%, 8/490) percentage of P. vivax monoin-
fections in children <5 years of age (Table). Ten P. 
vivax–infected participants reported malaria-like 
symptoms when they were screened; 7 of those were 
co-infected with P. falciparum. Only 3 P. vivax–infected 
participants had a malaria-like illness within 1 month 
before enrollment; none reported taking antimalarial 
drugs. None of the P. vivax–infected participants re-
ported traveling outside of their subcounty within 2 
months before enrollment; 16% (11/69) reported hav-
ing a net for their sleeping space, which was slightly 
less than uninfected participants (19.7%, 468/2,376) 
who had a net.

The burden of P. vivax infections in sub-Saharan 
Africa remains unclear; infections are rarely diag-
nosed in a clinical setting and might often be asymp-
tomatic. The recommended rapid diagnostic test in 
most countries of sub-Saharan Africa is P. falciparum–
specific. Consequently, P. vivax infections might be 
underestimated or undocumented.

 
Table. Plasmodium falciparum and P. vivax infections according to age groups of household members in study of P. vivax prevalence 
in semiarid region of northern Kenya, 2019* 

Infection type 
Age range, y 

<5, n = 490 6–15, n = 1,069 16–40, n = 1,324 >40, n = 318 
Any Plasmodium sp. 166 (33.9) 368 (34.4) 397 (30.0) 98 (30.8) 
P. falciparum only 151 (30.8) 344 (32.2) 373 (28.2) 92 (28.9) 
P. vivax only 8 (1.6) 13 (1.2) 13 (0.98) 4 (1.3) 
Mixed 7 (1.4) 11 (1.0) 11 (0.83) 2 (0.63) 
*Values are no. (%) positive samples for each age group. Total number of samples tested was 3,305. However, 47 tested samples had missing age 
information, of which 20 were infected with P. falciparum and none with P. vivax; 57 samples were tested for P. vivax but not P. falciparum, of which none 
were positive for P. vivax. Therefore, the total number of samples in this table is 3,201. P. falciparum PCR methods and results are reported in (3). 

 

Figure. Prevalence of Plasmodium vivax infection in communities along the Turkwel River in study of P. vivax prevalence in semiarid 
region of northern Kenya, 2019. Household members of patients with P. falciparum infections were tested for P. vivax infection. A) Study 
area (red box) in Turkana County, northwestern Kenya. Gray shading indicates <0.01% prevalence of P. vivax infections; white shading 
indicates no detected infections. Data from the Malaria Atlas Project. B) Coordinates of different study enrollment sites. Main black line 
across the graph indicates the Turkwel River in Turkana County. Sizes of dots indicate number of household members enrolled; colors 
indicate percentages of household members who were positive for P. vivax by qualitative PCR. 
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Strategies designed to eliminate P. falciparum are 
undermined by P. vivax because dormant P. vivax hyp-
nozoites that can cause relapse and sustain transmis-
sion are difficult to detect and treat (5). Furthermore, P. 
vivax infections generate gametocytes before symptom 
onset, making detection and treatment challenging  
before onward transmission occurs. P. vivax infections 
could present a growing challenge in Kenya, even as 
P. falciparum is brought under control, a process that 
has been observed in co-endemic malaria settings in 
Southeast Asia (6).

We did not test participants for Duffy antigen ex-
pression, which could have affected their susceptibility 
to P. vivax. Estimated Duffy antigen positivity in Ke-
nya is 5%–10% (7). P. vivax infections in Duffy-negative 
subjects have been documented in Africa (2). Charac-
terization of Duffy antigen expression will be needed 
to understand the threat of P. vivax infections in Kenya.

Anopheles stephensi mosquitoes have been iden-
tified in Kenya (E.O. Ochomo et al., unpub. data, 
https://doi.org/10.21203/rs.3.rs-2498485/v1), and 
the potential expansion of this highly competent vec-
tor, which survives in urban and manmade habitats, 
could dramatically change malaria transmission pat-
terns. Continued spread of this invasive vector into 
sub-Saharan Africa would place ≈126 million persons 
at risk for malaria (8). Identification of An. stephensi 
mosquitoes in Djibouti was linked with a >100-fold 
rise in malaria cases, including the first autochtho-
nous cases of P. vivax reported in 2016 (9). 

In conclusion, if emerging An. stephensi mosqui-
toes become established across Kenya in the presence 
of confirmed P. vivax cases, malaria elimination in 
Kenya will be substantially more difficult to achieve. 
Enhanced surveillance for both An. stephensi mos-
quitoes and P. vivax will be needed to inform control  
measures, and increased clinical resource allocation 
will enable detection and effective treatment of pa-
tients with P. vivax malaria.
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Mucormycosis, caused by fungi of order Muco-
rales, is a rare, life-threatening fungal infection 

whose incidence has been rising since the late 1990s 
(1). The main infection locations are pulmonary, 
rhino-orbito-cerebral, cutaneous, and disseminated. 
Although the vascular tropism of Mucorales is well 
described, few cases of cardiovascular infections have 
been reported (2). We report a rare case of aorto-bi-il-
iac prosthetic allograft mucormycosis in a 57-year-old 
immunocompetent patient in France. We obtained 
written informed consent from the patient for publi-
cation of this report.

The patient, who had a history of type B aortic 
dissection, underwent an open surgical repair of a 

right common iliac artery aneurysm with aorto-
bi-iliac prosthetic graft reconstruction (day 0). We 
noted a bowel perforation at the end of the surgery 
and performed resection-anastomosis. Because of 
a history of allergy to penicillin, we treated the pa-
tient with aztreonam, metronidazole, vancomycin, 
and amikacin. The patient acquired an early post-
operative Candida albicans infection diagnosed on 
periprosthetic collection puncture and treated with 
caspofungin on day 10. On day 30, he had emergen-
cy surgery for proximal anastomosis rupture with 
hemorrhagic shock (Figure, panels A, B). All the 
prosthetic material was excised with in situ recon-
struction using a silver-coated prosthetic aorto-bi-il-
iac graft. Three intraoperative samples were positive 
for Lactobacillus plantarum and Rhizopus microsporus 
pathogens. Serum samples were positive by Mu-
corales PCR for Rhizopus, which we confirmed on 
5 other samples (3). Histology was not performed. 
Neither chest computed tomography nor brain mag-
netic resonance imaging showed another location of 
infection. We replaced caspofungin with liposomal 
amphotericin B (5 mg/kg). 

We performed surgical revision for recurrence of 
collection on day 37; the patient had retroperitoneal 
necrosis with false necrotic membranes, another di-
gestive fistula, and graft exposure (Figure, panel C). 
We performed tissue debridement, perigraft collec-
tion drainage, and irrigation associated with bowel 
resection-anastomosis and omentoplasty to cover 
the graft. We administered isavuconazole with lipo-
somal amphotericin B after surgery. Cultures of the 
peroperative samples found R. microsporus and C. 
albicans. Histology showed signs of acute inflamma-
tion in contact with the prosthetic fibers, but specific 
staining was not performed. Serum samples tested 
by Mucorales PCRs 3 times/week were still posi-
tive at day 37 and became negative at day 52. We 

We report a rare case of aorto-bi-iliac prosthetic allograft 
mucormycosis in a 57-year-old immunocompetent pa-
tient in France. Outcome was favorable after surgery and 
dual antifungal therapy with liposomal amphotericin B 
and isavuconazole. In a literature review, we identified 12 
other cases of prosthetic vascular or heart valve mucor-
mycosis; mortality rate was 38%.

Figure. Vascular prosthetic mucormycosis in a 57-year-old immunocompetent patient in France. A, B) Aortic computed-tomography 
angiogram (A) and 3-dimensional reconstruction (B) show the periprosthetic collection and vascular leak (arrows). C) Intraoperative view 
shows the graft exposure and false necrotic membranes.
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performed surgery again, excising the silver-coated 
graft and then using a cryopreserved human al-
lograft for in situ aorto-iliac reconstruction, on day 
95. Three months later, the patient’s clinical and bio-
logic progress was favorable; amphotericin B was 
discontinued, and isavuconazole was continued on 
a long-term basis. After 1 year of follow-up, the in-
fection had not recurred. 

We performed a literature review of cases of pros-
thetic vascular or heart valve mucormycosis and iden-
tified 13 cases, including our case (Appendix, https://
wwwnc.cdc.gov/EID/article/29/11/23-0837-App1.
pdf). Nine of those patients were male and 4 female; 
median age was 54 years. Two (15%) of the patients 
had known immunosuppression, 1 from solid organ 
transplantation and 1 from hematologic malignancy. 
Two patients had received steroids in the weeks before 
illness. Seven patients had a vascular infection. Eight 
had endocarditis; of interest, 4 of those 8 patients had 
emboli in the lower limbs, which is usually a rare em-
bolic site in endocarditis (4). Nine (69%) of 13 patients 
had an early postoperative infection (<4 months after 
surgery). The mucormycosis infection was monomi-
crobial in 10 (85%) of the 13 cases. Two patients were 
co-infected with Aspergillus; the patient we report was 
co-infected with Candida albicans. Ten of the 13 patients 
received treatment with liposomal or deoxycholate 
amphotericin B; 2 patients died before they could re-
ceive any treatment. Surgery was performed in 11/13 
patients, and infected prothesis were explanted in 10 
patients. Five (38%) of the 13 patients died.

The main fungal cause of vascular infection and en-
docarditis is Candida spp. Mucormycosis occurs mainly 
in immunocompromised patients. However, certain 
forms can occur in immunocompetent patients, particu-
larly posttraumatic and healthcare-associated forms; 
prosthetic mucormycosis also seems to fall into this cat-
egory (5). We suggest 2 hypotheses for the mechanism 
of mucormycosis in our patient: a healthcare-associated 
mucormycosis, if we consider that the implanted pros-
thesis could have been contaminated, or a contamina-
tion of the prosthesis by digestive perforation (6). As for 
the second hypothesis, Mucorales are found on many 
foods; in our patient’s case, ongoing treatment with ca-
spofungin and broad-spectrum antimicrobial therapy 
could have encouraged colonization (7).

