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SYNOPSIS

Rodents can transmit hantaviruses to humans. In the Amer-
icas, human infection causes severe respiratory illness 
known as hantavirus pulmonary syndrome. Using nation-
al surveillance system data, we assessed demographics 
and rodent exposure settings for 662 case-patients during 
1993–2015. American Indians accounted for 18% of case-
patients, and case-fatality rates for this population (46%) 
were higher than those for whites (33%). Case-patients re-
ported rodent exposures in the home (71%), at work (32%), 
or in a recreational setting (24%). Cars, trailers, or mobile 
homes accounted for 7% of rodent exposures; 17% of case-
patients reported having cleaned rodent-infested areas. Of 
those whose exposure was work related, 53% had jobs with 
potential risk for rodent exposure. The proportion of rec-
reational exposures was significantly higher among case-
patients residing in the eastern (47%) than in the western 
(23%) United States. Regionally and culturally appropriate 
educational materials can be used to direct prevention mes-
sages to persons in these risk groups.

Hantaviruses are negative-sense, single-stranded RNA 
viruses in the family Bunyaviridae (1). Hantavirus in-

fections in humans are associated with several disease syn-
dromes, including hemorrhagic fever with renal syndrome 
and hantavirus pulmonary syndrome (HPS; also known as 
hantavirus cardiopulmonary syndrome) (2,3). Although 
hantavirus infections had long been recognized in Asia 
and Europe, a 1993 outbreak of severe pulmonary disease 
in the Four Corners area of the United States (i.e., Utah, 
New Mexico, Arizona, Colorado) led to the discovery of 
Sin Nombre virus, the leading cause of HPS in the United 
States (1,4). In 1995, HPS became a nationally notifiable 
disease; the Viral Special Pathogens Branch (Division of 
High-Consequence Pathogens and Pathology, National 
Center for Emerging and Zoonotic Infectious Diseases) 
at the Centers for Disease Control and Prevention (CDC) 
maintains an HPS surveillance system and registry of re-
ported HPS cases in the United States (5,6).

In the United States, most HPS cases are caused by 
Sin Nombre virus, for which the North American deer 
mouse (Peromyscus maniculatus) serves as reservoir (7). 
Other New World hantaviruses that cause human disease 
in the United States include New York and Monongahela 
viruses, transmitted by the North American deer mouse 
and white-footed deer mouse (Peromyscus leucopus); 
Black Creek Canal virus, transmitted by the hispid cotton 
rat (Sigmodon hispidus); and Bayou virus, transmitted by 
the marsh rice rat (Oryzomys palustris). Infected rodents 
excrete virus in their saliva, urine, and feces; inhalation 
of virus in rodent-infested areas is thought to be the pri-
mary mode of transmission to humans, although direct 
inoculation through a rodent bite is possible (8–10). Pre-
vious case–control studies have identified risk factors for 
HPS, such as having high rodent densities in the home;  

handling rodents; and performing cleaning activities, such 
as sweeping, in rodent-infested areas (9,10). Other fac-
tors that may precipitate exposure to hantaviruses include 
occupational and recreational activities, such as working 
outdoors or camping (9,11).

We sought to further describe demographics of HPS 
case-patients and possible occupational and environmental 
exposures associated with HPS. We examined surveillance 
data collected by the national HPS surveillance system.

Methods
Since 1993, as part of national surveillance activities, state 
and local health departments have provided CDC with 
standardized clinical and exposure information for all lab-
oratory-confirmed HPS cases (12). To be included as an 
HPS case-patient, patients were required to have no other 
cause of illness and to have an acute febrile illness with un-
explained acute respiratory distress syndrome or evidence 
of interstitial pulmonary infiltrates on chest radiograph or 
to have an unexplained respiratory illness that resulted in 
death and an autopsy finding compatible with noncardio-
genic pulmonary edema (13). In addition, all case-patients 
had laboratory confirmation of infection by either hanta-
virus-specific serologic testing (IgM and IgG) or reverse 
transcription PCR.

State and local health departments recorded all case-
patient data on standardized surveillance case report 
forms, which asked closed-ended questions about case-
patient demographics and open-ended questions about 
exposure (location and activities) and occupation (online 
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/23/5/16-1770-Techapp1.pdf). For 158 cases from 
1993–1999, investigators used a structured questionnaire 
to interview case-patients or family member proxies as 
part of routine surveillance; the methods used to col-
lect these data and preliminary summary data have been 
published (9). The data gathered from the questionnaires 
were used to supplement the data included in the surveil-
lance case report forms for the early case-patients. These 
data contained more detailed, systematically collected in-
formation about exposures, including specific questions 
about rodent exposure at home, in a recreational setting, 
and in the workplace.

On the basis of the free-text descriptions of reported 
rodent exposures and their locations, we classified ro-
dent exposures as occurring at the case-patient’s home, 
at work, or in a recreational setting. Case-patients could 
be classified by >1 potential exposure setting. We also 
noted whether reported rodent exposure occurred in cars, 
trailers, or mobile homes and whether reported exposure 
included cleaning a rodent-infested area, regardless of the 
setting in which the exposure probably occurred. Among 
case-patients with a reported occupation, we created 2  
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categories: occupations for which direct or indirect contact 
with rodents was likely (i.e., outdoor activities or clean-
ing) and occupations for which such contact was unlikely 
(i.e., primarily indoors and office based). We subclassified 
occupations with opportunities for rodent contact as for-
estry/outdoor recreation, agriculture/ranching, construc-
tion/landscaping, professional cleaning, animal handling 
(e.g., wildlife biologist or exterminator), or oil field work. 
We defined the eastern United States as states east of the 
Mississippi River. We compared differences in frequency 
distribution between groups by using the Pearson χ2 for 
categorical variables and differences in means for all con-
tinuous variables by using the Student t test with unequal 
variance. We considered results statistically significant if 
the p value was <0.05.

Results
During 1993–2015, a total of 662 laboratory-confirmed 
HPS case-patients were reported to CDC and included in 
the analysis. Of 651 case-patients for whom outcome in-
formation was recorded, 230 (35%) died; case-fatality rates 
did not vary by geographic region (p>0.05).

Race information was recorded for 648 case-patients. 
Most (78%) were white, although American Indians ac-
counted for 18% of case-patients (Table 1). Most (89%) 
American Indian case-patients resided in the Four Cor-
ners area. American Indian case-patients were signifi-
cantly younger than white case-patients (mean 34 vs. 39 
years of age, respectively; t = 2.71, df = 164, p = 0.01), 
and the case-fatality rate among American Indian case-
patients was significantly higher than that among white 
case-patients (46% vs. 33%, respectively; χ2 = 6.4, df = 1, 
p = 0.01). After stratification by age group, case-fatality 
rates were significantly higher among American Indian 
women 40–64 years of age than among white women of 
the same age group (Table 2).

Rodent exposure was reported for 319 persons. We 
classified rodent exposure settings as being in the home, in 
a recreational setting, or at work (Table 3). Home exposure 
was most frequent in the eastern and western United States; 
however, home exposure was significantly more common 
among case-patients residing in the western United States 
(Table 3). Rodent exposure in a recreational setting was 
more common among case-patients residing in the eastern 
United States. Rodent exposures in cars, trailers, or mobile 
homes were reported for 49 (7%) case-patients. A history 
of cleaning a probable rodent-infested area (e.g., crawl 
spaces or outbuildings) was reported for 114 (17%) case-
patients. The proportion of home exposures was greater for 
American Indian than for white case-patients (Table 4).

Occupation status was reported for 450 (68%) case-
patients, and a specific occupation was reported for 354. 
Those with occupations for which contact with rodents was 

deemed unlikely (e.g., teaching or clerical work) accounted 
for 54% of case-patients with a reported occupation (Table 
1). Further analysis of the frequency of occupational expo-
sure among 187 persons (28% of total case-patients) with 
both reported occupation and exposure (Table 5) indicated 
that those who worked in an occupation for which frequent 
rodent contact was possible were more likely to be occupa-
tionally exposed than those who worked in an occupation 
without the potential for frequent rodent exposure.

Discussion 
Using exposure data for >600 case-patients reported by the 
national HPS surveillance system, we were able to define 
occupations and exposures that may contribute to increased 
risk of acquiring HPS; in this regard, our findings are con-
sistent with those of previous studies. Early surveillance 
data identified possible risk factors for acquiring hantavirus 
infection as cleaning or entering structures that had been 
previously closed or uninhabited for long periods (8). Our 
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Table 1. Demographics of laboratory-confirmed hantavirus 
pulmonary syndrome case-patients, United States, 1993–2015* 
Case-patients, n = 662 No. (%) 
Age, y  
 <18 53 (8)  
 18–39 303 (46)  
 40–64 250 (38) 
 >65 48 (7) 
Race, n = 648  
 White  488 (78) 
 American Indian 113 (18) 
 Black 8 (1) 
 Asian/Pacific Islander 10 (2) 
 Other 1 (<1) 
Male, n = 655 414 (63) 
US Region, n = 662  
 Eastern  27 (4) 
 Western  635 (96) 
Not Hispanic, n = 525 404 (77) 
Employment status  
 Not reported 212 (32) 
 Unemployed 29 (4) 
 Retired 28 (4) 
 Student 39 (6) 
 Employed with reported occupation 354 (54) 
Reported occupations, n = 354  
 No frequent rodent exposure 190 (54) 
 Potential frequent rodent exposure 164 (46) 
 Agriculture/ranching† 80 (49) 
 Construction/landscaping‡ 43(26) 
 Forestry/parks/outdoor recreation§ 14 (9) 
 Cleaning¶ 12 (7) 
 Oil field# 9 (5) 
 Animal work** 6 (4) 
*Median patient age (interquartile range) 37 (26–50) years. 
†Farmer, rancher, rodeo worker, feedlot rider, dairy manager, bovine hoof 
trimming specialist, hay transporter. 
‡Masonry, roofer, horticulturalist, electrician, building inspector, appliance 
repair, field laborer, and surveyor. 
§Conservation worker, rafting outfitter, fisheries technician, outdoor guide, 
outdoor researcher with no direct animal contact.  
¶Janitor and carpet cleaner.  
#Well digger, oil field worker. 
**Small mammal researcher, exterminator. 
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study demonstrated that a possible source of hantavirus 
exposure may be cleaning rodent-infested areas because 
17% of case-patients had a recorded history of cleaning 
areas that may have been rodent infested. Zietz et al. dem-
onstrated that HPS was more likely to develop in herders 
but that risk was not increased for ranchers, farmers, and 
construction workers; however, their study was limited by 
small numbers of case-patients and was restricted to the 
Four Corners region, where herders are relatively overrep-
resented among occupations with rodent-exposure risk (9). 
In addition, given the dry, dusty environment in the Four 
Corners region and the likelihood of inhaling infected mat-
ter, persons in this region m ay be increasingly exposed to 
infected dust. Previous serologic studies of persons with 
occupational risk for rodent exposure did not reveal many 
with serologic evidence of past infection (14–17). How-
ever, because HPS is rare (i.e., typically 20–40 cases are 
reported in the United States annually), serologic surveys 
may not accurately portray risk for exposure to hantavi-
rus when incidence is very low. We identified 2 cases, in 
addition to 3 previously published case reports, of HPS in 
persons who were not wearing adequate personal protec-
tive equipment while trapping wild mice for field research 
studies (18,19) and for whom direct contact with rodents in 
an occupational setting may have contributed to their risk. 
Therefore, the use of staff training along with appropriate 
personal protective equipment in field research settings (20) 
should be emphasized.