Our study and review of the literature suggest a 
better prognosis for vascular prosthetic mucormycosis 
than for pulmonary and disseminated mucormycosis, 
probably because it occurs in immunocompetent pa-
tients and the source can be effectively controlled by 
surgery.  However, we acknowledge that reporting 
cases with favorable outcomes may have introduced 

bias. The first-line treatment for mucormycosis is li-
posomal amphotericin B (5 mg/kg) (8). Surgery is 
crucial for controlling the infection, particularly in ex-
trapulmonary locations (8). The benefit of amphoteri-
cin B/isavuconazole dual therapy has been suggested 
in a neutropenic mice model and should be explored 
for difficult-to-treat locations, especially when a pros-
thesis is involved (9). In conclusion, prosthetic cardiac 
and vascular mucormycosis are very rare infections 
that require prompt surgery and antifungal therapy.
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Streptococcus pyogenes (group A Streptococcus [GAS]) 
can cause a broad range of infections. Although 

usually associated with streptococcal pharyngitis and 
skin and soft tissue infections, GAS can also cause 
life-threatening infections, such as sepsis or necrotiz-
ing fasciitis (1).

In December 2022, the World Health Organiza-
tion issued an alert about increasing rates of invasive 
GAS (iGAS) infections in children in Europe (2). This 
warning was followed by a health advisory from the 
US Centers for Disease Control and Prevention that 
reported an increase in these infections among chil-
dren in the United States (3). Since then, several coun-
tries in Europe have notified an increase, particularly 
in the pediatric population (4).

A total of 31 culture-confirmed iGAS cases (inci-
dence 0.0912 cases/1,000 inhabitants) were detected 
during November 2022–May 2023 in the province of 
Lleida (catchment of 340,000 inhabitants) in north-
east Spain. Invasive cases were defined according to 
Centers for Disease Control and Prevention defini-
tions (5). The median age was 62 years (range 3–93 
years); 4 cases occurred in children. Three deaths 
in adults were notified during this period. Given 
that increase, we analyzed the distribution of iGAS 
in Lleida province during January 2011–May 2023 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/29/11/23-0857-App1.pdf). The average num-
ber of iGAS cases per year was 5.2 (incidence 0.0153 
cases/1,000 inhabitants/year) during 2011–2018. 
A total of 19 culture-confirmed cases (incidence of 
0.0559 cases/1,000 inhabitants/year) were reported 
in 2019, followed by a decline in incidence during 
the COVID-19 pandemic (0.0162 cases/1,000 inhab-
itants/year). The increase detected since November 
2022 surpassed 2019 incidence.

Hospital Universitari Arnau de Vilanova (Llei-
da, Spain) began participating in the iGAS national 
surveillance program in April 2019. Conducted at 
Centro Nacional de Microbiología (Majadahonda, 
Spain), this program performs emm typing and toxin 
gene profiling of iGAS isolates collected from mi-
crobiology laboratories. We analyzed the monthly 
distribution of emm types involved in 61 iGAS cas-
es reported during January 2019–May 2023 in our 
geographic area (Figure). Overall, 19 different emm 
types were detected; emm1 (n = 18/61) was the most 
frequent, followed by emm49 (n = 8/61) and emm89 
(n = 8/61). A decrease in type diversity was ob-
served since November 2022; the 6 emm types detect-
ed were emm1 (n = 15/31), emm12 (n = 5/31), emm49 
(n = 5/31), emm89 (n = 4/31), emm77 (n = 1/31) and 
emm58 (n = 1/31) (Table). 

An increase in invasive group A Streptococcus infec-
tion was detected in the northeast of Spain in November 
2022. A postpandemic decline in the diversity of circulat-
ing emm types involved in invasive group A Streptococ-
cus was observed, along with the emergence of emm49 
in this geographic area.
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Table. Phenotypic and genotypic characteristics of 61 Streptococcus pyogenes isolates in invasive infections and clinical 
manifestations, Lleida province, northeast Spain, January 2019–May 2023* 
emm type, n = 61 emm cluster† Exotoxin gene profile Resistance phenotype Clinical manifestations  
emm1, n = 18 A-C3 A, G, J, smeZ, n = 11 ND Pneumonia, n = 8‡ 
  A, C, G, J, smeZ, n = 7  Septic shock, n = 3‡ 
    Skin infection, n = 3 
    UTI / PID, n = 3 
    AOM, n = 1 
emm4, n = 1 E1 C, G, ssa, smeZ ND Cellulitis and septic shock  
emm11, n = 3 E6 C, G, H, n = 2 ND Cellulitis, n = 2 
  C, G, H, J, n = 1  Postoperative fever, n = 1 
emm12, n = 6 A-C4 C, G, H, n = 6  ND, n = 5 Fever, n = 2 
   ERI, CLI, n = 1 Scarlet fever, n = 1 
    Cellulitis, n = 1 
    Postchemotherapy fever, n = 1 
    Odynophagia, n = 1 
emm33, n = 1 D4 G, H, J, smeZ TET Septic arthritis 
emm44, n = 1 E3 A, G, J, ssa ND Pneumonia 
emm49, n = 8 E3 G, n = 5 TET, n = 7 Cellulitis, n = 6 
  G, ssa, n = 1  ND, n = 1 Postchemotherapy fever, n = 1 
  A, G, n = 1  Vascular ulcers, n = 1 
  ND, n = 1   
emm58, n = 1 E3 G, ssa ERI, TET Cellulitis 
emm63, n = 1 E6 ssa TET Cellulitis 
emm75, n = 2 E6 C, G, n = 2 ND Cellulitis 
emm77, n = 4 E4 C, G, n = 2 iMLSB, TET, n = 4 Cellulitis, n = 3 
  C, n = 2  Septic arthritis, n = 1 
emm81, n = 1 E6 G TET Cellulitis 
emm82, n = 1 E3 C, G, H ND Septic tenosynovitis 
emm89, n = 8 E4 C, G, n = 7 ND Cellulitis, n = 3 
  C, G, J, smeZ, n = 1  PID, n = 1 
    Pneumonia, n = 3 
    Prosthetic infection, n = 1 
emm118, n = 1 E3 G TET Cellulitis 
emm132, n = 2 Unknown ND, n = 2 TET, n = 2 Cellulitis  
emm145, n = 1 Unknown G, H TET PID 
emm170, n = 1 E5 C, G, H ND Septic arthritis 
*AOM, acute otitis media; CLI, clindamycin; ERI, erythromycin; iMLSB, inducible macrolide-lincosamide-streptogramin B phenotype; ND, not detected; 
PID, pelvic inflammatory disease; TET, tetracyclin; UTI, urinary tract infection. 
†emm cluster classification as previously reported (6). 
‡Exitus: emm1 (n = 3) and emm4 (n = 1). 

 

Figure. emm type distribution of 61 culture-confirmed invasive group A Streptococcus infections, by month, Lleida, northeast Spain, 
January 2019–May 2023
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A large increase in iGAS was detected beginning 
in November 2022. Decreased exposure to GAS dur-
ing the COVID-19 pandemic because of mask use and 
social isolation might have contributed to its low cir-
culation. The decline of masking and social distanc-
ing, combined with high rates of respiratory viruses 
during the winter of 2021–2022, might be behind the 
increase in iGAS. We found that most iGAS occurred 
in adults and had a low mortality rate, in contrast 
with previous reports (4).

Certain GAS emm types have been strongly asso-
ciated with invasive infections. However, a notorious 
geographic diversity in the circulation of emm types ex-
ists (7). The most common types involved in iGAS in 
Spain from 2007–2019 were emm1, emm89, and emm3, 
according to the GAS Surveillance Program in Spain. 
In contrast, only 1 emm49 isolate was detected during 
that period (6). In our study, emm1 was predominant 
in accordance with other reports in Europe (4). After 
emm1, emm49 and emm89 were the most frequent emm 
types in our study. A substantial expansion of emm49 
has been recently reported in United States, where it 
represents the third most common emm type associ-
ated with iGAS, after emm1 and emm89 (8). However, 
emm49 was an unusual emm type in northeast Spain 
until recently and was rarely involved in iGAS in Eu-
rope (4,9). After emm49 was first detected in the nation-
wide surveillance program in Spain in 2011, circulation 
increased in Spain during 2021–2023 (P. Villalón-Pan-
zano, unpub. data). Including our 8 cases, 11 emm49 
iGAS cases were notified by this program during this 
period. Despite the lack of a clear epidemiologic link, 
an outbreak could not be ruled out in this area. The 
first detection of emm49 iGAS in Lleida province was in 
October 2021. The main clinical manifestations of iGAS 
associated with emm49 were skin and soft tissue infec-
tions, as previously described (8).

A high incidence of iGAS in children during 2019 
was recently reported in Spain (10). Our data showed 
an increasing trend of iGAS in adults in our area that 
was interrupted by the COVID-19 pandemic. To-
gether with an accumulation of iGAS, a decline in 
emm type diversity has been detected since the World 
Health Organization alert in late 2022.

In conclusion, this report supports that the in-
crease in iGAS in adults probably began before the 
COVID-19 pandemic in northeast Spain. The post-
pandemic increase was caused by a limited number 
of emm types. Although emm1 was the most common 
type, emm49 is an emergent cause of iGAS in Europe. 
Continuous surveillance is essential to detect the 
emergence and spread of emm types associated with 
iGAS in different geographic areas.
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Two international wrestling tournaments were held 
in Almaty, Kazakhstan, during the worldwide CO-

VID-19 pandemic, on April 9–18, 2021: the Wrestling 
Asian Olympic Games Qualifier and the Wrestling 
Asian Championships. Approximately 300 athletes 
from >20 countries participated in those tournaments. 
On April 14, 2021, SARS-CoV-2 infections were  

detected in 2 members of Japan’s national wrestling 
team after returning to Japan. Epidemiologic and ge-
nomic investigations were conducted to identify the 
route of infection. This report was exempt from the 
requirement for institutional ethics review because it 
was an epidemiologic investigation approved by the 
Infectious Diseases Control Law and Quarantine Act 
in Japan.

The Japanese team comprised 30 wrestlers (29 
male and 1 female), 6 sparring partners, and 27 sup-
port staff. They stayed in Almaty, Kazakhstan, during 
April 3–21, 2021. They obtained negative SARS-CoV-2- 
PCR test results within 72 hours before the arrival at 
Kazakhstan. The flight between Japan and Kazakh-
stan was ≈17 hours long. For most of the air trip, the 
members sat in a block area, maintaining a few seats 
of distance between the team and other passengers. 
Team members applied strict precautionary mea-
sures; they consistently wore masks and maintained 
social distance from others during the entire trip. 
Once in Kazakhstan, their movements were limited 
to the venue, training site, and designated accommo-
dations. At both tournaments, contact was prohibited 
with participants from other countries and with team 
members from other disciplines at both tournaments. 
Mask use was mandatory for all participants except 
during matches and training of wrestlers with spar-
ring partners. While in Kazakhstan, the team mem-
bers tested negative twice by PCR: once upon arrival 
at their accommodation and then again within 72 
hours before leaving for Japan. When they returned 
to Japan, the members completed mandatory quaran-
tine for 14 days. Quantitative antigen tests were per-
formed on arrival, followed by PCR tests on days 3, 
7, and 14.