We identified that persons with occupations with po-
tential for frequent rodent exposure should be aware of 
the risks for hantavirus infection; these persons include 
those working in agriculture (e.g., farmers, ranchers, 
and temporary laborers), construction (e.g., electricians, 
carpenters and roofers), forestry/outdoor recreation, 
oil drilling, and the cleaning industry (e.g., janitors and 
house cleaners). Employers should continue to educate 
employees about hantavirus transmission, steps to take to 
reduce the risk of contracting hantavirus infection in the 

workplace, and signs and symptoms of hantavirus infec-
tion. Current examples of employee education programs 
include informational sessions for river rafters and power 
industry workers in Arizona and industrial hygiene work-
ers in Colorado and prevention education for National 
Park Service, Bureau of Land Management, and mining 
industry employees in New Mexico. Online educational 
materials for employees with frequent rodent exposure 
can be found at the websites of California Department of 
Public Health and the National Park Service (online Tech-
nical Appendix Table).

Educational efforts to reduce exposure risk in the 
home should be continued because 71% of case-patients 
with a specified exposure reported rodent exposure at 
home. During the 1993 Four Corners outbreak, a case–
control study found a significant association between 
higher rodent densities in the home and HPS (10). Our 
study echoed earlier surveillance data that identified risk 
factors to be cleaning or inhabiting structures that had 
been previously closed or uninhabited, because many of 
these structures may be rodent infested (8). Typical do-
mestic cleaning activities, such as sweeping and vacuum-
ing, are presumed to increase risk by aerosolizing infec-
tious excreta. When performed in a confined area with 
limited ventilation, these activities may expose persons to 
a sufficient inoculum of virus to lead to infection. Public 
education programs for prevention of HPS in the residen-
tial setting, such as the Seal Up, Trap Up, Clean Up cam-
paign launched by the New Mexico Department of Health 
in 1994 and adopted nationally, emphasize safe cleaning 
methods (e.g., wet mopping) and exclusion and removal 
of rodents from the peridomestic environment (online 
Technical Appendix Table) (21). Simple and relatively 
inexpensive rodent exclusion methods, including the ap-
plication of expanding foam and wire mesh to eliminate 
points of entry into living spaces, effectively reduce ro-
dent infestations in homes. Our study demonstrated that 
home exposure was more common among American  
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Table 2. Hantavirus pulmonary syndrome deaths, stratified by patient race, sex, and age group, United States, 1993–2015 

Patient age, y 
American Indian 

male, no. (%) 
White male, 

no. (%) 2 p value* 
American Indian 
female, no. (%) 

White female,  
no. (%) 2 p value* 

<18 3 (38) 6 (26) 0.38 0.54 3 (30) 5 (56) 1.3 0.26 
18–39 13 (42) 54 (38) 0.14 0.71 12 (50) 28 (37) 1.2 0.27 
40–64 5 (31) 35 (29) 0.037 0.85 11 (69) 21 (30) 8.1 0.004 
>64 1 (33) 6 (29) 0.029 0.87 1 (100) 3 (23) 2.7 0.10 
*df = 1. 

 

 

 

 
Table 3. Frequency of recorded rodent exposure types by US region of hantavirus pulmonary syndrome case-patients, United States, 
1993–2015 

Exposure 
All case-patients, 
no. (%), n = 319 

Western region, 
no. (%), n = 302 

Eastern region, 
no. (%), n = 17 2 p value* 

Home  228 (71) 220 (73) 8 (47) 5.2 0.022 
Occupational  102 (32) 96 (32) 6 (35) 0.091 0.76 
Recreational  78 (24) 70 (23) 8 (47) 5.0 0.026 
*df = 1. 
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Indian case-patients than among those of other racial/eth-
nic groups. Targeted rodent exclusion projects in Ameri-
can Indian communities have successfully decreased 
rodent intrusion (22). Support for environmental health 
efforts aimed at rodent exclusion should be continued in 
American Indian communities. More recently, Navajo Na-
tion has worked closely with CDC on a variety of educa-
tional projects, including presentations to Navajo Depart-
ment of Health and Indian Health Service clinicians, an 
interactive radio forum on hantavirus, development of ra-
dio public service announcements in the Navajo language, 
and workshops with students at Dine College (Tsaile, 
AZ) to develop health communication videos for the  
general public.

A recreational exposure was recorded for 78 (24%) 
case-patients, 10 of whom were exposed during the 2012 
outbreak in Yosemite National Park (11). The National 
Park Service has increased its efforts to educate visitors 
through its website, park brochures, and posters (on-
line Technical Appendix Table). In some settings, the 
National Park Service encourages overnight visitors to 
read a brief statement about hantavirus and prevention 
methods. The National Park Service is in the process 
of developing a comprehensive smartphone applica-
tion for visitors. This application will not only serve as 
a resource for general details about the parks but will 
also contain information about safety precautions and 
animalborne diseases in the park. Because recreational 
exposures were proportionally more frequent among 
case-patients residing in the eastern United States, clini-
cians (even those caring for patients in low-incidence 
states) should assess recent travel history in addition to 
rodent exposures in the home and at work and consider 
hantavirus as a possible cause of disease.

Over the past few decades, educational materials on 
HPS and hantavirus for general audiences have been devel-
oped by health departments and distributed through local 
jurisdictions. A variety of local efforts to increase hantavi-
rus awareness exist, through traditional and nontraditional 

news sources. These interventions are relevant, particularly 
in the spring when hantavirus infection prevalence may 
be higher among North American deer mice (23,24) and 
when persons may be more likely to participate in clean-
ing or recreational activities that could increase risk for ro-
dent exposure. In 2016, spring electric bills in a Colorado 
county were accompanied by letters containing hantavi-
rus information. Arizona works collaboratively with local 
public health and environmental health agencies to share 
prevention messages with the public to minimize the risk 
for rodent exposure in recreation, occupation, and perido-
mestic settings. The Coconino County (AZ) Public Health 
Department also posts preventive messages on Facebook 
and Twitter.

States in which risk for HPS is high send seasonal 
Health Alert Network messages to public health staff and 
clinicians. The New Mexico Department of Health answers 
hantavirus-related questions through an all-hours phone 
line and informs the public of new cases and prevention 
techniques through statewide press releases. On a national 
level, CDC manages a Hantavirus Hotline, which the gen-
eral public and providers can call with hantavirus-related 
questions (online Technical Appendix Table). CDC, New 
Mexico Department of Health, and clinicians from the Uni-
versity of New Mexico (Albuquerque, NM) have given 
educational seminars to healthcare providers through the 
University of New Mexico Project ECHO, which targets 
Indian Health Service clinicians, and through Clinician 
Outreach and Communication Activity calls, which target a 
wide range of clinical professionals (online Technical Ap-
pendix Table).

It is useful not only to define settings where HPS risk 
is increased because of rodent exposure but also to define 
demographic risk factors for HPS and subsequent death. 
HPS disproportionately affects American Indians, who rep-
resent ≈2% of the US population (25) yet account for 18% 
of reported US HPS cases. Because 89% of American In-
dian HPS case-patients reside in the Four Corners region, 
where most HPS cases occur, the disproportionate number 
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Table 4. Frequency of recorded rodent exposures by race for hantavirus pulmonary syndrome case-patients, United States, 1993–
2015 
Exposure White, no. (%), n = 255 American Indian, no. (%), n = 43 2 p value* 
Home  181 (71) 37 (86) 4.3 0.039 
Occupational  90 (35) 7 (16) 6.1 0.014 
Recreational  63 (25) 6 (14) 2.4 0.12 
*df = 1. 

 

 

 

 
Table 5. Occupation risk and frequency of reported rodent exposure type for hantavirus pulmonary syndrome case-patients with 
specified occupation and exposure, United States, 1993–2015 

Exposure 
Occupation without frequent rodent 

exposure, n = 91 
Occupation with potential 

frequent rodent exposure, n = 96 2 p value* 
Home  67 (74) 60 (63) 2.7 0.10 
Occupational  34 (37) 51 (53) 4.7 0.030 
Recreational  22 (24) 15 (16) 2.2 0.14 
*df = 1. 
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of American Indian case-patients may in part result from 
environmental factors that increase the risk of inhaling in-
fected dust particles. Biological factors that may increase 
HPS risk among American Indians have not been identified. 
We found that American Indians with HPS were younger 
and that mortality rates were significantly higher than those 
among whites of the same age group, particularly among 
American Indian women 40–64 years of age. According to 
the 2010 US Census, the median age for American Indians 
and Alaskan Natives is 28.8 years, compared with the me-
dian age for white Americans of 38.4 years (25); therefore, 
the age difference in our study may be a result of overall 
differences in age distribution between American Indians 
and white Americans. Sex disparities in death from HPS, 
by age, have been noted both within and outside the United 
States but are poorly understood (26–29). Different mortal-
ity rates could result from hormonal effects on the immune 
response, concurrent medical conditions, or exposure type. 
Among Norway rats infected with Seoul virus, immune re-
sponses vary by sex; Th1 response is greater for males than 
females (30). Of note, male and female humans with acute 
hantavirus infection have similar Th1 and Th2 responses 
but different levels of other cytokines, including interleu-
kin-9, fibroblast growth factor 2, granulocyte macrophage 
colony–stimulating factor, and interleukin-8 (31). To pre-
vent more cases and improve outcomes, investigations of 
the health disparities observed for American Indians and 
the increased mortality rates observed for American Indian 
women should continue.

Although we did not systematically collect informa-
tion on physical location of rodent exposure, 49 case-pa-
tients were exposed in a vehicle, trailer, or mobile home. 
More information is needed to better understand if man-
ufactured housing and vehicles increase the risk for ro-
dent infestation and hantavirus exposure because of their 
construction. A recent HPS outbreak among overnight 
visitors to Yosemite National Park led to an association 
between staying in a particular type of housing (i.e., tents 
with drywall interiors) and risk for HPS (32). These tents 
were noted to have evidence of active rodent infestation, 
holes in the canvas, and gaps between the tent and insu-
lated wall, enabling rodent entry. National Park Service 
employees and migrant workers (33) may also reside in 
temporary on-site housing or use vehicles provided by 
their employers; therefore, employers should also be pru-
dent about excluding rodents from these items.

Our findings have several limitations. Because of under-
reporting or misdiagnosis, we may not have captured all cas-
es of HPS in the United States. Ethnicity and race data were 
missing from 7% and 26% of case report forms, respectively, 
because some states have only recently begun collecting that 
information. Because occupation and exposure history were 
collected by use of free-text responses, data for these variables  

were not collected systematically for all reported cases. Per-
sons completing case report forms may have overreported 
occupations for those persons who are more likely to have 
been exposed to rodents at work, and the HPS-associated ex-
posure could have occurred at another site not reported on 
the case report form. In addition, for case-patients who lived 
at their workplace (e.g., forestry, agriculture), it was difficult 
to distinguish where rodent exposure occurred. As a result 
of this analysis, we have modified our case report form to 
systematically capture more detailed information regarding 
type of exposure and setting.