Figure. Summary of athlete demographics, SARS-CoV-2 lineages, travel history, clinical course, and testing for 8 SARS-CoV-2–positive 
cases in the Japanese national wrestling team who attended tournaments in Kazakhstan in April 2021. ID, identification; NA, not applicable.

Epidemiologic and genomic investigation of SARS-
CoV-2 infections in members of Japan’s national wres-
tling team after participation in international tournaments 
in 2021 revealed multiple lineages of SARS-CoV-2 not 
reported in Japan. The attack rate among wrestlers 
was high. Results suggest possible transmission during 
matches. We recommend early case detection and re-
sponse practices.
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We defined cases as persons on the Japanese 
national wrestling team who participated in tourna-
ments in Almaty, Kazakhstan, and were positive for 
SARS-CoV-2 according to quantitative antigen test, 
antigen rapid test, or PCR test at the Japanese air-
port quarantine station or after entering Japan dur-
ing April 3–May 29, 2021. We obtained epidemiologic 
and laboratory information from members and the 
team doctor on the Japanese national wrestling team, 
as well as from quarantine station officers and officers 
at the public health center who investigated the cas-
es and their contacts. We performed whole-genome 
sequencing (WGS) analysis on available isolates at 
the National Institute of Infectious Diseases, Japan. 
We performed comparative genomic analysis as de-
scribed by Sekizuka et al. (1). 

A total of 8 cases were reported in 7 wrestlers 
(7/30, 23%) and 1 staff member (1/27, 4%). No 
sparring partners on the team tested positive (0/6, 
0%). Among the wrestlers, all case-patients experi-
enced symptoms or tested positive within 10 days 
(median 5 days, interquartile range 2–7 days) af-
ter a match day (Figure). Among the 5 wrestlers 
for whom we obtained screening PCR results, we 
identified an N501Y mutated strain in 4 cases and 
other strains in 1 case. Among 3 wrestlers for whom 
we obtained WGS results, we identified B.1.1.7 
lineage in 2 cases and B.1.617.2 lineage in 1 case; 
WGS also revealed B.1.1.7 lineage in the case in the 
staff member. None of the 3 B.1.1.7 lineages were  
identical to any other sequences in our study based 
on comparative genome analysis (Table). More-
over, none of the sequences had been previously 
reported in Japan.

Our investigation found multiple types of  
SARS-CoV-2, with >4 types of lineages, includ-
ing those not previously reported in Japan, in the 
Japanese wrestling team after participating in in-
ternational tournaments in Kazakhstan. Although 
air travel is a possible source of infection (2), we 
suggest transmission likely occurred during the 
matches. We base our conclusion on the observation 
of a higher attack rate in the wrestlers (23%), who 
followed strict precautionary measures, compared 

with the sparring partners (0/6, 0%), whose activi-
ties were very similar to those of the wrestlers except 
that they did not directly participate in matches. The 
sport of wrestling has been considered to have the 
highest risk for transmission of SARS-CoV-2 (3,4). 
Beyond a previous study (5), our study highlighted 
the possible transmission of SARS-CoV-2 during the 
matches, based on the combination of epidemiologic 
information and WGS results.

Preventing transmission of SARS-CoV-2 in in-
ternational sports events, particularly high-contact 
competitions like wrestling, is important to ensure 
the health of the athletes and prevent export of 
emerging variants of concern to participants’ home 
countries, especially those with vulnerable health 
systems. In this context, monitoring participants in 
such settings provides an opportunity both to pre-
vent transmission of the virus among participants 
and for genomic surveillance, using testing for per-
sons with symptoms, swift case isolation, and timely 
screening for potential contacts before, during, and 
after events.
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Extensively drug-resistant (XDR) Salmonella was 
first reported in Sindh, Pakistan, in 2016 (1). Since 

then, several districts have reported cases caused by 
multiple XDR S. enterica serovar Typhi variants belong-
ing to clade H58 and carrying multiple novel genomic 
integrations of the extended-spectrum β-lactamase 
gene (2,3). Most cases are managed with meropenem 
and azithromycin, and most national guidelines rec-
ommend those drugs for treating cases of Salmonella 
Typhi in Pakistan (4,5). We report a case of carbape-
nem-resistant Salmonella Typhi infection that required 
treatment with a last-resort antimicrobial drug. 

A 7-year-old girl in Peshawar, Pakistan, visited 
a government hospital in July 2022 because of fever, 
chills, rigors, and urinary signs/symptoms. She had 
Down syndrome with congenital heart disease, includ-
ing moderate atrial septal defect, large inlet ventricu-
lar septal defect, small patent ductus arteriosis defects, 
ventricular hypertrophy, and severe pulmonary hy-
pertension; and she had a history of reoccurring lower 
respiratory tract infections, which often required hos-
pitalization and treatment with antimicrobial drugs. 
Macrolides and carbapenems had been previously pre-
scribed. Specific information regarding previous hospi-
tal admissions was not available. The child had received 
routine childhood vaccinations but not typhoid vaccine. 

The patient was hospitalized for suspected enter-
ic fever. At admission, leukocyte count was 7.6 × 109 
cells/L and C-reactive protein (CRP) level was 120 mg/
dL. Initial empiric treatment was ceftriaxone, but treat-
ment was modified after blood cultures indicated XDR 
Salmonella Typhi, resistant to ampicillin, third-genera-
tion cephalosporins, fluoroquinolones, chlorampheni-
col, and cotrimoxazole but susceptible to azithromycin 
and meropenem. Treatment was switched to intrave-
nous meropenem (300 mg 3×/d) and oral azithromy-
cin (200 mg/5 mL 1×/d) for 10 days. The strain from 
the culture was not saved and was unavailable for ad-
ditional testing. The patient responded positively to 
treatment, indicated by decreased CRP levels (7 mg/
dL at treatment completion). No clearance blood cul-
tures were obtained before discharge. 

One month later, fever and decreased appetite 
developed; blood was collected at a private labora-
tory, and cultures were requested. We monitored the 
blood culture on a BACT/ALERT VIRTUO automat-
ed system (bioMérieux, https://www.biomerieux.
com). When the bottle was flagged as positive for 
gram-negative rods, we subcultured onto chocolate, 
blood, and MacConkey agar plates; after 24 hours, 
oxidase-negative, non–lactose fermenters were identi-
fied. Salmonella Typhi was identified on the API 20E 
and Vitek MS (bioMérieux) systems. Antimicrobial  

Salmonella Typhi infection in a patient in Pakistan initially 
responded to standard treatment but failed to respond to 
subsequent treatment. The first strain was susceptible to 
carbapenems and azithromycin; subsequent strains har-
bored the NDM-5 gene. Treatment with a combination 
of intravenous meropenem and colistin was successful. 
Carbapenem-resistant Salmonella Typhi emergence will 
hinder treatment. 
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susceptibility testing was initially performed via the 
disc diffusion Kirby-Bauer method, according to Clini-
cal Laboratory Standards Institute guidelines (https://
www.clsi.org). The isolate was resistant to ampicillin, 
third-generation cephalosporins, fluoroquinolones, 
chloramphenicol, cotrimoxazole, azithromycin, and 
meropenem. We further confirmed susceptibility re-
sults on the Vitek 2 system. MICs for meropenem and 
azithromycin were >32 μg/mL. We confirmed results 
by using bioMérieux Etest strips. MIC for colistin, de-
termined by disk-elution method, was 1 µg/mL. 

The patient’s parents were informed about the pan-
resistant nature of the isolate, and the patient was re-

ferred to a private hospital for further management. At 
admission, she had fever, anorexia, and abdominal pain 
but was not in distress and was active and alert (Glasgow 
Coma Scale score 15/15). She had dysmorphic features 
consistent with Down syndrome. Her chest was bilater-
ally clear, and respiratory rate was within reference lim-
its. Her abdomen was soft, nontender, and nondistend-
ed, with no hepatosplenomegaly. On auscultation of the 
cardiovascular system, fixed splitting of S2 and grade 
3 holosystolic murmur were audible. The patient’s ex-
tremities exhibited no skin lesions and were well per-
fused. Initial investigations indicated leukocyte count 
7,600 cells/μL, hemoglobin 14.4 g/dL, platelets 61,000 
cells/μL, and CRP 11.86 mg/L. Chest radiographs re-
vealed mild cardiomediastinal magnification and con-
gestive changes along with right hilar congestion but no 
consolidation, collapse, or definite pneumothorax. Cos-
tophrenic angles were intact. 

After admission, treatment with intravenous me-
ropenem (700 mg 3×/d infused over 2 h) and intrave-
nous colistin (40 mg 2×/d) was initiated. The patient 
was closely monitored and became afebrile on day 3 
of therapy. A 2-dimensional echocardiogram showed 
no vegetations. Results of repeat blood cultures and fe-
cal cultures were negative. The patient was discharged 
after completing 11 days of treatment. At a 2-week fol-
low-up visit, she was back to her usual state of health; 
typhoid vaccination 2 weeks later was recommended. 

The isolate obtained during relapse was sent to the 
UK Gastrointestinal Bacteria Reference Unit, where we 
confirmed Salmonella Typhi by PCR (6) and cultured it 
on blood and MacConkey agar plates to ensure purity. 
We isolated 2 distinct morphologic variants: variant 

Figure. Salmonella Typhi colony on MacConkey agar, isolated 
from patient during clinical relapse of carbapenem-resistant 
Salmonella Typhi infection, Pakistan, 2022. Variant 1, circled in 
yellow, is a large gray dull colony. Variant 2, circled in black, is a 
small whitish shiny colony. 