Although HPS is rare in the United States, surveillance 
data suggest that persons in certain occupations and certain 
populations may be at increased risk for HPS because of 
potential for rodent exposure. Physicians should recognize 
HPS risk factors and consider HPS for patients with docu-
mented rodent exposure or who are at high risk for rodent 
exposure. Educational efforts and awareness focused on 
high-risk populations should continue so that persons can 
decrease their risk of acquiring HPS.
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 Increased Threat from B. pseudomallei, Australia

Neurologic melioidosis is a serious, potentially fatal form of 
Burkholderia pseudomallei infection. Recently, we reported 
that a subset of clinical isolates of B. pseudomallei from 
Australia have heightened virulence and potential for dis-
semination to the central nervous system. In this study, we 
demonstrate that this subset has a B. mallei–like sequence 
variation of the actin-based motility gene, bimA. Compared 
with B. pseudomallei isolates having typical bimA alleles, 
isolates that contain the B. mallei–like variation demonstrate 
increased persistence in phagocytic cells and increased 
virulence with rapid systemic dissemination and replication 
within multiple tissues, including the brain and spinal cord, 
in an experimental model. These findings highlight the impli-
cations of bimA variation on disease progression of B. pseu-
domallei infection and have considerable clinical and public 
health implications with respect to the degree of neurotropic 
threat posed to human health.

Burkholderia mallei, the etiologic agent of glanders, is 
thought to have evolved from a single strain of B. pseu-

domallei, becoming highly specialized for intracellular per-
sistence (1). B. mallei and B. pseudomallei share sequence 
similarity and are highly pathogenic through the respiratory 
route, often initiating rapid disease progression resulting in 
high mortality (2). Unlike B. pseudomallei, B. mallei has a 
narrower host range and is less capable of extended persis-
tence in the environment. 

Knowledge of the virulence factors responsible for in-
ducing the diverse spectrum of clinical manifestations of 
B. pseudomallei infection remains limited (3). Similar to 
bacteria of other genera, such as Listeria, Rickettsia, My-
cobacterium, and Shigella, intercellular and intracellular 
movement of Burkholderia are facilitated by actin po-
lymerization at 1 pole of the bacterium (4). The putative 
autotransporter protein Burkholderia intracellular motility 
A (BimA) has been shown to mediate actin-based motil-
ity in B. pseudomallei and B. mallei, promoting bacterial 
dissemination while shielding the pathogen from immune 
surveillance and autophagy (5). Differences in the structure 
of the bimA gene in B. mallei and B. pseudomallei (6–8) 
suggest that actin assembly might occur through distinct 
mechanisms in these 2 Burkholderia species. B. mallei–like 
bimA variants (bimBm) have been identified in a subset of B. 
pseudomallei isolates from Australia and 2 B. pseudomal-
lei isolates from India (9,10). This allele has not yet been 
identified in isolates from Southeast Asia.

Neurologic melioidosis is a serious, potentially fatal 
form of B. pseudomallei infection. Recently, we report-
ed that although B. pseudomallei isolates from patients 
with neurologic melioidosis do not demonstrate selective 
neurotropism in an experimental model, a distinct subset 
of B. pseudomallei isolates appeared equipped for rapid 
dissemination to multiple tissues, including the central 
nervous system (CNS), after infection (11). Correlation 

of virulence genes of B. pseudomallei with clinical pre-
sentations of melioidosis identified the bimBm allele as a 
risk factor for neurologic melioidosis (12). Given the im-
portance of BimA in intercellular and intracellular spread 
of Burkholderia spp. and the recognition of bimBm vari-
ants of B. pseudomallei in northern Australia, we hypoth-
esized that bimBm variants of B. pseudomallei would have 
an increased advantage for establishment of infection 
and dissemination compared with typical bimBp strains. 
Therefore, we used a well-characterized animal model of 
melioidosis to compare virulence and disease progression 
after infection with clinical isolates of B. pseudomallei 
collected in the Northern Territory of Australia during 
October 1989–October 2012 and identified as having ei-
ther the bimBm or bimBp allele (13).

Methods

B. pseudomallei Isolates
B. pseudomallei strains were isolated from patients with 
melioidosis. Clinical details and the sequence type deter-
mined from multilocus sequence typing of the B. pseudo-
mallei strains investigated are noted (Table). Additional 
details are described elsewhere (11,12,14,15). These iso-
lates were chosen to represent B. pseudomallei strains pre-
viously identified as having bimBm (n = 7) and bimBp (n = 8) 
alleles within the bimA gene (10,12).

Animal Infection
We used 8- to 12-week-old C57BL/6 and BALB/c mice 
purchased from the Small Animal Breeding Facility at 
James Cook University. Experiments were approved by 
the Institutional Animal Ethics committee (A1500). To 
mimic natural routes of infection, intranasal or subcuta-
neous routes were used for inoculation by using methods 
described previously (16). B. pseudomallei isolates were 
cultured to logarithmic phase and prepared for inoculations 
as previously described (11).

Virulence Determination
Virulence of bimBm (n = 7) and bimBp (n = 6) isolates were 
compared in mice as described previously (11). The 50% 
infectious dose (ID50) was determined by using a modified 
version of the Reed and Meunch method (17). Virulence, 
as defined by the ID50 values for B. pseudomallei strains, 
were compared in BALB/c and C57BL/6 mice after intra-
nasal and subcutaneous infection. Data for bimBm and bimBp 
strains are expressed as mean log10 ID50 +SD

Bacterial Dissemination and Disease Progression
We selected bimBm (MSHR543) and bimBp (MSHR305) 
strains of comparable virulence (determined by intra-
nasal ID50 values as 2.6 × 102 CFU and 2.9 × 102 CFU,  
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respectively) for comparison of bacterial dissemination 
after intranasal infection of C57BL/6 mice. C57BL/6 
mice provide a more accurate model for neurologic meli-
oidosis because this form of the disease tends to occur 
in otherwise healthy persons without known risk factors 
(13). MSHR543 (bimBm) was isolated from a localized 
skin infection in a healthy 22-year-old with a cut on her 
hand that was exposed to muddy water. Blood cultures 
were negative, and she remained systemically well with 
no evidence of dissemination of B. pseudomallei. The 
bimBp (MSHR305) strain was isolated from a patient with 
a fatal case of neurologic melioidosis. The 64-year-old 
patient had a history of excessive alcohol consumption 
and had had onset of flaccid paralysis after a period of in-
fluenza-like illness (14). An equivalent dose of MSHR543 
(1.4 × 104 CFU) or MSHR305 (1.1 × 104 CFU) was used 
to inoculate mice. Survival rates and signs of disease were 
monitored daily for a period of 21 days (n = 10 mice per 
isolate). Mice that became moribund during the experi-
mental period were euthanized, and bacterial loads were 
determined in organs and pathology of CNS investigated. 
Parallel groups of mice were inoculated with MSHR543 
(bimBm) (n = 15) and MSHR305 (bimBp) (n = 15) for as-
sessment of bacterial loads within blood, liver, spleen, 
lung, cervical lymph node , brain, and nasal-associated 
lymphoid tissue (NALT) at 2 hours, 1 day, and 3 days 
postinfection (n = 5 mice per time point) by using meth-
ods described previously (11). The detection limit of bac-
teria in blood and organs was 2 CFU. Data are expressed 
as the mean log10 CFU +SD.

Bacterial Growth Rate
The growth of B. pseudomallei isolates in trypticase soy 
broth (TSB) was compared. Overnight broth cultures of B. 
pseudomallei isolates were diluted 1:10 in fresh TSB and 

incubated in triplicate at 37°C with shaking at 120 rpm. 
Absorbance (600 nm) was measured hourly for 10 hours 
with a microplate reader (Fluostar Omega; BMG Labtech, 
Mornington, VIC, Australia) and the exponential growth 
rate for each isolate determined. Data are presented as the 
mean gradient (μhr–1) +SD for bimBm and bimBp strains.

Internalization and Persistence of Bacteria  
in Phagocytic Cells
We determined internalization and intracellular persis-
tence of B. pseudomallei isolates (n = 7 bimBm; n = 8 bimBp) 
in mononuclear phagocytes after co-culture with murine 
leukocytes. Leukocytes were isolated from spleen and 
peripheral lymph nodes (cervical, mediastinal, axillary, 
inguinal, and popliteal) of uninfected female C57BL/6 
mice (18). B. pseudomallei isolates were grown to loga-
rithmic phase, washed then added to leukocyte cultures at 
a multiplicity of infection of 1 (mononuclear cell): 5 (bac-
teria) (19). After 2 hours of co-culture, kanamycin (250 
μg/mL) was added to wells to limit extracellular bacte-
rial growth (18). Internalization (2 h) and persistence (8 
and 24 h) of B. pseudomallei isolates in leukocytes was 
determined by flow cytometry. Uninfected and B. pseu-
domallei–infected leukocytes were fluorescently stained 
with a combination of anti-mouse fluorescein isothiocya-
nate–conjugated CD45 and F4/80 (BD Biosciences, North 
Ryde, NSW, Australia) and peridinin chlorophyll-cyanine 
5.5 (PerCP-Cy5.5)–conjugated CD11c (eBioscience, San 
Diego, CA, USA) by using methods described previous-
ly (18). After fixation and permeabilization, leukocytes 
were stained with polyclonal rabbit anti–B. pseudomallei 
outer membrane protein antibody (BpOMP). A second-
ary biotinylated goat anti-rabbit IgG (Vector Labs, Bur-
lingame, CA, USA) monoclonal antibody and streptavi-
din–phycoerythrin conjugate (eBioscience) was used for 
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Table. Clinical and patient characteristics and sequence type diversity of bimBm and bimBp Burkholderia pseudomallei isolates, 
Australia 
Isolate no. Age, y/sex Risk factors Clinical presentation Outcome MLST genotype 
bimBm 
 MSHR62 23/M None Brainstem encephalitis Survived 148 
 MSHR435 37/M None Brainstem encephalitis Survived 126 
 MSHR543 22/F None Skin ulcer Survived 294 
 MSHR668 53/M None Diffuse encephalitis Survived 129 
 MSHR1153 59/M DBT Brainstem encephalitis Died 117 
 MSHR2138 49/F DBT Bacteremia Survived 456 
 NCTC13178 6/M None Brainstem encephalitis Died 286 
bimBp 
 MSHR305 64/M ALC Encephalitis, myelitis Died 36 
 MSHR346 49/M ALC, COPD Pneumonia Survived 243 
 MSHR465 67/M DBT, COPD Pneumonia, septic shock Died 132 
 MSHR1655 61/F COPD Pneumonia Survived 131 
 MSHR3709 14/M None Brainstem encephalitis Survived 132 
 MSHR974* 16/F None Skin ulcer Survived 554 
 MSHR4237* 45/F None Pneumonia Survived 868 
 NCTC13179 54/M DBT Skin ulcer Survived 613 
*Additional isolates included for internalization and persistence assays. ALC, hazardous alcohol use; COPD, chronic obstructive pulmonary disease; DBT, 
diabetes; MLST, multilocus sequence typing. 
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detection of the primary antibody. Acquisition (2 × 105 
leukocytes) was performed by using a FACSCalibur with 
Cell Quest software (BD Biosciences) and FlowJo soft-
ware (Tree Star, Inc., San Carlos, CA, USA) was used for 
postacquisition analysis. The fluorescence of extracellu-
lar bacteria was quenched with Trypan blue (0.2%). Data 
are expressed as the percentage or total number of leuko-
cytes (CD45+), macrophages (F4/80+), or dendritic cells 
(CD11c+) positive for intracellular BpOMP staining. Two 
independent experiments were conducted, and the mean 
+SD of data from both experiments is shown. Microbio-
logic culture was used to confirm intracellular B. pseudo-
mallei numbers estimated by BpOMP staining (20).

Statistical Analysis
We performed statistical analysis by using Graphpad 
Prism Version 6 (Graphpad Software, La Jolla, CA, 
USA) and used Kaplan–Meier survival curves to com-
pare susceptibility to infection with B. pseudomallei 
isolates. Virulence parameters (ID50 values, time for 

development of neurologic symptoms, and intracellular 
bacterial loads within leukocytes) for bimBm and bimBp 
strains were compared by using the Mann-Whitney U 
test. Bacterial load kinetics in organs after infection with 
MSHR543 (bimBm) and MSHR305 (bimBp) were tested 
for significance using 2-way analysis of variance with 
Sidak’s post hoc analysis. We considered comparisons 
significant at p<0.05.