 
Table. MICs and antimicrobial drug resistance determinants of Salmonella Typhi isolated from patient during clinical disease relapse 
of carbapenem-resistant Salmonella Typhi infection, Pakistan, 2022* 

Antimicrobial drug 
1790097 (variant 1) 

 
1790125 (variant 2) 

Gene/ mutation MIC, μg/L Gene/mutation MIC, μg/L 
Ampicillin  blaNDM-5, blaTEM-1 32  blaNDM-5, blaTEM-1, blaCTX-M-15 32 
Azithromycin  mphA 64  mphA 64 
Cefoxitin  blaNDM-5 64  blaNDM-5 64 
Tetracycline  tetA 32  tetA 32 
Tigecycline  NA 0.25  NA 0.25 
Ertapenem  blaNDM-5 2  blaNDM-5 2 
Imipenem  blaNDM-5 16  blaNDM-5 16 
Meropenem  blaNDM-5 16  blaNDM-5 16 
Cefotaxime  blaNDM-5 64  blaNDM-5, blaCTX-M-15 64 
Ceftazidime  blaNDM-5 128  blaNDM-5, blaCTX-M-15 128 
Cefepime  blaNDM-5 32  blaNDM-5, blaCTX-M-15 32 
Nalidixic acid  gyrA [83:S-F] 64  gyrA [83:S-F], qnrS1 64 
Ciprofloxacin  gyrA [83:S-F] 1  gyrA [83:S-F], qnrS1 8 
Chloramphenicol  NA 8  catA 64 
Trimethoprim  dfrA-27, dfrA-7 16  dfrA-27, dfrA-7 16 
Sulfonamide  sul-1 512  sul-1 512 
Amikacin  aac(6')-Ib-cr, aac(6')-Ia <4  aac(6')-Ib-cr, aac(6')-Ia 8 
Gentamicin  aac(6')-Ib-cr, aadA-16, aac(6')-Iy <0.5  aac(6')-Ib-cr, aadA-16, aac(6')-Iy <0.5 
Temocillin  blaNDM-5 128  blaNDM-5 128 
Colistin  NA 1  NA 1 
*Boldface indicates additional genes detected and increased MIC values for variant 2. NA, not applicable. 
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1 (large colony, isolate 1790097) and variant 2 (small 
colony, isolate 1790125) (Figure). Each variant under-
went whole-genome sequencing for single-nucleotide 
polymorphism typing, core-genome multilocus se-
quence typing, and antimicrobial resistance determi-
nation (7,8). We analyzed phylogeny of both strains 
in the context of Salmonella Typhi reported in England 
in 2016–2019 (Appendix Figure, https://wwwnc.cdc.
gov/EID/article/29/11/23-0499-App1.pdf) and visu-
alized them on ITOL (9). We performed MIC testing by 
using a Thermo Scientific sensititre broth microdilu-
tion system (https://www.thermofisher.com) on EU-
VSEC2 and EUVSEC3 plates and confirmed carbapen-
emase production by Liofilchem metallo-β-lactamase 
Etest (http://www.liofilcheminc.com). Breakpoints 
and screening concentration criteria used for interpre-
tation were recommended by the European Commit-
tee on Antimicrobial Susceptibility Testing (10). 

Variants 1 and 2 were XDR Salmonella Typhi, resis-
tant to azithromycin and carbapenems; variant 2 had 
additional antimicrobial resistance determinants (Ta-
ble). Testing with the metallo-β-lactamase Etest indicat-
ed that both variants were carbapenemase producers. 

The most likely explanation for the patient’s re-
lapse, with Salmonella Typhi resistant to carbapenems 
and azithromycin resulting from acquisition of new 
resistance determinants blaNDM-5 and mphA, is multiple 
genetic mutations acquired via a mobile transmissible 
element such as a plasmid from gut microbiota. Pre-
vious receipt of carbapenems and azithromycin for 
multiple respiratory infections likely led to harboring 
and selection pressure for carbapenemase-producing 
strains. Another possibility is a suboptimal host im-
mune response because of Down syndrome, although 
the patient had not undergone an immunology as-
sessment. Expansion of antimicrobial-resistant strains 
will make such infections extremely difficult to treat. 
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Emergence and global dissemination of car-
bapenem-resistant Klebsiella pneumoniae pose 

therapeutic challenges to public health (1). The 
most crucial cause of carbapenem resistance in K. 
pneumoniae is carbapenemase production; thus, 
the novel β-lactamase inhibitor ceftazidime/avi-
bactam (CAZ/AVI) provides an antimicrobial 
strategy (1–3). However, its increasing use raises 
resistance concerns. According to the China An-
timicrobial Surveillance Network (http://www.
chinets.com/Data/AntibioticdrugFast), 9.9% of K. 
pneumoniae carbapenemase (KPC) 2–producing K. 
pneumoniae (KPC-KP) displayed CAZ/AVI resis-
tance (4). β-lactamase amino acid substitutions are 
the dominant mechanisms that lead to CAZ/AVI 
resistance (5). Mutations in class A β-lactamases, 
especially KPCs, have been reported (5). Substitu-
tions in KPCs could improve ceftazidime affinity or 
reduce avibactam inhibition (5). We report a novel 
CAZ/AVI resistance mechanism in epidemic se-
quence type (ST) 11 KPC-KP. All study procedures 
involving human participants and animals were in 
accordance with the ethics standards of the Insti-
tutional Review Board Ethics Committee of Shanxi 

Provincial People’s Hospital; this type of retrospec-
tive study did not require formal consent.

In 2021, a 62-year-old man was transferred from 
another hospital to a teaching hospital in Shanxi 
Province, China. Before transfer, a blood culture in-
dicated CAZ/AVI–susceptible carbapenem-resistant 
K. pneumoniae. The patient received 1 week of CAZ/
AVI therapy before transfer and another week of 
CAZ/AVI therapy after admission. In addition to the 
bloodstream infection, severe pneumoniae, multiple 
duodenal ulcers, and gastrointestinal hemorrhage de-

1These first authors contributed equally to this article.

We identified a novel ceftazidime/avibactam resistance 
mechanism in sequence type 11 Klebsiella pneumoniae 
carbapenemase 2–producing K. pneumoniae. Plasmid 
recombination and chromosomal integration formed a 
novel virulence plasmid and provided an additional pro-
moter for blaSHV-12, leading to blaSHV-12 overexpression and 
ceftazidime/avibactam resistance. Genetic rearrange-
ment contributed to convergence of hypervirulence and 
ceftazidime/avibactam resistance.

Figure 1. Linear alignment of plasmid pVir-KP0714 and 
virulence potential determination of Klebsiella. pneumoniae 
isolate KP0714 in study of ceftazidime/avibactam resistance 
in carbapenemase-producing K. pneumoniae. A) Virulence 
potential determination of KP0714 and pVir-KP0714–curing 
mutant (PC-KP0714) in a mouse infection model. Sequence type 
11 carbapenem-resistant hypervirulent K. pneumoniae strain 
CR-HvKP4 was used as a hypervirulence control. Bacterial 
suspensions in the logarithmic growth phase were diluted in 
sterile phosphate-buffered saline to 107 CFU/mL. Six female 
BALB/c mice were used as a sample population for each isolate. 
BALB/c mice were infected intraperitoneally with 0.1 mL of the 
diluted bacterial suspension. Clinical signs and mortality rates 
were noted for 7 days. *p<0.05 when compared with  
PC-KP0714. B) Human neutrophil assays of KP0714. Error bars 
indicate SDs. p values were computed by 1-way analysis of 
variance with Bonferroni correction. 
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veloped. Two weeks after CAZ/AVI withdrawal, we 
isolated KP0714, which was resistant to all β-lactams 
tested but susceptible to tigecycline and polymyxin 
B (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/11/23-0830-App1.pdf). We generated the 
KP0714 complete genome by using the combina-
tion of Illumina and PacBio RS sequencing (Appen-
dix Table 2), and it belonged to ST11. The resistance  
plasmid pKPC-KP0714 carries blaKPC-2 and several oth-
er resistance genes, including blaTEM-1, rmtB, and fosA3 
(Appendix Table 2), and KPC-2 S130A substitution 
was constructed in situ. KP0714 and the KPC-2 S130A 
mutant displayed the same MICs for CAZ/AVI, sug-
gesting that blaKPC-2 was not involved in CAZ/AVI re-
sistance (Appendix Table 1).

KP0714 possessed a novel IncFIB(K)-type viru-
lence plasmid pVir-KP0714, encoding siderophore 
aerobactin (iucABCDiutA) and capsular polysac-
charide regulator RmpA2. pVir-KP0714 was 99.97% 
identical to reference plasmid pOXA1_020030 (Gen-
Bank accession no. CP028791) from K. pneumoniae 
strain WCHKP020030 at 74% coverage. Both ends 
of pVir-KP0714 were absent from pOXA1_020030 
but were highly homologous to another plasmid, 
pLAP2_020030 (GenBank accession no. CP028792), 
from WCHKP020030 (Figure 1; Appendix Fig-
ure 1). Multiple mobile genetic elements on these 
plasmids suggested that pVir-KP0714 was gen-
erated through genetic recombination between 
pOXA1_020030 and pLAP2_020030, which not only 
formed a novel virulence plasmid but also contrib-
uted to chromosomal integration of a 45-kb plasmid 
fragment from pLAP2_020030 (Figure 1; Appendix 
Figure 1). The 45-kb fragment that had not been 
integrated into pVir-KP0714 was divided into the 
upstream 30-kb fragment and a 15-kb genetic con-
text containing blaSHV-12, which were independently 
inserted into the chromosome. The 15-kb genetic 
context containing blaSHV-12 was flanked by several 
IS26 insertion sequences and harbored 3 other re-
sistance genes, blaLAP-2, qnrS1, and aph(3′)-Ia, which 
exhibited 100% identity and 100% query coverage 
with the reference plasmid pLAP2_020030 (Figure 
2; Appendix Figure 2).

However, we observed substantial structural 
changes in this chromosomal insertion fragment com-
pared with pLAP2_020030 (Figure 2; Appendix Figure 
2). The reversion and rearrangement of IS26-aph(3′)-Ia 
provided an addition promoter P2 for blaSHV-12 (Figure 
2; Appendix Figure 2). To determine the role of pro-
moter P2 in CAZ/AVI resistance, we deleted P2 and 
the original promoter P1 of blaSHV-12 by using a pConj 
working vector-based genetic engineering approach 

(6). Deletion of P1 or P2 could completely restore 
KP0714 susceptibility to CAZ/AVI; CAZ/AVI MICs 
were 2 and 1 µg/mL, respectively (Appendix Table 
1). The relative expression of blaSHV-12 in KP0714 was 
≈20-fold higher than in ΔP1 and ΔP2 mutants (Fig-
ure 2; Appendix Figure 2). Similarly, the hydrolysis 
activity of ceftazidime in KP0714 was significantly 
higher than that of ΔP1 and ΔP2 mutants (p<0.0001). 
Those results demonstrated that CAZ/AVI resistance 
in KP0714 was attributed to overexpression of blaSHV-12 
resulting from an additional promoter, and the origi-
nal promoter P1 was also necessary for the biological 
function of P2.