Results

High Virulence of BimBm Variants in Murine Models  
of Melioidosis
We compared virulence, as defined by ID50, for bimBm and 
bimBp strains in B. pseudomallei–susceptible (BALB/c) and 
B. pseudomallei–partially resistant (C57BL/6) mice after 
intranasal and subcutaneous infection (16,21). B. pseudo-
mallei bimBm strains were significantly more virulent for 
BALB/c and C57BL/6 (Figure 1, panels A and B) mice 
than bimBp strains, regardless of route of infection. These 
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Figure 1. Virulence of bimBm and bimBp Burkholderia pseudomallei isolates. Day 21 50% infectious dose values after intranasal and 
subcutaneous infection of BALB/c (A) and C57BL/6 (B) mice with bimBm (n = 7) and bimBp (n = 6) B. pseudomallei isolates. Groups of 5 
mice were inoculated via intranasal and subcutaneous routes at 10-fold increasing doses of B. pseudomallei, ranging from 100 CFU to 107 
CFU. Virulence of bimBm isolates was significantly greater for both mouse strains, regardless of the infection route. Data are expressed 
as mean log10 CFU +SD. C57BL/6 mice (n = 10) were infected with bimBm (n = 7) and bimBp (n = 6) B. pseudomallei isolates at equivalent 
doses (104 CFU) and monitored for 21 days postinfection. The percentage of mice for a given bacterial strain for which evidence indicated 
establishment of B. pseudomallei infection (culture-positive growth from tissues) (C) and signs of neurologic involvement (e.g., head tilt, 
spinning behavior, and hind leg paresis) (D) was increased for animals exposed to bimBm compared with bimBp isolates. *p<0.05; **p<0.01.
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findings are consistent with the BALB/c–C57BL/6 model 
of contrasting resistance to B. pseudomallei (21).

When equivalent inoculating doses of B. pseudomallei 
strains were compared (104 CFU), bimBm strains were more 
likely to establish persistent infection with bacteria recov-
erable from multiple organs at 21 days postinfection after 
intranasal infection of C57BL/6 mice (p = 0.077) (Figure 
1, panel C). Additionally, neurologic involvement occurred 
with more frequency in animals infected through the in-
tranasal route with bimBm compared with those infected 
with bimBp strains when an equivalent inoculating dose (104 
CFU; n = 10 mice/B. pseudomallei strain) was used (p = 
0.046) (Figure 1, panel D). Most B. pseudomallei strains 
tested were capable of CNS infection; however, neurologic 
involvement tended to occur at comparatively lower inocu-
lating doses for bimBm than bimBp strains. The mean number 
of bacteria required to infect C57BL/6 mice through the re-
spiratory tract and result in the development of neurologic 
signs in >20% of mice was 9 × 103 CFU (range 5.3 × 101 
to 2 × 104 CFU) for bimBm and 3.7 × 105 CFU (range 2.6 × 
104 to 6.6 × 105) for bimBp (p = 0.048). Despite infection 
of C57BL/6 mice with doses as high as 108 CFU, neuro-
logic symptoms were never observed after infection with 
2 strains (MSHR3709 and MSHR1655), both of which are 
type bimBp.

The mean number of bacteria required to infect sus-
ceptible BALB/c mice via the respiratory route and mani-
fest neurologic signs in >20% of mice was 8.6 × 103 CFU 
(range 4 × 101 to 3 × 104 CFU) for bimBm and 1.5 × 105 CFU 
(range 2.6 × 104 to 4.2 × 105 CFU) for bimBp (p = 0.03). For 
C57BL/6 mice, the mean number of days postinfection for 
onset of neurologic symptoms was 9 (range 5–16) days; for 
BALB/c mice, it was 11 (range 4–18) days. These findings 
indicate that bimBm variants are significantly more virulent 
than bimBp strains in murine models of melioidosis and sug-
gest that fewer inoculating bacteria are required to establish 
CNS infection.

Differing Disease Progression for bimBm and bimBp  
Strains after Intranasal Infection
We selected a bimBm (MSHR543) and bimBp (MSHR305) 
strain of comparable virulence to compare organ tropism 
after intranasal infection (intranasal ID50 values of 2.6 × 
102 and 2.9 × 102 CFU, respectively). Twenty-one day 
mortality rates were comparable after intranasal infection 
with either MSHR543 (bimBm) or MSHR305 (40% and 
50%, respectively). However, of the animals monitored for 
survival, 2 of the 5 mice that succumbed to infection with 
MSHR305 (bimBp) had neurologic symptoms (1 with head 
tilt on day 7, another with hind limb paresis on day 14). In 
contrast, all of the 4 mice that succumbed to infection with 
MSHR543 (bimBm) had symptoms of neurologic melioido-
sis (3 with head tilt on day 5 and day 7, the other with hind 

leg paresis on day 7). Moribund mice were euthanized and 
tissues processed for bacterial load determination. Bacte-
rial loads were high in brains of moribund mice (Figure 2). 
B. pseudomallei was typically recovered from all tissues in-
vestigated, although levels tended to be low or undetectable 
in the blood of moribund mice that had signs of neurologic 
infection in the first week postinfection. Compared with 
moribund animals infected with MSHR543 (bimBm), bacte-
rial loads were significantly higher in NALT of moribund 
mice infected with MSHR305 (bimBp, p = 0.025), with a 
similar trend observed in lung. Abscessation was observed 
in the nasal epithelium, with extensive suppurative inflam-
mation in the olfactory submucosa extending to the olfac-
tory bulb and moderate infiltration in the trigeminal nerve 
branches (Figure 3, panels A and B) in mice that had signs 
of neurologic involvement at day 5 postinfection with 
MSHR543 (bimBm). Leptomeningitis and encephalomyeli-
tis were cardinal features in these animals (Figure 3, panels 
C and D). We also observed cranial microabscesses were 
in animals that succumbed to infection, although the area 
affected varied and included the cerebellum, brainstem, and 
cerebral cortex (Figure 3, panel E).

Systemic dissemination occurred rapidly for MSHR543 
(bimBm) and MSHR305 (bimBp); bacteria were recovered 
from multiple sites by day 1 postinfection (Figure 4). At 2 
hours postinfection, NALT was the only tissue that bacte-
ria were cultured from, with levels comparable for mice in-
fected with MSHR543 (bimBm) and MSHR305 (bimBp) (log10 
CFU of 0.9 +1.1 and 0.3 +1.1, respectively). Compared with 
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Figure 2. Brain bacterial loads in mice that had signs of neurologic 
involvement and succumbed to infection with MSHR543 (bimBm) 
and MSHR305 (bimBp) Burkholderia pseudomallei isolates. Bacterial 
loads in brains of C57BL/6 mice (MSHR543, n = 4; MSHR305, n = 
5) that had become moribund and required euthanasia within the 
21-day experimental period after intranasal infection with MSHR543 
(1.4 × 104 CFU; white bars) and MSHR305 (1.1 × 104 CFU; black 
bars). N indicates mice that displayed symptoms of neurologic 
involvement. Data are expressed as log10 CFU. Mice exposed 
to MSHR543 (bimBm) had signs of neurologic involvement and 
became moribund within 7 days of exposure.
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MSHR305 (bimBp), replication of MSHR543 (bimBm) was 
significantly higher in cervical lymph nodes and spleen (Fig-
ure 4). Bacterial loads were low in brains of mice infected 
with MSHR543 (bimBm) and MSHR305 (bimBp) within 3 days 
of infection despite signs of neurologic involvement by day 
5 postinfection in 4 mice infected with MSHR543 (bimBm), 
corresponding to bacterial loads in the brain in excess of 102 
CFU (Figure 2). In comparison, only 1 animal infected with 
MSHR305 (bimBp) had symptoms of neurologic melioidosis 
and required euthanasia within 7 days.

Five mice (50%) survived to 21 days after intranasal 
infection with MSHR305 (bimBp), of which 4 had evidence 

of persistent B. pseudomallei infection, with bacteria re-
covered from the brain of 1 mouse (Figure 4, panel C). 
Six mice (60%) survived after intranasal infection with 
MSHR543 (bimBm), and all had evidence of persistent in-
fection, with bacteria recovered from the brains of 5 mice 
(Figure 4, panel C).

These findings demonstrate that despite equivalent 
inoculating doses and similar 21-day mortality rates, the 
pattern and kinetics of dissemination differ for MSHR543 
(bimBm) and MSHR305 (bimBp) after intranasal infection, 
with neurologic involvement occurring with more frequen-
cy after infection with MSHR543 (bimBm).
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Figure 3. Central nervous system pathology in mice that had signs of neurologic involvement and succumbed to infection with bimBm and 
bimBp Burkholderia pseudomallei isolates. Evidence of central nervous system pathology was demonstrated in these mice. Inflammatory 
infiltrates were prominent in trigeminal nerve branches and ganglion (original magnification ×400) (A) and in the olfactory bulb 
(original magnification ×200) (B). Cranial meningitis (C) and spinal (D) meningitis were observed, often with involvement of underlying 
parenchyma (original magnification ×400). Microabscesses were frequently observed in cerebral cortex (original magnification ×100)  
(E), brainstem (not shown) and cerebellum (not shown) of mice that had neurologic symptoms and succumbed to infection.

Figure 4. Comparison of early bacterial dissemination and persistence after intranasal infection of C57BL/6 mice with MSHR543 
(bimBm) and MSHR305 (bimBp) Burkholderia pseudomallei isolates. A, B) Bacterial load at day 1 (A) and day 3 (B) postinfection in nasal-
associated lymphoid tissue, brain, cervical lymph nodes, lung, spleen, liver, and blood after intranasal infection of C57BL/6 mice (n = 5/
time point) with MSHR543 (1.4 × 104 CFU; white bars) and MSHR305 (1.1 × 104 CFU; black bars). C) Bacterial organ loads in mice that 
survived the 21-day experimental period (MSHR543, n = 6; MSHR305, n = 5). Data are expressed as mean log10 CFU +SD (upper bars 
only). cLN, cervical lymph nodes; NALT, nasal-associated lymphoid tissue; ND, not detected. *p<0.05; **p<0.01.
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Increased Persistence of bimBm Strains in Mononuclear 
Phagocytic Cells
To investigate whether differences observe in systemic dis-
semination in vivo might be attributable to inherent differenc-
es in multiplication of bimBm and bimBp strains, we compared 
the in vitro growth rate of isolates in broth culture. No signifi-
cant differences were observed for the exponential growth of 
bimBm and bimBp variants in TSB (slope, μhr-1, 0.105 +0.02 and 
0.092 +0.02, respectively). Having demonstrated that bimBm 
and bimBp strains multiply at the same rate in cell-free me-
dia, we next investigated whether intracellular growth rates 
were comparable for the 2 groups of isolates. Because mac-
rophages and dendritic cells play a pivotal role in protection 
against B. pseudomallei infection (3), we compared the up-
take and persistence of bimBm (n = 7) and bimBp (n = 8) isolates 
in ex vivo cultures of murine spleen and lymph node–derived 
macrophages and DC. Absolute numbers of leukocytes were 
comparable for bimBm- and bimBp-infected cultures at 2, 8, and 
24 hours postinfection (Figure 5, panel A). The percentage 
of leukocytes positive for BpOMP staining was also compa-
rable in cultures infected with bimBm and bimBp strains at 2 
and 8 hours postinfection (Figure 5, panel B). However, by 
24 hours, the proportion of BpOMP+ leukocytes was signifi-
cantly higher in cultures infected with bimBm than bimBp strains 
(p = 0.002), and persistence of bimBm isolates was greater in 
CD11c+ dendritic cells (p = 0.012) and F4/80+ macrophages 
(p = 0.006) than bimBp strains (Figure 5, panel C). Overall, 
these data suggest that bimBm strains of B. pseudomallei might 
possess mechanisms to facilitate their internalization and in-
tracellular persistence within professional phagocytes.