Because a novel virulence plasmid pVir-KP0714 
was formed through plasmid recombination, we 
determined the virulence potential of KP0714 by us-
ing a mouse infection model and human neutrophil 

Figure 2. Overexpression of blaSHV-12 contributing to ceftazidime/
avibactam resistance in Klebsiella. pneumoniae isolate KP0714 
in study of ceftazidime/avibactam resistance in carbapenemase-
producing K. pneumoniae. A) Relative blaSHV-12 expression level. 
B) Ceftazidime hydrolysis activity of different blaSHV-12 promoter 
deletion mutants. One unit of enzyme activity was defined as 
the amount of enzyme that hydrolyzed 1 nmol of substrate per 
min. Error bars indicate SDs. p values were computed by 1-way 
analysis of variance with Bonferroni correction.
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phagocytosis assay (7). As the hypervirulence con-
trol, we used the previously reported ST11 carbape-
nem-resistant hypervirulent K. pneumoniae strain 
CR-HvKP4 (8). We found no statistical difference re-
garding mouse survival and neutrophil phagocytosis 
between KP0714 and CR-HvKP4 (Figure 1; Appendix  
Figure 2), suggesting convergence of hyperviru-
lence and CAZ/AVI resistance in KP0714. In con-
trast, mouse survival rates were significantly higher 
and human neutrophil phagocytosis rates were sig-
nificantly lower for KP0714 and CR-HvKP4 at each 
time point when compared with virulence plasmid  
pVir-KP0714-curing KP0714 (PC-KP0714), demon-
strating that KP0714 hypervirulence was attributed 
to acquisition of virulence plasmid pVir-KP0714.

In conclusion, KP0714 high-level resistance to 
carbapenems and CAZ/AVI, compensating for de-
creased carbapenem hydrolyzation activity of KPC 
variants (5,9), highlights a novel evolution pathway 
for development of CAZ/AVI resistance in epidemic 
ST11 KPC-KP, posing a threat to clinical antimicrobial 
therapy. Emerging CAZ/AVI-resistant and hypervir-
ulent ST11 KPC-KP might be continuously evolving 
and warrants prospective monitoring.
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The family Microascaceae includes genera Micro-
ascus and Scopulariopsis, opportunistic fungi that 

have caused respiratory infection associated with 
poor outcome and an attributable mortality rate of 
85%–100% (1,2). Treatment of invasive Microascus 
infection is challenging because of its high resistance 
to available therapies. Olorofim, a reversible inhibi-
tor of the enzyme dihyroorotate dehydrogenase, has 

shown in vitro activity against a variety of mold spe-
cies, including azole-resistant Aspergillus (3,4) and 
Microascus spp. (5). We describe 3 cases of invasive 
Microascus respiratory infection in France that were 
treated with olorofim (Table). All patients gave in-
formed consent for publication.

Case 1 occurred in a 17-year-old boy with un-
remarkable medical history who was found uncon-
scious with inhalation pneumonia, bilateral hemo-
pneumothorax, and bilateral thoracic drainage after 
falling from the top of a rice silo (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/29/11/23-
0984-App1.pdf). On day 2, the patient underwent 
venovenous extracorporeal membrane oxygenation. 
On day 38, after 5 weeks of adapted antimicrobial 
treatment, thoracic computed tomography (CT) scan 
showed worsening of bilateral necrotizing pneumo-
nia with abscess. Bronchoalveolar lavage (BAL) and 
several bronchial aspirations grew a restricted light-
gray fungal colony (Appendix Figure 2), identified 
through the Paris National Reference Center as com-
patible with Microascus melanosporus; we initiated a 
combination of olorofim (180 mg 2×/d on day 1, fol-
lowed by 90 mg 2×/d) and terbinafine (500 mg 2×/d) 
for 6 weeks (Appendix Table). Radiologic findings 
and general clinical status improved; we discontin-
ued oxygen support after 2 weeks (day 73). The last 
CT scan showed complete healing of lung lesions 
(day 120). The patient was still alive 1 year later.

Case 2 occurred in a 61-year-old lung transplant 
recipient who sought care for respiratory deterio-
ration and decline in respiratory function. He had 
recently received isavuconazole for bronchial colo-
nization with Aspergillus flavus. Thoracic CT scan at 
admission showed a new alveolar consolidation in 
the left upper lobe (Appendix Figure 3); fibroscopy 
showed a recent-onset yellowish irregular lesion in 
the culminal bronchus (Figure, panel A). We isolat-

We report 3 cases of successful treatment of Microascus 
spp. bronchopulmonary infection in a multiple-trauma-
tized patient and 2 lung transplant recipients in France. 
We emphasize the promising use of olorofim antifungal 
therapy in a rising context of intrinsically less-susceptible 
respiratory infections caused by mold.

 
Table.  Medical history and keypoints of 3 case-patients with refractory microascus bronchopulmonary infection, France* 
Characteristic Case 1 Case 2 Case 3 
Age, y 17 61 65 
Immunocompromised status No Lung transplant Lung transplant 
Years since transplantation NA 4 6 
Chronic lung allograft dysfunction  NA Y (for 2 y) Y (for 5 y) 
Intensification of immunosuppressive drug 
regimen in medical history 

NA Antithymocyte globulin, steroids, 
rituximab, alemtuzumab, 

extracorporeal photophoresis 

Steroids, rituximab, bortezomib 

Maintenance therapy on the onset of 
Microascus infection 

NA Tacrolimus(C0 4-6 ng/mL), 
everolimus (C0 4-6 ng/mL), 

prednisone (5 mg/d) 

Tacrolimus (C0 4-6 ng/mL), 
Everolimus (C0 4-6 ng/mL), 

prednisone( 5 mg/d) 
Recent antifungal exposition <3 mo None Isavuconazole Isavuconazole 
Tolerance    

Clinical No SSE NA No SSE 
Biologic No ELE Drug interaction with tacrolimus 

and everolimus 
No ELE 

*ELE, elevated liver enzyme; NA, not applicable; SSE, significant side effect. 
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ed M. cirrosus from a culture of bronchial aspirate 
and BAL. We found no other disseminated lesions 
and retained the diagnosis of invasive pulmonary 
M. cirrosus infection. We initiated olorofim (90 mg 
2×/d). We observed, as previously described (6), 
a moderate increase of both tacrolimus and evero-
limus blood through levels, which may have been 
caused by olorofim, a weak inhibitor of CYP 3A4. 
After 3 months of treatment, lung function slightly 
improved, CT scan showed a near-complete disap-
pearance of the consolidation, and BAL culture was 
sterile. After 8 months of olorofim treatment, the 
endobronchial lesion was gone (Figure, panel B). M. 
cirrosus was found in BAL after 6 months of oloro-
fim, but no more was cultured from BAL 7 months 
after treatment initiation. The patient was still being 
treated with olorofim at 9 months.

Case 3 occurred in a 65-year-old lung transplant 
recipient who sought care for dyspnea. He had expe-
rienced progressive decline of respiratory function 
and had a diagnosis of grade 3 bronchiolitis oblitera-
tive syndrome (BOS) linked to obstructive respiratory 
failure 6 years after transplant. He required perma-
nent oxygen support. At admission, he received isa-
vuconazole that continued for 3 months because of 
bronchial colonization with A. fumigatus. Thoracic CT 
scan results showed an unchanged pattern of BOS. 
Nevertheless, bronchial fibroscopy showed a new-on-
set bronchial lesion, necrotic and blackish in appear-
ance, obstructing the origin of the culminal bronchus 
(Appendix Figure 4). We isolated M. cirrosus samples. 
Patient received a combination of oral terbinafine 
(500 mg 2×/d) and olorofim (180 mg 2×/d on day 
1 followed by 90 mg 2×/d). After 3 months of treat-
ment, bronchial fibroscopy showed an improvement 
of the bronchial lesion, and M. cirrosus was not found 
in respiratory specimens. The patient died from respi-
ratory failure attributed to progression of BOS.

Use of olorofim for invasive Microascus spp. re-
spiratory infection has not previously been reported 
with a successful outcome; previous studies were 
conducted in vitro (4). Miossec et al. (1) reported 
a series of 9 cases; all 9 patients had a medical his-
tory of stem cell or solid organ transplantation, and 
8 died. The only survivor was a patient considered 
immunocompetent with no identified underlying 
conditions. A fatal Microascus sp. lung infection was 
previously published in a lung transplant recipient 
(6). Here, we report 2 lung transplant recipients in-
fected with M. cirrosus, a ubiquitous mold isolated 
from soil and moist indoor environments (7). The 
third case we report was a young immunocompetent 
adult with no underlying conditions infected with 
M. melanosporus; his exposure by falling in a rice silo 
and sustaining serious injuries may explain the on-
set of opportunistic infection. 

Microascus spp. and Scopulariopsis (8) exhibit a 
multidrug-resistant phenotype (9). Skóra et al. re-
ported antifungal susceptibility results of several 
Microascus species and confirmed high resistance 
to ciclopirox, 5-fluorocytosine, amphotericin B, and 
azoles. However, among echinocandin, lower mini-
mum effective concentrations for caspofungin were 
reported (10). The highest in vitro activity was ob-
served with terbinafin (10); synergistic activity was 
observed against some Scopulariopsis strains (9). 
Wiederhold et al. reported promising activity of 
olorofim on Scopulariopsis spp. and Microascus spp. 
fungi (5), but no synergistic in vitro activity was re-
ported between olorofim and terbinafine against Mi-
croascus spp.
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The GeneXpert (Xpert) MTB/RIF assay (Cepheid, 
https://www.cepheid.com) has enabled rapid 

molecular diagnosis of tuberculosis (TB) and identi-
fication of resistance to rifampin, a critical first-line 
TB drug (1). Operating with minimal infrastructure 
in a cartridge-based system, the assay is the primary 
TB diagnostic method in many countries (2). Xpert 

GeneXpert MTB/RIF, a tool widely used for diagnosing tu-
berculosis, has limitations for detecting rifampin resistance 
in certain variants. We report transmission of a pre–exten-
sively drug-resistant variant in Botswana that went unde-
tected by GeneXpert. The public health impact of misdiag-
nosis emphasizes the need for comprehensive molecular 
testing to identify resistance and guide treatment.
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MTB/RIF detects rifampin resistance by identifying 
mutations in an 81-bp region of the rpoB gene but 
does not detect resistance-conferring mutations out-
side that region (3,4). We report a case of a multidrug-
resistant (MDR) Mycobacterium tuberculosis complex 
(MTBC) strain in Botswana with a rifampin resis-
tance–conferring mutation, rpoB I491F, not detected 
by Xpert MTB/RIF (3,4). Genomic epidemiology sug-
gested that the infection was part of a transmission 
chain spanning >5 years. 

The patient was a 44-year-old man who, in August 
2021, sought treatment at a public health clinic in Bo-
tswana for cough, fever, and night sweats. Xpert MTB/
RIF detected MTBC, but no rifampin resistance. No ad-
ditional drug susceptibility testing occurred during di-
agnosis. The case-patient reported no previous TB his-
tory. He had also newly tested positive for HIV at the 
time of TB diagnosis and had a CD4+ T-cell count of 
117 cells/mm3, reflective of advanced HIV-associated 
immunosuppression. The case-patient completed the 
6-month rifampin-containing regimen 2HRZ(E)/4HR 
and concurrently started antiretroviral therapy of te-
nofovir disoproxil, lamivudine, and dolutegravir. His 

TB signs and symptoms resolved; sputum smear tests 
became negative, and by February 2022, treatment was 
successfully completed (Figure).

At time of TB diagnosis, the patient joined an ongo-
ing genomic TB epidemiology study (https://reporter.
nih.gov/project-details/10327709) involving whole-
genome sequencing (WGS) of MTBC strains obtained 
from sputum cultures from TB-diagnosed persons in 
Botswana study clinics. We performed WGS using Il-
lumina NextSeq 500/2000 (https://www.illumina.
com) and analyzed data using MTBseq (https://github.
com/ngs-fzb/MTBseq_source), as described elsewhere 
(5). We used variable single-nucleotide polymorphism 
alignments of MTBC genomes to generate the maximum 
likelihood phylogeny in IQ-TREE version 1.6.12 (6). 

Our October 2022 analysis found that the patient 
carried a lineage 4.3.3 MTBC strain with the rpoB I491F 
mutation, causing rifampin resistance not detected by 
Xpert MTB/RIF (3,7). Moreover, WGS identified the 
MTBC strain as pre–extensively drug-resistant (pre-
XDR), with resistance to isoniazid, ethambutol, pyra-
zinamide, moxifloxacin, and levofloxacin. Among the 
165 study participants enrolled during 2021−2022, no 

Figure. Timeline of events experienced by case-patient in Botswana from study of a rifampin-resistant TB variant not detectable using 
Xpert MTB/RIF assay (Cepheid, https://www.cepheid.com). Timeline events included routine laboratory procedures, study procedures, 
and timing of TB treatment. 2HRZ(E)/4HR, standard 6-month tuberculosis treatment regimen (2 months of isoniazid, rifampin and 
pyrazinamide, with or without ethambutol, followed by 4 months of isoniazid and rifampin); DST, drug susceptibility testing; EMB, 
ethambutol; INH, isoniazid; LFX, levofloxacin; MDR TB, multidrug-resistant tuberculosis; MFX, moxifloxacin; PZA, pyrazinamide; RMP, 
rifampin; SM, streptomycin; TB, tuberculosis; WGS, whole-genome sequencing; Xpert, GeneXpert.
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other cases were found for which the isolated genome 
clustered with the MTBC strain from the case-patient. 
However, examining MTBC sequences from a previ-
ous study (8) revealed a clinical MTBC strain, BTB-
2087, collected in 2016, in which the genome differed 
from the present strain, BTC-36, by only 5 single-nucle-
otide polymorphisms, suggesting that the 2 infections 
were part of a transmission chain in Botswana that has 
lasted for >5 years (Appendix Figure). We identified 
no epidemiologic links between the 2 persons. 

MTBC strains with the rpoB I491F mutation have 
been previously documented in South Africa and 
Eswatini, and in Eswatini, they constituted >60% of 
MDR strains (3,4,7). Of interest, the 2 rpoB I491F strains 
in our study belonged to a different MTBC sublineage 
(4.3.3) than rpoB I491F strains previously identified in 
Eswatini (4.4.1.1) and South Africa (4.1.1.3), pointing 
toward convergent evolution and selection of strains 
that escape diagnosis in the region (3,4). 

A public health investigation conducted in No-
vember 2022 found that the case-patient remained 
asymptomatic but was culture positive for MTBC 
on Mycobacteria growth indicator tube 960 medium 
(Becton Dickinson; https://www.bd.com). Drug sus-
ceptibility testing indicated resistance to isoniazid, 
rifampin, pyrazinamide, and fluoroquinolones. We 
tested 5 members of the patient’s household with 
Xpert MTB/RIF and identified no additional TB cases. 
In January 2023, the case-patient developed TB symp-
toms and was placed on an individualized pre–XDR 
TB treatment of cycloserine, clofazimine, linezolid, 
bedaquiline, delamanid, pyridoxine, and para-ami-
nosalicyclic acid. No mutations linked to bedaquiline 
and clofazimine resistance were detected. We are 
conducting additional investigations to explore the 
extent of the outbreak of undetected MTBC strains. 

This case demonstrates the clinical and public 
health utility of whole-genome sequencing for de-
tecting TB drug resistance missed by conventional 
molecular tests. Of note, failing to detect the patient’s 
pre–XDR TB resulted in ineffective initial treatment 
and potentially over a year of infectious TB. Early 
MDR TB detection could have led to effective initial 
treatment and reduced the risk of onward transmis-
sion. Currently, prevalence of MTBC strains harbor-
ing rpoB I491F mutation is unknown. Incorporating 
sequencing into a national TB drug resistance survey 
and continuing efforts to improve sequencing-based 
surveillance of drug-resistant TB in Botswana could 
shed light on the prevalence of MTBC strains harbor-
ing the rpoB I491F mutation. Those data could be used 
to inform updates to TB diagnostic guidelines. 

In conclusion, our study highlights the utility 

of WGS for identifying TB outbreaks and informing 
public health actions in high–TB burden countries. 
That approach supports the World Health Organi-
zation’s recent strategic guidelines for rapidly com-
municating results from targeted next-generation se-
quencing combined with conventional tests to inform 
TB treatment decisions (9). Although Botswana has 
had remarkable success in improving HIV manage-
ment, persons not adequately reached by the HIV 
care system remain at elevated risk of developing TB, 
including drug-resistant forms (10). Additional ef-
forts are needed to ensure that high-quality HIV and 
TB care are delivered to underserved communities. 
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Drowning causes 236,000 deaths annually world-
wide and is the third leading cause of accidental 

child death (1). Hospitalization from near-drowning oc-
curs 2–20 times more frequently than fatal drownings 
(2). Near-drowning can result in Scedosporium spp. fun-
gal infection, which causes pneumonia with a high mor-
tality rate among nearly drowned children and young 
adults (2). Detecting Scedosporium in deceased persons 
is challenging, and infections thus often remain unde-
tected. Because donor-derived Scedosporium infections 
(DDSI) from nearly drowned donors (NDD) have been 
linked to substantial allograft loss and increased risk for 
death among kidney transplant recipients (3–6), unde-
tected Scedosporium poses a substantial concern when 
considering that person for organ donation. 

We report on 2 kidney transplant recipients from an 
NDD, probably infected with Scedosporium aurianticum. 
The Postgraduate Institute of Medical Education and 
Research ethics committee approved the study. We 
obtained informed consent from both case-patients to 
ensure understanding and voluntary participation. 

A 2-year-old girl weighing 15 kg was admitted to 
hospital with hypoxic ischemic encephalopathy and 
respiratory distress after a nonfatal near-drowning 
experience in a water tank. Her fever persisted despite 
antimicrobial treatment for suspected pneumonia but 
resolved after subsequent liposomal amphotericin B 
therapy. The girl was declared brain dead after 2 weeks 
of hospitalization, and her kidneys were retrieved for 
transplantation (Appendix, https://wwwnc.cdc.gov/
EID/article/29/11/23-1000-App1.pdf). 

Recipient 1, a 42-year-old woman, received 1 
kidney from the deceased NDD. However, 10 days 
after the procedure, thrombosis developed in the 
graft renal artery, necessitating a graft nephrectomy. 
The allograft exhibited septate fungal hyphae, and 
grew Scedosporium on culture (Figure). She received 
a 6-month course of voriconazole and remained 
symptom-free on hemodialysis while awaiting a 
second transplant. (Appendix). 

Recipient 2, a 23-year-old woman who received 
the other kidney from the same NDD, developed 
high-grade fever 3 days after transplantation. We 
suspected fungal infection on the basis of high β-d-
glucan despite sterile blood cultures and initiated 
liposomal amphotericin B therapy. However, after 
we identified S. aurianticum infection in the first 
recipient, we switched the second patient’s treatment 
to voriconazole. We briefly halted voriconazole 
therapy because of a period of elevated liver 
enzymes, during which the patient experienced 
occasional headaches and swelling developed in 
her left leg. The aspirate from the swelling revealed  

Scedosporium aurianticum infection developed in 2 
recipients of kidney transplants in India, acquired from 
the same deceased near-drowning donor. Given the 
substantial risk for death associated with Scedosporium 
infection among solid-organ transplant recipients, safety 
protocols for organ transplantation from nearly drowned 
donors should be thoroughly revaluated and refined.



S. aurianticum mold (Figure), and amplified fragment-
length polymorphism molecular typing (Appendix 
Figure 2) suggested a likely acquisition by kidney 
donor. After recipient 2 resumed voriconazole 
therapy, her swelling resolved, and she remained 
well with stable graft function 12 months after the 
kidney transplant (Appendix Figure 1). 

Donor-derived infection occurs in 0.2%–1.7% of 
solid organ transplant recipients (7). However, because 
of the unique characteristics of drowning, ubiquitous 
fungi of genus Scedosporium can permeate the donor’s 
respiratory system, increasing risk of transmission 
to transplant recipients. We searched transplant 
literature for additional accounts of probable DDSI 
cases on the basis of the uniform definition of donor-
derived infections from a NDD (7). DDSI from NDD 
poses an unusually heightened risk of death among 
solid organ transplant recipients (3–6). Consequently, 
transplant centers remain cautious about considering 
organs from NDDs (8).