Discussion
Although uncommon, neurologic melioidosis is a severe and 
debilitating form of B. pseudomallei infection, primarily  

affecting healthy persons with no recognizable risk fac-
tors and occurring with increased frequency in Australia 
(13,14,22). Diagnosis and management of neurologic 
melioidosis is challenging because of nonspecific clinical 
presentation, poor diagnostics, and intrinsic resistance to 
antibiotics. Similar to other intracellular bacteria, B. pseu-
domallei and B. mallei are able to spread to adjacent host 
cells and evade immune surveillance through the forma-
tion of actin tails in a process that involves polymeriza-
tion of host actin monomers (5,10,23,24). Polymorphisms 
in machinery used for actin assembly in other obligate in-
tracellular bacteria have been reported to influence viru-
lence and tissue tropism (25–27). Recently, isolates pos-
sessing a B. mallei–like bimA allele (bimBm) were shown 
to be associated with neurologic involvement in human 
melioidosis (12). Our study provides in vivo evidence of 
the implications of the bimBm sequence variation on dis-
ease progression and severity of experimental melioido-
sis. Compared with B. pseudomallei isolates with typical 
BimA motifs, bimBm variants were more virulent in an 
animal model of melioidosis when delivered intranasally 
or subcutaneously. This subset of strains was associated 
with increased persistence within phagocytic cells and 
increased likelihood of establishing CNS infection com-
pared with bimBp strains of B. pseudomallei.

Although no evidence from our study indicates prefer-
ential seeding of the CNS compared with other tissues, CNS 
infection did occur with increased frequency and at lower in-
oculating doses after infection of mice with bimBm than bimBp 
strains of B. pseudomallei. Neurologic involvement was ob-
served after intranasal and subcutaneous inoculation with B. 
pseudomallei isolates, although the frequency of CNS infec-
tion increased after intranasal infection. Neurologic involve-
ment, as evidenced by bacterial colonization of the brain 
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Figure 5. Internalization and persistence of bimBm and bimBp Burkholderia pseudomallei isolates within murine leukocytes. Spleen and 
lymph node–derived leukocytes were co-cultured with B. pseudomallei isolates at multiplicity of infection 1:5. A) At 2, 8, and 24 hours 
postinfection, absolute numbers of CD45+ leukocytes were comparable in cultures infected with bimBm and bimBp strains. B) Bacterial 
uptake (2 h) and persistence (8 h and 24 h) was compared by assessing the percentage of CD45+ leukocytes that were positive for 
intracellular B. pseudomallei outer membrane protein antibody (BpOMP) staining using flow cytometry. BpOMP staining increased within 
leukocytes between 8 hours and 24 hours of cultures. Compared with bimBp, the percentage of leukocytes positive for intracellular BpOMP 
was significantly higher in cultures stimulated with bimBm isolates at 24 hours postinfection. Internalization of bimBm or bimBp isolates by 
CD11c+ dendritic cells and F4/80+ macrophages was comparable (not shown). C) However, persistence of bimBm strains was significantly 
higher in dendritic cells and macrophages after 24 hours of culture. Data reflect the mean +SD of 2 independent experiments. BpOMP, B. 
pseudomallei outer membrane protein antibody; DC, dendritic cells; Mφ, macrophages. *p<0.05; **p<0.01; ***p<0.001.
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and neutrophil infiltration to the cranial and spinal menin-
ges, occurred with more frequency in animals infected with 
MSHR543 (bimBm) than those exposed to MSHR305 (bimBp). 
Although we observed considerable variability in the sites of 
abscessation in the CNS, leptomeningitis, meningoencepha-
litis, and encephalomyelitis were common features in ani-
mals that succumbed to infection. Similar neuropathology 
has been reported in experimental models using intravenous 
(rather than intranasal) challenge of mice with B. pseudom-
allei (28). Furthermore, the neuropathology observed in our 
study is consistent with the only published histopathologic 
study of human CNS from patients with melioidosis enceph-
alomyelitis (14).

Clinical and experimental data suggest B. pseudom-
allei is capable of using >1 mechanism for entry into the 
brain and spinal cord (28–37). B. pseudomallei has been 
shown to take advantage of olfactory and trigeminal nerve 
branches to gain direct access to the brain after respiratory 
infection of mice (29–32), and St. John et al. (32) recently 
demonstrated a role for bimA in direct CNS invasion by B. 
pseudomallei. Clinical reports also support progression of 
sinusitis or upper respiratory tract infection with B. pseu-
domallei to neurologic melioidosis (33–35). Additionally, 
cortical brain abscesses, a clinical presentation common-
ly reported for neurologic melioidosis in Southeast Asia 
(33), were observed and are consistent with bacteremic 
spread of B. pseudomallei, directly or through transmigra-
tion of infected leukocytes, to the CNS (28). In addition to 
direct infection through the upper respiratory tract, cases 
of neurologic melioidosis from the Darwin Prospective 
Melioidosis Study have recently provided strong support 
for direct brainstem or spinal cord infection occurring 
through nerve root translocation of bacteria secondary to 
skin inoculation with B. pseudomallei on the face/scalp or 
limbs (36,37). The observation of hind leg paraparesis in 
some animals after B. pseudomallei infection in our study 
provides additional support for this postulated mechanism 
of CNS entry.

In our study, rapid systemic dissemination to secondary 
lymphoid tissues was observed for B. pseudomallei bimBm 
and bimBp variants, with significantly higher bacterial loads 
observed earlier in these tissues after infection with the bimBm 
variant. Moreover, despite significant reduction in intracel-
lular bacterial loads, persistence of B. pseudomallei was 
evident in vitro in dendritic cells and macrophages, tissue 
phagocytic cells that B. pseudomallei would be exposed to 
in the early stages of subcutaneous and intranasal infection. 
We acknowledge that other leukocyte subsets might support 
intracellular infection with B. pseudomallei and therefore 
potentially contribute to rapid dissemination of this bacte-
rium in vivo. We limited our assessment to dendritic cells 
and macrophages because these cells are among the earli-
est responders to infection and are critical for controlling  

B. pseudomallei infection (3,20,21). Skin dendritic cells also 
migrate to secondary lymphoid tissues, facilitating the traf-
ficking and systemic dissemination of live intracellular B. 
pseudomallei (18). Our data support a potential role for pro-
fessional phagocytic cells in rapid systemic dissemination of 
B. pseudomallei to distant sites such as the CNS. 

As an increasing number of clinically derived strains 
are genotyped, it is becoming apparent that the mani-
festations of melioidosis are likely to be influenced by 
the infecting strain, as well as the route of infection, in-
fecting dose, and host risk factors for melioidosis. Our 
findings from this current study provide strong support 
to our clinical observations (12) that bimBm variation is a 
predictor for severe forms of melioidosis, including neu-
rologic involvement. Despite comparative interrogation 
of genomes between B. pseudomallei strains of contrast-
ing virulence (38,39), to date bimA has been identified as 
the only gene with a strong association with neurologic 
melioidosis. However, our observation that bimBp strains 
have the potential to invade the CNS, albeit typically at 
higher inoculating doses than bimBm strains, suggest that 
genes other than bimA also contribute to B. pseudomal-
lei invasion and dissemination in vivo. Under favorable 
circumstances, avirulent B. pseudomallei strains and even 
the closely related but avirulent bacterium, B. thailand-
ensis, can initiate systemic and lethal infection (40,41). 
Identifying and characterizing bacterial effector proteins 
involved in the intracellular and intercellular spread and 
persistence of B. pseudomallei and B. mallei will be criti-
cal for identification of novel agents to manipulate these 
processes with therapeutic application.
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Legionella longbeachae is the primary cause of legionel-
losis in Australasia and Southeast Asia and an emerging 
pathogen in Europe and the United States; however, our 
understanding of the population diversity of L. longbeachae 
from patient and environmental sources is limited. We ana-
lyzed the genomes of 64 L. longbeachae isolates, of which 
29 were from a cluster of legionellosis cases linked to com-
mercial growing media in Scotland in 2013 and 35 were 
non–outbreak-associated isolates from Scotland and other 
countries. We identified extensive genetic diversity across 
the L. longbeachae species, associated with intraspecies 
and interspecies gene flow, and a wide geographic distri-
bution of closely related genotypes. Of note, we observed 
a highly diverse pool of L. longbeachae genotypes within 
compost samples that precluded the genetic establishment 
of an infection source. These data represent a view of the 
genomic diversity of L. longbeachae that will inform strate-
gies for investigating future outbreaks.

Legionellosis presents as 2 clinically distinct forms: an 
influenza-like illness called Pontiac fever and a severe 

pneumonia known as Legionnaires’ disease (1). In Europe 
and the United States, most legionellosis cases are caused 
by Legionella pneumophila serogroup 1 (1,2); <5% of 
cases are caused by nonpneumophila Legionella spp. (3,4). 
In Australasia, New Zealand, and some countries in Asia, 
infections caused by L. longbeachae occur at comparable 
levels to infections caused by L. pneumophila (5–7). Unlike 
L. pneumophila infections, which are typically linked to ar-
tificial water systems, L. longbeachae infections are associ-
ated with exposure to soil, compost, and potting mixes (8).

The number of legionellosis cases caused by L. long-
beachae is increasing worldwide (7), with a notable rise re-
ported across Europe (9–11). Within the United Kingdom, 
most L. longbeachae infections have been identified in 

Scotland, where 6 cases were diagnosed during 2008–2012 
(12) and another 6 were diagnosed in the summer of 2013 
and represented a singular increased incidence or cluster 
with all patients requiring intensive care hospitalization 
(11). Epidemiologic investigation revealed that most pa-
tients from the 2013 cluster were avid gardeners, and L. 
longbeachae was isolated from respiratory secretions and 
from samples of the growing media they had used for gar-
dening before becoming ill (11,12). However, an investi-
gation into the provenance of the growing media did not 
reveal a single commercial or manufacturing source that 
would suggest a common origin for the L. longbeachae as-
sociated with the outbreak (11).

Molecular typing methods used to discriminate be-
tween L. longbeachae and other Legionella spp. and be-
tween the 2 L. longbeachae serogroups have limited effi-
cacy, and although considerable evidence supports growing 
media as a source for L. longbeachae infections (13,14), 
there is still a lack of genetic evidence for an epidemio-
logic link. Furthermore, a population genomic study in-
volving large numbers of L. pneumophila isolates has been 
conducted (15,16), but the same has not been done for L. 
longbeachae, so the diversity of environmental and patho-
genic genotypes and the relationship between them remains 
unknown for L. longbeachae. To examine the etiology of 
the 2013 cluster of legionellosis cases in Scotland in the 
context of L. longbeachae species diversity, we analyzed 
the genomes of 70 Legionella spp. isolates from 4 countries 
over 18 years.