Scedosporium has emerged as the predominant 
fungal pathogen causing pneumonia after near-
drowning events (2). The International Society for 
Human and Animal Mycology (https://www.ish-
am.org) recently introduced a distinct category for 
fatal cerebral infections after near-drowning inci-
dents linked to Scedosporium, which has been docu-
mented to precipitate potentially fatal disseminated 
infections in 70% of immunocompetent and 100% of 
immunocompromised hosts (9). Addressing Scedo-
sporium infection is particularly challenging because 
of its inherent antifungal resistance, propensity for 
rapid spread (notably from the lungs to the central 
nervous system), limited sensitivity of culture based 
methods, and relatively slow growth of cultured iso-
lates compared to other common saprophytic molds. 
Those factors collectively lead to delayed diagnoses, 

elevated therapeutic failures, and increased relapse 
rates (10). 

The risk of infection transmission during 
drowning events is influenced by several factors, 
including the type of drowning. Dry drowning, in 
which the airways close due to spasms without fluid 
inhalation to the lungs, often results in better outcomes 
compared with other types. Water temperature also 
plays a role; cooler temperatures are often linked to 
more favorable results. Other considerations affecting 
risk include volume of aspirated water; occurrence 
of gastric aspiration, which can harm pulmonary 
epithelial barriers; and specifics of the drowning 
location, such as water depth, with shallow water 
presenting a higher risk (2,8). 

Although the Disease Transmission Advisory 
Committee of the Organ Procurement and Transplant 
Network/United Network for Organ Sharing 
(https://unos.org) has been operational for more than 
a decade, specific risk factors for DDSI transmission 
from NDDs have not yet been defined. The passive 
reporting system used by the Disease Transmission 
Advisory Committee and frequent omissions of 
crucial NDD data in donor medical records impede 
comprehensive understanding of DDSI transmission 
risks (7). Furthermore, identifying DDSI from NDDs 
before transmission poses substantial challenges, such 
as selecting effective and accurate detection methods 
and determining the samples needed for testing and 
optimal time for collection. 

Routine PCR screening of organs from NDDs for 
fungi would ensure accurate identification, timely 
detection, prompt management, and well-informed 
decision-making. In addition, uniform international 
guidelines regarding use of organs from NDDs are 
needed to address critical technical and procedural 
issues essential for mitigating risk for DDSI transmission. 
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Figure. Testing for Scedosporium aurianticum infection in 2 recipients of kidney transplants from deceased near-drowning donor, India. 
A, B) Potassium hydroxide mount of renal allograft tissue from transplant recipient 1 (A) and skin biopsy from transplant recipient 2 (B) 
showing septate hyphae. C) Culture on Sabouraud dextrose agar showing a greyish-white colony of S. aurianticum from recipients 1 
(left) and 2 (right) D) Lactophenol cotton blue mount from a culture from recipient 1 showing smooth-walled sessile conidia on cylindrical 
or flask-shaped conidiogenous cells. 
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To the Editor: We were intrigued by Hernandez et 
al.’s recent important study linking persistent sub-

jective symptoms after Lyme neuroborreliosis in Eu-
rope with increased interferon (IFN) α levels in blood 
(1). Their findings align with our earlier study in the 
United States, which showed an association between 
persistent objective neurocognitive deficits, despite an-
tibiotic treatment for Lyme disease, and elevated blood 
IFN-α activity (2). In our study, we decided to evaluate 
the potential role of IFN-α in this particular group of 
patients with posttreatment Lyme disease symptoms 
(PTLDS), based on the extensive animal and human 
data that connect IFN-α with adverse cognitive, neuro-
psychiatric, and behavioral manifestations.

A noteworthy difference between the 2 studies is 
the method of IFN-α detection. Hernandez et al. (1) 
relied on a bead-based immunoassay to directly mea-
sure IFN-α levels, whereas we used a functional cell-
based assay and quantitative real-time PCR to assess 
IFN-α activity (2,3). Direct quantitation of IFN-α can 
be challenging, as highlighted by the fact that concen-
trations for some study participants in the Hernan-
dez et al. article appeared to fall below the limit of 
quantitation, thus complicating the analysis and in-
terpretation of the data. However, newer ultrasensi-
tive assays recently made available might be useful 
in detecting even very low concentrations of IFN-α in 
controls and in patients with PTLDS (4).

The observations linking PTLDS with increased 
IFN-α strengthen the growing evidence for the in-
volvement of innate and adaptive immune-mediated 

  pathways in post-Lyme disease sequela. Future 
studies can use newer ultrasensitive assays for IFN-α 
detection and be extended to include a more diverse 
population of persons with PTLDS, including those 
without a history of neuroborreliosis and those with-
out cognitive dysfunction (5). The findings might 
have important implications for establishing bio-
markers and even for potentially finding effective 
therapies for PTLDS, with possible relevance to other 
post-infection conditions.
A.A. reports participation on advisory boards for the Na-
tional Institutes of Health, Global Lyme Alliance, Roche, 
Everlywell, and Veravas; he is founder and director of 
Gut-Immune Research Group. M.K.C. reports serving as a 
consultant for AMPEL BioSolutions, AstraZeneca, Bristol 
Myers Squibb, GlaxoSmithKline, and Lilly; she holds a 
research grant from Gilead Sciences. G.P.W. reports receiv-
ing research grants from Biopeptides, Corp., and Pfizer, 
Inc. He has been an expert witness in malpractice cases 
involving Lyme disease and babesiosis and is an unpaid 
board member of the nonprofit American Lyme Disease 
Foundation. Other authors report no disclosures.

References
  1.	 Hernández SA, Ogrinc K, Korva M, Kastrin A, Bogovič P,  

Rojko T, et al. Association of persistent symptoms after 
Lyme neuroborreliosis and increased levels of interferon-α in 
blood. Emerg Infect Dis. 2023;29:1091–101. https://doi.org/ 
10.3201/eid2906.221685

  2.	 Jacek E, Fallon BA, Chandra A, Crow MK, Wormser GP, 
Alaedini A. Increased IFNα activity and differential antibody 
response in patients with a history of Lyme disease and  
persistent cognitive deficits. J Neuroimmunol. 2013;255:85–
91. https://doi.org/10.1016/j.jneuroim.2012.10.011

  3.	 Hua J, Kirou K, Lee C, Crow MK. Functional assay of type 
I interferon in systemic lupus erythematosus plasma and 
association with anti-RNA binding protein autoantibodies. 
Arthritis Rheum. 2006;54:1906–16. https://doi.org/10.1002/
art.21890

  4.	 Rodero MP, Decalf J, Bondet V, Hunt D, Rice GI, Werneke S,  
et al. Detection of interferon alpha protein reveals  
differential levels and cellular sources in disease. J Exp Med. 
2017;214:1547–55. https://doi.org/10.1084/jem.20161451

  5.	 Kaplan RF, Trevino RP, Johnson GM, Levy L, Dornbush R,  
Hu LT, et al. Cognitive function in post-treatment Lyme 
disease: do additional antibiotics help? Neurology. 2003 
;60:1916–22. https://doi.org/10.1212/01.
WNL.0000068030.26992.25

Address for correspondence: Armin Alaedini, Columbia 
University Irving Medical Center; 1130 Saint Nicholas Ave., New 
York, NY 10032, USA; email: aa819@columbia.edu

COMMENT LETTER



2410	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 11, November 2023

Viruses: A Natural History
Marilyn J. Roossinck; Princeton University Press, 
Princeton, New Jersey, USA, 2023; ISBN-10: 
069123759X; ISBN-13: 978-0691237596; Pages: 288; 
Price: US $35.00 (hardcover)

Because of the COVID-19 
pandemic that claimed ≈7 

million lives worldwide, it is 
easy to lose sight of the great va-
riety and many roles of viruses 
in the world and just view them 
as sinister agents of disease. For-
tunately, Dr. Marilyn Roossinck, 
professor emerita of virus ecol-
ogy at Pennsylvania State Uni-
versity, is here to restore our perspective and redress 
the balance in Viruses: A Natural History. Clearly, viral 
diseases often have the most dramatic effects and re-
ceive the greatest attention, and Dr. Roossinck does not 
neglect them. However, she elegantly demonstrates 
that viruses are far more than causes of disease. Vi-
ruses are enormously varied and indispensable to our 
global ecology; they drive many essential biological 
processes, including maintaining the carbon cycle in 
the oceans. She notes that many, perhaps most, viruses 
do not cause observable disease in their hosts and ad-
dresses the often asked question of whether viruses can 
be beneficial, providing examples of benefits. Many 
other aspects of the virus universe are explored by us-
ing clear prose and stunning graphics.

The stunning graphic design is one of the out-
standing features of the book, and, although it might 
cause distraction, I think it is a powerful way to en-
gage the reader. The illustrated vignettes are also 
a way to begin for persons who prefer to wade into 
the material more gradually before plunging into 
deeper technical details. The graphic design is carried 
throughout the 9 sections of the book: Introduction, 
The Depth and Breadth of Viruses, Viruses Making 
More Viruses, How Viruses Get Around, Evolution, 
The Battle Between Viruses and Hosts, Viruses in  

Ecosystem Balance, The Good Viruses, and The Patho-
gens. Dr. Roossinck considers whether viruses have 
colors, setting the stage for the visually impressive 
graphics to come, many of which are false-color rep-
resentations of virus structures. Whether viruses have 
color is also a preview of the thought-provoking points 
she brings up along the way. Given Dr. Roossinck’s 
background as a plant virologist, the plant kingdom 
receives its share of attention, as do viruses of bacteria, 
archaea, and fungi.

This is not your conventional virology textbook, 
although the reader does get a solid foundation in vi-
rology. I would recommend it especially for students, 
young adults, and curious general readers, but nug-
gets of information are there for even the seasoned vi-
rologist. For example, RNA viruses, so common and 
concerning in eukaryotes, oddly seem exceedingly 
rare in prokaryotes, notwithstanding greater diversi-
ty and evolutionary history. A virus might even have 
been responsible for our own existence; placental 
mammals might have evolved through integration of 
an endogenous retrovirus gene (actually a gene fam-
ily). Speak of a virus changing the world!

The integration of arresting images and text, es-
pecially technical detail, is always a challenge and 
works better in some places than others. The book 
ends rather abruptly with a vignette of African swine 
fever virus and might have benefited from a conclud-
ing section. However, those are small quibbles for a 
book that offers us a rare portal into the complexity 
and subtlety of the world of viruses.
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Correction: Vol. 29, No. 3
The author order was incorrect in Multicenter Retrospective Study of Vascular Infections and Endo-
carditis Caused by Campylobacter spp., France (Tinévez C et al.). The article has been corrected online 
(https://wwwnc.cdc.gov/eid/article/29/3/22-1417_article).
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A passage from the biographical information on 
the Ralph Steadman Art Collection website for 

the British artist and illustrator is revealing. “One of 
Ralph’s favourite pastimes growing up was to make 
model aeroplanes. He would rush home from school 
and would always complete any outstanding home-
work before allowing himself to indulge in his hobby. 
This work ethic has remained with him and later, when 
he began working with Hunter S. Thompson, would 
lead to no end of irritation to his tall, trans-Atlantic 

friend when Ralph would often have completed his 
drawings before Hunter had written a word.”

After publication of their best known collabora-
tion, Fear and Loathing in Las Vegas (first published as 
a two-part article in Rolling Stone magazine in 1971 
and then as a book in 1972), Steadman and Thompson 
(who was an American journalist and writer who be-
came a counterculture icon) were together catapulted 
into the popular zeitgeist. A short biographical note 
on the Tate Museum website states that Steadman “is 
a British illustrator best known for his collaboration 
with the American writer Hunter S. Thompson.” 

However, Steadman’s voluminous portfolio re-
veals a restless creativity extending well beyond his 

Ralph Steadman (1936−) Viral Menace, 2020 (detail). Water, ink, and paint on paper, 35.25 in x 24.5 in/89.5 cm x 62.23 cm.  
© Ralph Steadman Art Collections Ltd. Maidstone, Kent, England.
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illustrations linked to Thompson’s “gonzo journal-
ism.” Steadman has created political cartoons for 
various magazines; scathing caricatures of politicians; 
British postal stamps; product labels; artwork for al-
bum, CD, and DVD covers; and a pair of books on 
what he calls “boids” (one depicting extinct birds and 
the other endangered ones). He also illustrated many 
other books, including a 1967 edition of Alice in Won-
derland and an out-of-print (in English) 1995 edition 
of Animal Farm. 

Steadman himself is the subject of the 2012 docu-
mentary For No Good Reason. In her review for Na-
tional Public Radio, the late film and art critic Pat 
Dowell wrote, “Steadman’s drawings are a ferocious 
tangle of ink blotches and lines that famously distort 
but also reveal their subjects.” His most recent book, 
Ralph Steadman: A Life in Ink, is a curated retrospective 
that spans much of his career. Steadman’s website 
describes the 300-page book as “a pandemic project,” 
which was started in November 2019, just before the 
world learned about the emergence of COVID-19, 
and which was completed in the fall of 2020 via the 
online conferencing platforms and file-sharing tech-
nologies that provided lifelines for so many people 
during sustained lockdowns and isolation. 

Viral Menace, featured on this month’s cover, 
comes from a small group of works labeled as Stead-
man’s “Lockdown Portfolio” (S. Williams, Ralph 
Steadman Art Collection, pers. comm., 2023 Jan 23), 
In a review of Steadman’s book from the Guardian, 
journalist Nadja Sayej wrote, “It’s the very last image 
in the book that sums up 2020. It’s a drawing called 
Viral Menace, a portrait of COVID-19. It looks like an 
ink-splatted demon over a sea of blood. A walking 
nightmare, if there ever was one.”

This drawing of a so-called walking nightmare 
could be seen as a somewhat realistic, if uninten-
tional, depiction of how respiratory viruses, such 
as SARS-CoV-2, are spread through coughing and 
sneezing. In a 2021 article about how airborne patho-
gens are transmitted, researchers Linsey C. Marr and 
Julian W. Tang describe “the transfer of pathogens 
in respiratory fluid from 1 person to another” via re-
spiratory droplets of various sizes “emitted as part 
of a turbulent cloud.” In Steadman’s drawing, the 
viewer is confronted by a distorted, twisted visage, 
barely recognizable as human, with eyes askew and 
an arm extended. This central shape floats in a mi-
asmic turbulent cloud, and the malevolent red mist 
dominates the lower portion of the image.

Steadman achieves this splattered effect through 
his “dirty water technique,” as described by Sayej 
and others, which involves flinging the leftover water  

used to clean his paintbrushes onto a clean sheet of 
paper and letting it dry. He then revisits the spattered 
paper, which at that point looks like a first pass by 
Jackson Pollock or an image for a Rorschach test, but 
it provides a jumping off point for the artist. Accord-
ing to Dowell, Steadman remarked, “You don’t pen-
cil in anything; you just start going and see where it 
leads you.” 

Steadman’s drawing was an artistic reaction to the 
COVID-19 pandemic in 2020. The world is in a differ-
ent place in 2023, but respiratory viruses, such as SARS-
CoV-2, influenza virus, and respiratory syncytial virus, 
still circulate globally, causing substantial morbidity 
and mortality. Some populations, including older peo-
ple, young children, pregnant women, and people with 
underlying health conditions, are more vulnerable to 
severe disease from those three respiratory viruses. 
Key public health actions to help mitigate the com-
bined impact of those current viral menaces include 
vaccinations that protect against COVID-19, influenza, 
and respiratory syncytial virus, combined with proven 
nonpharmaceutical measures such as handwashing, 
wearing masks, and improving indoor ventilation.
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NEWS AND NOTES

Upcoming Issue
Zoonotic Infections

Complete list of articles in the December issue at  
https://wwwnc.cdc.gov/eid/#issue-305

• �Invasive Nocardia Infections across Distinct 
Geographic Regions, United States

• �Risk Factors for Enteric Pathogen Exposure 
among Children in Black Belt Region of 
Alabama, USA

• �Detection of Anopheles stephensi by Molecular 
Surveillance, Kenya

• �Molecular Detection and Characterization of 
Mycoplasma spp. in Marine Mammals, Brazil

• �Work Attendance with Acute Respiratory Illness 
Before and During the COVID-19 Pandemic, 
United States, 2018–2022

• �Divergent Genotype of Hepatitis A Virus in 
Alpacas, Bolivia, 2019

• �Human Lobomycosis Caused by 
Paracoccidioides (Lacazia) loboi, Panama, 2022

• �Neurotropic Highly Pathogenic Avian Influenza A 
(H5N1) Virus in Red Foxes, Northern Germany

• �Microfilaremic Dirofilaria repens Infection in 
Patient from Serbia

• �Detection of African Swine Fever Virus from Wild 
Boar, Singapore, 2023

• �Crimean-Congo Hemorrhagic Fever Virus 
Seropositivity among Dromedary Camels, 
Algeria, 2020–2021

• �Zoonotic Marine Nematode Infection of Fish 
Products in Landlocked Country, Slovakia

• �SARS-CoV-2 Variants BQ.1 and XBB.1.5 in 
Wastewater of Aircraft Flying from China to 
Denmark, 2023

• �Characterization of Highly Pathogenic Avian 
Influenza A(H5N1) from Wild Birds, Poultry, and 
Mammals, Peru

• �Anthropogenic Transmission of SARS-CoV-2 
from Humans to Lions, Singapore, 2021

• �Genome-Based Characterization of Listeria 
monocytogenes, Costa Rica

• �Nonnegligible Seroprevalence and Predictors of 
Murine Typhus, Japan
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Article Title

Campylobacter fetus Invasive Infections and 
Risks for Death, France, 2000–2021

CME Questions
1.  What was the most common Campylobacter 
species isolated in the current study?
A.	 C. coli
B.	 C. fetus
C.	 C. upsaliensis
D.	 C. jejuni

2.  Which of the following characteristics was more 
associated with C. fetus bacteremia vs. C. fetus 
infection without bacteremia in the current study?
A.	 Bacteremia was associated with higher rates of 

abdominal pain
B.	 Bacteremia was associated with higher rates of 

diarrhea
C.	 Bacteremia was positively associated with 

immunosuppression
D.	 Bacteremia was associated with higher levels of 

C-reactive protein

3.  What was the most common anatomical site of 
secondary localization of C. fetus infection in the 
current study?
A.	 Bone and joint
B.	 Vascular system
C.	 Gastrointestinal tract
D.	 Upper respiratory tract

4.  Which of the following statements regarding the 
outcomes of cases of C. fetus infection in the current 
study is most accurate?
A.	 Most cases were treated with quinolone 

antibiotics
B.	 90% of patients with C. fetus were treated with 

dual antibiotic therapy
C.	 30-day mortality was ≈30% 
D.	 Bacteremia was associated with a 3-fold 

increase in the risk for mortality in cases of  
C. fetus bacteremia vs no bacteremia
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Article Title
Group A Streptococcus Primary Peritonitis  

in Children, New Zealand

CME Questions
1.  Which one of the following statements regarding 
clinical characteristics of cases of group A 
Streptococcus (GAS) primary peritonitis in the current 
study is most accurate?
A.	 90% of cases of GAS primary peritonitis  

were boys
B.	 The median symptom duration before 

hospitalization was 3.5 days
C.	 Most children had a positive pharyngeal source 

of GAS
D.	 Most children had a positive skin source of GAS

2.  Which one of the following statements regarding 
the microbiology of cases of GAS primary peritonitis 
in the current study is most accurate?
A.	 90% of cases had a positive peritoneal culture 

for GAS
B.	 95% of cases had a positive peritoneal or blood 

culture for GAS

C.	 Most cases had positive cultures from both blood 
and peritoneal samples

D.	 Most cases had a positive culture for GAS at 
their original hospital of presentation

3.  Which one of the following statements regarding 
the outcomes of cases of GAS primary peritonitis in 
the current study is most accurate?
A.	 Half of cases were admitted to the pediatric 

intensive care unit (PICU) and required 
ventilation

B.	 90% of cases met criteria for streptococcal toxic 
shock syndrome (STSS)

C.	 The average duration of antibiotic therapy was 
10 days

D.	 The mortality rate was 20%



Launch of CDC Yellow Book 2024 – A Trusted Travel Medicine Resource 

CDC is pleased to announce the launch of the CDC Yellow Book 2024. The CDC Yellow Book is a 
source of the U.S. Government’s recommendations on travel medicine and has been a trusted resource 
among 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 in print through Oxford University Press 
and online at www.cdc.gov/yellowbook.