Materials and Methods

Bacterial Isolates
We sequenced 65 isolates that had previously been iden-
tified as L. longbeachae. These isolates were obtained 
during 1996–2014 from several patients, growing media 
samples (including compost and soil), and a hot water sup-
ply. Of these isolates, 55 were from Scotland (29 from the 
2013 cluster of infections and 26 from other clinical and 
environmental samples) and 10 were from patients and 
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environmental compost samples in New Zealand (online 
Technical Appendix Table, https://wwwnc.cdc.gov/EID/
article/23/5/16-1165-Techapp1.pdf). 

In our analysis, we also included all publicly avail-
able genome sequences for L. longbeachae: L. long-
beachae NSW150 (serogroup 1) and L. longbeachae 
C-4E7 (serogroup 2) isolated from patients in Australia; 
and L. longbeachae D-4968 (serogroup 1), L. longbeachae 
ATCC39642 (serogroup 1), and L. longbeachae 98072 (se-
rogroup 2) isolated from patients in the United States (17–
19). We sequenced multiple isolates (n = 2 to 5) for each 
of 3 patients and their linked growing media samples from 
the 2013 outbreak in Scotland and for 2 additional compost 
samples. The species of all isolates had been determined 
by serotyping or macrophage infectivity potentiator (mip) 
gene sequencing (20,21).

Bacterial Culture, Genomic DNA Isolation, and  
Whole-Genome Sequencing
We cultured Legionella spp. isolates in a microaerophilic and 
humid environment at 37°C on BCYE (buffered charcoal 
yeast extract) agar plates for 48 h. We then picked individual 
colonies from the plates and grew them in ACES-buffered 
yeast extract broth containing Legionella BCYE Growth 
Supplement (Oxoid Ltd., Basingstoke, UK) with shaking at 
37°C for 24–48 h. We extracted genomic DNA from fresh 
cultures by using the QIAGEN DNeasy Blood and Tissue 
Kit (QIAGEN Benelux B.V., Venlo, the Netherlands).

We prepared sequencing libraries by using the Nextera 
XT kit for MiSeq or HiSeq (all from Illumina, San Diego, 
CA, USA) sequencing at Edinburgh Genomics, University 
of Edinburgh (Edinburgh, Scotland, UK). For each isolate, 
one 2 × 250–bp or two 2 × 200–bp paired-end sequencing 
runs were carried out using the MiSeq and HiSeq technolo-
gies, respectively. Raw reads were quality checked using 
FastQC v0.10.1 (22), and primers were trimmed by using 
Cutadapt (23). We used wgsim software (24) to simulate 
sequence reads for publicly available, complete whole-ge-
nome sequences.

Bioinformatic Analysis and Data Deposition
A detailed description of the bioinformatic analyses is 
available in the online Technical Appendix. The sequence 
data for the 65 genomes of Legionella spp. sequenced in 
this study were deposited in the SRA database (accession 
no. PRJEB14754).

Results

Limitations of Current Typing Approaches for  
Legionella spp. Identification
We sequenced 65 isolates obtained from several patients 
and environmental samples over 18 years in different 

countries and previously identified as L. longbeachae. To 
confirm the species identity of the Legionella isolates, we 
constructed a phylogenetic tree that included all Legionella 
type strains for which cultures are available, based on the 
16S rRNA gene sequence (25). We also built phylogenetic 
trees based on the whole-genome content and core-genome 
diversity. For each approach, 64 of the 70 isolates examined 
co-segregated within the L. longbeachae–specific clade, 4 
isolates clustered with Legionella anisa, and 2 belonged to 
a separate clade that was distinct from all known Legio-
nella spp. (Figure 1; online Technical Appendix Figures 1, 
2). The species identities were further supported by deter-
mination of the average nucleotide identity values (online 
Technical Appendix Figure 3), a widely used method for 
bacterial species delineation based on genomic related-
ness (26). Of note, L. anisa is the most common nonpneu-
mophila Legionella spp. in Europe (27–29). In addition, 
L. longbeachae isolates 13.8642 (from a compost sample 
from Scotland) and 13.8295 (from a patient in New Zea-
land) belong to a putative novel Legionella spp. Overall, 
the data indicate that current serotyping methods and mip 
gene sequencing are limited in their capacity to identify L. 
longbeachae to the species level.

To investigate the genetic relatedness of L. long-
beachae strains associated with the 2013 outbreak to tem-
porally and geographically distinct isolates, we constructed 
a core genome–based neighbor-joining tree of the 64 con-
firmed L. longbeachae isolates obtained from 4 countries 
over 18 years (online Technical Appendix Figure 4). This 
phylogenetic tree presents a comet-like pattern, with 2 dis-
tinct clades separated by 9,911 single-nucleotide polymor-
phisms, representing the major serogroups (serogroups 1 
and 2) previously identified for L. longbeachae (20), each 
containing isolates from patient and environmental sam-
ples from different years. In contrast with findings from 
a previous analysis of 2 isolates of L. longbeachae sero-
group 1 (20), we observed a higher diversity among the 
56 isolates within serogroup 1 (online Technical Appendix 
Figures 1, 4); this finding is not unexpected, given the dif-
ference in the number of genomes examined. Nevertheless, 
compared with isolates from the same serogroup in other 
Legionella spp., such as L. pneumophila serogroup 1 (2% 
polymorphism) (20), L. longbeachae serogroup 1 exhibits 
a lower diversity (<0.1% polymorphism). Although se-
rogroup 1 and 2 clades contained isolates from Scotland, 
Australasia, and the United States, 96% of the isolates 
from Scotland (including all of the 2013 outbreak isolates) 
belonged to serogroup 1, suggesting that serogroup 1 may 
be more clinically relevant in Scotland than in some oth-
er countries where L. longbeachae is a more established 
cause of legionellosis. However, analysis of more isolates 
from different countries would be required to investigate 
this observation further.
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Effect of Recombination on L. longbeachae Serogroup 1  
Population Structure
It is established that recombination has played a key role 
in shaping the evolutionary history of L. pneumophila, 
but its effect on L. longbeachae population structure is 
unknown (22,30). This knowledge is critical because for 
highly recombinant bacteria, recombination networks may 
represent evolutionary relationships more explicitly than 
traditional phylogenetic trees. Therefore, we constructed a 
recombination network of all serogroup 1 isolates by using 
the neighbor-net algorithm of SplitsTree4 (31). The resul-
tant network displayed a reticulate topology with an exten-
sive reticulated background from which clusters of isolates 
emerge, supporting an evolutionary history involving re-
combination (p< 0.01 by φ test) (32), followed by clon-
al expansion and subsequent additional recombination 

events among some lineages (online Technical Appendix 
Figure 5). Using BratNextGen (33), we identified a total 
of 94 predicted recombination events affecting more than 
half of the core genome (1.74 Mb of 3.36 Mb) and repre-
senting recent and ancient recombination events of differ-
ent sizes (range 1,350 bp–350 Kbp) distributed across the 
phylogeny (online Technical Appendix Figure 6). Given 
the reported limitation in sensitivity of BratNextGen for 
the identification of all recombination events (34), we also 
used ClonalFrameML (35), an algorithm that uses maxi-
mum likelihood inference to simultaneously detect recom-
bination in bacterial genomes and account for it in phy-
logenetic reconstruction. The estimated average length of 
the recombined fragments was 8,047 bp, and the ratio of 
recombination to mutation was 1.42, indicating a greater 
role for recombination over mutation in the diversification 
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Figure 1. 16S rRNA gene–
based phylogenetic tree of the 
sequenced genomes and all the 
cultured and type Legionella spp. 
strains available in the  
ribosomal database project 
(http://rdp.cme.msu.edu/), as 
accessed in May 2015. Scale 
bar indicates the mean number 
of nucleotide substitutions  
per site.
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of L. longbeachae. This estimate is in accordance with 
early estimates for L. pneumophila based on multiple gene 
sequence data (36), but it is low compared with recent esti-
mates based on whole-genome sequence data [recombina-
tion to mutation ratios of 16.8 (30) or 47.93 (37)]. Differ-
ences in the clonal diversity of Legionella spp. sequence 
datasets used to determine recombination rates could af-
fect the estimates. Reconstruction of the phylogeny after 
removal of all predicted recombinant sequences resulted in 
a tree with largely similar clusters of isolates but with re-
duced branch lengths and variation in the position of nodes 
deep in the phylogeny (Figure 2).

Accessory Genome Analysis Indicates Extensive  
Interspecies and Intraspecies Gene Flow
The extent to which horizontal gene transfer occurs among 
L. longbeachae isolates and between L. longbeachae  

and other Legionella spp. is unknown. In our study, the 
pangenome of L. longbeachae represented by the 56 
serogroup 1 isolates was 6,890 genes, including a core 
genome of 2,574 genes; the average gene content was 
3,558 genes per strain. The accessory genome, which 
included only strain-dependent genes varied from 809 
to 1,155 genes, depending on the strain. A parsimony 
clustering analysis based on the presence or absence of 
all genes classified the isolates in a manner distinct from 
that in a core genome–based maximum-likelihood tree, 
suggesting extensive horizontal gene transfer among L. 
longbeachae isolates (online Technical Appendix Fig-
ures 1, 2). BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) analysis of all assembled contigs was used to filter 
for plasmid-related homologous sequences, revealed 2 
major plasmids: pLLO, described previously in L. long-
beachae NSW150 (20), and pLELO, originally identified  
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Figure 2. Core genome–based maximum-likelihood phylogeny of Legionella longbeachae serogroup 1 isolates corrected for 
recombination; source, country, year of isolation, relatedness and plasmid carriage are indicated. Related isolates are shown in the 
same color; those from the 2013 outbreak are indicated by gray. Isolates from the same patient are clustered together but do not co-
segregate with cognate compost samples. Scale bar indicates the mean number of nucleotide substitutions per site.
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in L. pneumophila subsp. pneumophila (22). Of the 55 se-
rogroup 1 isolates, 36 contained sequences for the pLLO 
and pLELO plasmids. Of note, the distribution of these 
plasmids among the L. longbeachae isolates correlated 
with the gene content–based clustering, whereas the dis-
tribution of plasmids in the core genome–based tree was 
independent of the phylogeny (Figure 2). In addition, 11 
isolates appeared to contain plasmids with sequences ho-
mologous to those for pLLO and pLELO, which is in-
dicative of recombinant forms of the plasmid. Further 
examination of plasmid diversity using a modified ver-
sion of PLACNET (38), a program enabling reconstruc-
tion of plasmids from whole-genome sequence datasets, 
confirmed that some plasmids consisted of a mosaic of 
recombinant fragments homologous to pLELO, pLLO, or 
other unknown plasmids (Figure 3). Overall, these data 
indicate the high prevalence of specific plasmids among 
L. longbeachae isolates and reveal extensive recombina-
tion and horizontal gene transfer among different Legi-
onella spp (39). The high prevalence of plasmids in L. 
longbeachae is notable, considering these elements may 
be less common in L. pneumophila (30).

To examine the possibility that clinical and envi-
ronmental isolates of L. longbeachae contained genomic  

differences reflecting their distinct origins, we compared 
their accessory genome content. For isolates obtained from 
a single patient sample, the accessory genome was highly 
conserved compared with those for environmental isolates 
from a single compost sample or closely related environ-
mental isolates from distinct compost samples (Figure 4, 
panel A). In addition, considering the average gene content 
of all sequenced isolates (28 clinical and 27 environmen-
tal), the gene content for L. longbeachae from growing 
media samples (3,586 genes) was significantly higher than 
that for isolates from patients (3,533 genes; 2-sample t-test, 
t = 2.5213; d.f. = 53; p = 0.01474) (Figure 4, panel B). The 
data imply that gene loss occurs during human infection or 
that L. longbeachae strains with reduced gene content have 
enhanced human infectivity. However, we did not identify 
a specific enriched gene or functional category in clinical or 
environmental samples (data not shown).

Source Attribution Confounded by Complex  
Serogroup 1 Populations within Environmental Samples
Having accounted for the influence of recombination on the 
phylogeny of L. longbeachae, we investigated the diversity  
of isolates associated with 5 patients and their linked 
compost samples obtained during 2008–2014, including  
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Figure 3. Legionella longbeachae plasmid analysis: contigs networks reconstructions for 6 representative L. longbeachae types of 
plasmid content. The networks of the contigs representing the main chromosome and plasmids comprising the genome obtained by 
using PLACNET (38), a program enabling reconstruction of plasmids from whole-genome sequence datasets. The sizes of the contig 
nodes (in gray) are proportional to their lengths; continuous lines correspond to scaffold links. Dashed lines represent BLAST  
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) hits to the L. longbeachae (blue) or L. pneumophila (red) strains; intensity of the line is 
proportional to the hit (white indicates low, black indicates high). Green lines correspond to plasmid contigs. Background colors indicate 
species relatedness for the main chromosome and plasmids (blue for L. longbeachae, red for L. pneumophila, pink for a combination of 
both, and yellow for previously unidentified genomic content).
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3 patients from the 2013 outbreak in Scotland. Of note, 
isolates from the 2013 outbreak were distributed across 
several subclades of the tree, indicating that the infec-
tions were caused by different strains (Figure 2). How-
ever, all isolates from a single patient clustered together, 
consistent with a monoclonal etiology of each infec-
tion. Of note, for all 5 patients, clinical isolates were 
not closely allied to the environmental isolates obtained 
from linked compost samples, and therefore a genetic 
link between patient and compost samples could not be 
established. Most subclades included isolates of diverse 
geographic origin, consistent with a wide distribution 
for L. longbeachae strains; however, 3 L. longbeachae 
isolates originating from Australasia (strains 13.8294, 
13.8293, and NSW150) belonged to their own region-
specific cluster (Figure 2).

We hypothesized that the lack of genetic relatedness 
between L. longbeachae isolates from patients and linked 
compost samples could be explained by a highly diverse 
population of L. longbeachae in growing media samples 
compounded by a sampling strategy consisting of a sin-
gle sequenced isolate. All 5 compost samples for which 
we had >1 isolate contained isolates distributed across  
multiple clades in the phylogenetic tree. In particular, 5 iso-
lates from the same growing media sample linked to a pa-
tient infected in Edinburgh in 2014 were distributed across 
4 distinct clades, demonstrating that within a single envi-
ronmental sample, considerable species diversity may be 
represented (Figure 2). Taken together, these data suggest 
that for future outbreak investigations, extensive sampling 
of environmental samples may be required to identify gen-
otypes responsible for episodes of legionellosis infection, if 
indeed they are present.

Discussion
Our findings reveal the population genomic structure for 
L. longbeachae, an emerging pathogen in Europe and 

the United States, and includes a genome-scale investi-
gation into an outbreak of L. longbeachae legionellosis. 
We provide evidence for extensive recombination and lat-
eral gene transfer among L. longbeachae, including the 
presence of widely distributed mosaic plasmids that have 
likely recombined with plasmids from other Legionella 
spp., suggesting an ecologic overlap or shared habitat. 
Our analysis highlights the need to account for recombi-
nation events when determining the genetic relatedness of 
L. longbeachae isolates.

Our application of whole-genome sequencing for di-
agnostic purposes revealed the misidentification, using 
current serotyping methods, of several L. anisa isolates as 
L. longbeachae and led to the identification of a putative 
novel Legionella sp. linked to legionellosis. These findings 
highlight the limitations of current typing methods for dif-
ferentiation of Legionella spp. and accurate identification 
of legionellosis etiology.

We used whole-genome sequencing to attempt to 
establish a genetic link between legionellosis infections 
and associated compost samples. Our inability to estab-
lish a link probably reflects the traditional strategy of 
single isolate sampling, which when applied to a highly 
diverse pool of L. longbeachae genotypes fails to detect 
the infecting genotype. We suggest that the approach 
to investigating the source of future legionellosis cases 
linked to growing media will require a radical revision 
of sampling protocols to maximize the chances of isolat-
ing the infecting strain, if present. Taken together, our 
findings provide a view of the population structure of 
L. longbeachae and highlight the complexities of trac-
ing the origin of legionellosis associated with growing 
media. Overall, our findings demonstrate the resolution 
afforded by whole-genome sequencing for understand-
ing the biology underpinning legionellosis and provide 
information that should be considered for future epide-
miologic investigations.
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Figure 4. Variation in 
gene content between 
environmental and patient 
Legionella longbeachae 
samples. A) Increase in 
pangenome size with every 
addition of a L. longbeachae 
genome. Environmental 
isolates pangenomes (green) 
are larger and continue 
increasing after the addition 
of 5 genomes, consistent with 
an open pangenome, but the 
within-patient pangenome 
plateaus quickly, consistent 
with a more closed pangenome. B) Average gene content of environmental isolates is significantly higher than that of clinical 
isolates (p = 0.01474).
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April 2015: Emerging Viruses
•  Reappearance of 

Chikungunya, Formerly 
Called Dengue, in the 
Americas

•  Hantavirus Pulmonary 
Syndrome, Southern 
Chile, 1995–2012

•  Animal-Associated 
Exposure to Rabies Virus 
among Travelers,  
1997–2012

•  Evolution of Ebola Virus 
Disease from Exotic 
Infection to Global 
Health Priority, Liberia, 
Mid-2014

•  Population Structure and 
Antimicrobial Resistance 
of Invasive Serotype IV 
Group B Streptococcus, 
Toronto, Ontario, Canada

•  Sequence Variability and 
Geographic Distribution 
of Lassa Virus,  
Sierra Leone

•  Norovirus Genotype 
Profiles Associated with 
Foodborne Transmission,  
1999–2012

•  Deaths Associated with 
Respiratory Syncytial and 
Influenza Viruses among 
Persons >5 Years of Age 
in HIV-Prevalent Area, 
South Africa, 1998–2009

•  Influenza A(H7N9) Virus 
Transmission between 
Finches and Poultry

•  Highly Pathogenic Avian 
Influenza A(H5N1) Virus 
Infection among Workers 
at Live Bird Markets, 
Bangladesh, 2009–2010

•  Increased Risk for Group 
B Streptococcus Sepsis in 
Young Infants Exposed to 
HIV, Soweto, South Africa, 
2004–2008

•  La Crosse Virus in Aedes 
japonicus japonicus 
Mosquitoes in the 
Appalachian Region, 
United States 

•  Multidrug-Resistant 
Salmonella enterica 
Serotype Typhi, Gulf of 
Guinea Region, Africa 

•  Reassortant Avian 
Influenza A(H9N2) 
Viruses in Chickens in 
Retail Poultry Shops, 
Pakistan, 2009–2010  

•  Candidate New Rotavirus 
Species in Sheltered 
Dogs, Hungary

•  Severity of Influenza 
A(H1N1) Illness and 
Emergence of D225G 
Variant, 2013–14 
Influenza Season, 
Florida, USA

•  Close Relationship of 
Ruminant Pestiviruses  
and Classical Swine 
Fever Virus  

•  Peste des Petits Ruminants 
Virus in Heilongjiang 
Province, China, 2014  

•  Enterovirus 71 
Subgenotype B5,  
France, 2013

•  West Nile Virus Infection 
Incidence Based on 
Donated Blood Samples 
and Neuroinvasive 
Disease Reports, 
Northern Texas,  
USA, 2012 

•  Influenza A(H10N7) Virus 
in Dead Harbor Seals, 
Denmark  
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Insecticide resistance might reduce the efficacy of malaria 
vector control. In 2013 and 2014, malaria vectors from 50 
villages, of varying pyrethroid resistance, in western Kenya 
were assayed for resistance to deltamethrin. Long-lasting 
insecticide-treated nets (LLIN) were distributed to house-
holds at universal coverage. Children were recruited into 2 
cohorts, cleared of malaria-causing parasites, and tested ev-
ery 2 weeks for reinfection. Infection incidence rates for the 
2 cohorts were 2.2 (95% CI 1.9–2.5) infections/person-year 
and 2.8 (95% CI 2.5–3.0) infections/person-year. LLIN users 
had lower infection rates than non-LLIN users in both low-re-
sistance (rate ratio 0.61, 95% CI 0.42–0.88) and high-resis-
tance (rate ratio 0.55, 95% CI 0.35–0.87) villages (p = 0.63). 
The association between insecticide resistance and infection 
incidence was not significant (p = 0.99). Although the inci-
dence of infection was high among net users, LLINs provided 
significant protection (p = 0.01) against infection with malaria 
parasite regardless of vector insecticide resistance.

The launch of the Roll Back Malaria (RBM) program in 
1998 by the World Health Organization (WHO), Unit-

ed Nations Children’s Fund, United Nations Development 
Partnership, and the World Bank was a catalyst for renewed 

global commitment to the fight against malaria, leading to 
massive investment (1). There followed a tremendous de-
cline in disease and death caused by malaria, with a 40% 
reduction in the incidence of malaria cases between 2000 
and 2015 and a reduction in malaria-attributable death from 
839,000 in 2000 to 438,000 in 2014 (1,2). This decline has 
been brought about principally by the use of insecticide-
based vector control tools, such as long-lasting insecticide-
treated nets (LLINs) and indoor residual spraying. It is esti-
mated that LLINs have been a key malaria prevention tool 
in sub-Saharan Africa, accounting for ≈68% of the decline 
of clinical cases (3).

Following the massive scale-up of insecticide-based 
vector control, resistance was observed in almost all coun-
tries in sub-Saharan Africa (http://www.irmapper.com) 
(4). Twelve insecticide products (containing pyrethroids, 
organochlorines, organophosphates, or carbamates) are 
available for vector control. Only pyrethroids are used for 
LLINs because they are safe, efficacious against malaria 
vectors, and relatively low cost (5–7).

On a programmatic scale, a 10-fold increase in ma-
laria cases was observed in KwaZulu-Natal, South Africa, 
subsequent to the re-emergence of pyrethroid-resistant 
Anopheles funestus mosquitoes and emergence of malaria 
parasite drug resistance to sulfadoxine/pyrimethamine (8). 
Upon switching to DDT for indoor residual spraying and 
artemether lumefantrine for malaria case management, ma-
laria parasite control was restored with a rapid decline in 
malaria case incidence (8–10). Similar observations were 
made in Uganda, where DDT and pyrethroids were used 
for indoor residual spraying in the presence of resistance; 
as soon as carbamates were deployed, the malaria parasite 
slide positivity rate declined substantially (11).

Malaria interventions including universal LLIN cover-
age, targeted deployment of indoor residual spraying, and 
prompt diagnosis and treatment have been scaled up in 
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western Kenya since the early 2000s. Control tools target-
ing endophagic and endophilic malaria vector mosquitoes 
have been remarkably effective in reducing An. gambiae 
and An. funestus mosquito populations that were known to 
be anthropophilic; these tools have led to lowered malaria 
inoculation rates and consequently >50% declines in ma-
laria disease and death (12–14). In western Kenya, malaria 
prevalence in children <5 years of age declined to ≈30% in 
2006, after which it stabilized or slightly increased (15,16). 
A possible cause of this persistent infection in children is 
insecticide resistance in the local vector population. Con-
cerns that resistance could be compromising malaria vector 
control and, therefore, hampering efforts to lower malaria 
parasite transmission have led to calls for more effective 
insecticide resistance management (17,18).

Population-based active surveillance can complement 
routine passive sentinel surveillance systems by provid-
ing public health data and insights into the complex epi-
demiology of disease. Active infection-detection cohorts 
are studies that involve clearing participants of infections, 
following them up, and testing them at regular intervals, 
regardless of whether they are symptomatic, until the first 
infection appears, at which point the follow-up is discon-
tinued. These types of studies provide estimates of time to 
infection in participants and are useful because they enable 
estimations of various parameters associated with disease 
(19,20). The main advantage of using population-based 
malaria parasite surveillance is that it provides the data 
needed to determine the infection rate and the populations 
at risk for infection (19).

This study was implemented as part of a large, multi-
country program set up to quantify the impact of insecticide 
resistance on the effectiveness of insecticide-based vector 
controls (21). To determine if insecticide resistance altered 
the effectiveness of LLINs in malaria endemic subcounties 
of western Kenya, we conducted population-based malaria 
parasite active infection-detection cohort studies.

Methods

Study Sites
We conducted this study in 4 malaria-endemic subcoun-
ties in western Kenya described previously (22). In brief, in 
2014, the National Malaria Control Programme conducted 
a massive campaign to distribute nets; a mix of PermaNet 
2.0 (treated with deltamethrin) and Olyset nets (treated 
with permethrin) were distributed in the 4 subcounties 
Bondo, Teso, Rachuonyo, and Nyando to meet the univer-
sal coverage threshold of 1 net per 2 persons. Subsequent 
routine distribution was conducted through health facilities 
to pregnant women and children <5 years of age. Twenty 
sublocations (hereafter referred to as clusters) were ran-
domly selected from each of the 4 subcounties where the 

initial insecticide resistance assessment was conducted 
(21,22). After the assessment, the clusters were catego-
rized into 3 groups: those with >80% mosquito mortality to 
deltamethrin or permethrin (categorized as low-resistance 
clusters), those with mosquito mortality <80% but >60% 
(categorized as medium-resistance clusters), and those with 
mosquito mortality <60% (categorized as high-resistance 
clusters). Finally, 13 low- and high-resistance clusters were 
selected in Rachuonyo, 11 in Teso, 16 in Bondo, and 10 in 
Nyando, giving a total of 50 clusters for subsequent stud-
ies. Each cluster had 10–30 villages, each with ≈100 house-
holds. We recruited children 6 59 months of age from 
households immediately around larval habitats that were 
sampled by the entomology teams for assessing insecticide 
resistance; moving out in concentric circles from the larva 
habitats, we recruited study participants until 20 eligible 
and consenting households were enrolled.

Study Design and Sample Collection
Community health workers were trained to use rapid diag-
nostic test kits SD Bioline Malaria Ag P.f/Pan (Standard 
Diagnostics, Gyeonggi-do, South Korea) and CareStart 
Malaria HRP2 (Pf) (Access Bio, Inc., Somerset, NJ, USA) 
and to appropriately administer artemisinin combination 
therapy (Coartem Dispersible [20 mg artemether/120 mg 
lumefantrine], Novartis, Basel, Switzerland) for the treat-
ment of malaria. The study ran September 2013–May 2014 
for cohort 1 and July–December 2014 for cohort 2. Twenty 
children 6–59 months of age were recruited for each clus-
ter within each cohort. Subject to written informed consent 
from the parent or caregiver, 1 eligible child was enrolled 
from each selected household.

At recruitment, all children were treated with a stan-
dard therapeutic dose of artemether/lumefantrine. To verify 
clearance of malaria parasites, 14 days later, thick and thin 
blood smears were taken from children and assessed for 
infection by microscopic examination. Any children whose 
smear results were positive were excluded from follow-up 
analysis. Community health workers visited each child at 
home every 2 weeks to test for infection with malaria para-
sites using rapid diagnostic tests. Children who tested posi-
tive for malaria parasite were treated and excluded from 
further follow-up. LLIN use on the previous night was re-
corded at each visit. Data in the field was collected using 
paper forms and then entered into electronic forms made 
with Microsoft Excel and Access software (Microsoft, 
Redmond, WA, USA).

From July 2013 through October 2013 and August 
2014 through November 2014, we conducted insecti-
cide resistance monitoring in each of the clusters. We 
collected and reared An. gambiae sensu lato (s.l.) mos-
quito larvae and adults and tested them for susceptibility 
to deltamethrin insecticide using the WHO standard test 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 759



RESEARCH

(22). We performed these bioassays with both permethrin 
and deltamethrin at baseline (22), but because mortality 
upon exposure to these 2 insecticides were positively cor-
related (online Technical Appendix Figures 1, 2, https://
wwwnc.cdc.gov/EID/article/23/5/16-1315-Techapp1.
pdf) and mosquito population size was small, only delta-
methrin was used for bioassays in subsequent years. Ethi-
cal approval for this study was obtained from the Kenya 
Medical Research Institute Ethical Review Committee  
(no. SSC 1677).

Data Analysis
We used individual visit data for each child to conduct 
time-to-event analysis to determine incidence rates and 
incidence rate ratios (RRs) using survival analysis and 
Poisson regression models. Children who had >5 weeks 
between visits were censored. Incidence rates and 95% 
CIs were calculated per person-year for each district  
and year.

We used insecticide resistance data (percentage mos-
quito mortality upon exposure to deltamethrin) to dichoto-
mize clusters into high- and low-resistance clusters by us-
ing the median mortality for that year, namely, 88% for 
2013 (clusters with mortality rates >88% were categorized 
as low resistance and those with mortality rates <88% as 
high resistance) and 67% for 2014 (clusters with mortality 
rates >67% were categorized as low resistance and those 
with mortality rates <67% as high resistance). In combined 
analysis of both years, we used the overall median mortali-
ty (82%) to dichotomize clusters into high or low resistance 
for net users and non–net users. Recommended methods 
(23) were used to compute SEs, allowing for the correla-
tion of responses within clusters. We used incidence RRs 
and corresponding 95% CIs to compare incidence rates be-
tween users and nonusers of LLINs and between high- and 
low-resistance clusters. Modification of the effect of net use 
on infection incidence depending on insecticide resistance 
level (mortality to deltamethrin in bioassays) was assessed 
through the inclusion of an appropriate interaction term in 
the regression model. Net use was included in models as a 
time-varying covariate.

We plotted cluster-specific incidence rates for each 
year and cluster-specific RRs for non–net users and net users  

against mosquito mortality with deltamethrin exposure. 
The slope of best-fitting straight lines were determined 
by using linear regression of cluster-specific incidence on 
cluster-specific mosquito mortality.

Results

Active Infection Cohorts 1 and 2
Approximately 1,000 children were recruited into each active 
infection cohort. The median age of children at recruitment 
was 2.5 years for cohort 1 and 2.2 years for cohort 2. For co-
hort 1, each child was followed for 80 days, and a total of 
279 infections were detected; for cohort 2, each child was fol-
lowed for 95 days, and a total of 483 infections were detected 
(Table 1). LLIN use was 81.3% for cohort 1 and 85.7% for 
cohort 2. The overall incidence rate of infection with the ma-
laria parasite was 2.2 (95% CI 1.9–2.5) infections/person-year 
for cohort 1 and 2.8 (95% CI 2.5–3.0) infections/person-year 
for cohort 2. The subcounty-specific infection incidences were 
1.2–3.0 infections/person-year in cohort 1 and 1.8–4.1 infec-
tions/person-year in cohort 2 (Table 2).

In low-resistance clusters, the malaria parasite infec-
tion incidence rate was 4.0 (95% CI 3.2–5.2) infections/
person-year among non–net users and 2.3 (95% CI 2.1–2.5) 
infections/person-year among net users (RR 0.61, 95% CI 
0.42–0.88; p = 0.01). In high-resistance clusters, incidence 
was 5.3 (95% CI 4.0–7.1) infections/person-year among 
non–net users and 2.9 (95% CI 1.7–3.2) infections/person-
year among net users, a 45% reduction (RR 0.55, 95% CI 
0.35–0.87; p = 0.01) in malaria parasite incidence among 
net users (Table 3).

Association between Malaria Parasite Infection  
Incidence and Insecticide Resistance
We found no association between malaria parasite infec-
tion incidence and insecticide resistance when comparing 

760 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017

 

 

 
Table 1. Characteristics of cohorts used to detect active malaria 
parasite infections, Kenya, 2013 and 2014 

Characteristic 
Cohort 1,  
n = 989 

Cohort 2,  
n = 969 

Female sex, % (no.) 49 (481) 49 (478) 
Median age, y (range, mo–y) 2.5 (4–5) 2.2 (1–6) 
Average follow-up per child, d 80 95 
No. infections 279 483 

 

 

 

 
Table 2. Incidence of malaria parasite infection by subcounty and cohort, Kenya, 2013 and 2014 

Subcounty Cohort No. clusters No. children 
No. malaria 
episodes 

Total follow-up time, 
person-years 

Incidence, infections/person-year 
(95% CI) 

Bondo 1 16 184 76 35.0 2.2 (1.7–2.7) 
2 16 255 154 58.5 2.6 (2.2–3.1) 

Nyando 1 10 147 33 28.3 1.2 (0.8–1.6) 
2 10 180 83 47.3 1.8 (1.4–2.2) 

Rachuonyo 1 13 192 97 32.2 3.0 (2.5–3.7) 
2 13 208 136 42.9 3.2 (2.7–3.8) 

Teso 1 11 157 73 29.4 2.5 (2.0–3.1) 
2 11 156 110 27.0 4.1 (3.4–4.9) 
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high- and low-resistance clusters. For cohort 1, incidence 
was 2.2 (95% CI 1.8–2.7) infections/person-year among 
children living in low-resistance clusters and 2.0 (95% CI 
1.6–2.4) infections/person-year among children living in 
high-resistance clusters (adjusted RR 0.9, 95% CI 0.5–1.6; 
p = 0.68) (Table 4). For cohort 2, infection incidence was 
2.8 (95% CI 2.4–3.2) infections/person-years among chil-
dren residing in low-resistance clusters and 2.7 (95% CI 
2.4–3.1) infections/person-years among children resid-
ing in high-resistance clusters (adjusted RR 0.8, 95% CI 
0.5–1.2; p = 0.33). After plotting data from 93/100 clusters 
(data from all subcounties and both years), we found no as-
sociation between deltamethrin insecticide resistance and 
malaria parasite infection incidence (Figure 1).

Insecticide Resistance
Mosquito mortality ranged 55%–100% in 2013 and 30%–
98.5% in 2014. The median (25%–75% interquartile range) 
mortality rates were 88% (81%–97%) for 2013 and 67% 
(51%–80%) for 2014 (Figure 2).

Effect of Insecticide Resistance and Net Use  
on Malaria Parasite Infection Incidence
The interaction between resistance (high and low) and net 
use was not significant for either cohort (p = 0.63) (Table 
3). The insecticide resistance stratum did not modify the 
effect of LLIN use on infection incidence.

Discussion
Because of the widespread use of insecticide-based ma-
laria vector control tools, such as LLINs and indoor re-
sidual spraying (3,17,24), insecticide resistance is a ris-
ing concern in sub-Saharan Africa (4). Our study was 
designed to estimate the effect that pyrethroid resistance 
in local malaria vectors had on malaria parasite infection 
incidence in areas of varying levels of insecticide resis-
tance in western Kenya. Net use was 81.3% in cohort 1 
and 85.7% in cohort 2, a small change in net use despite 
the timing of the LLIN distribution campaign (just before 
the beginning of cohort 2). Nets were found to be effec-
tive at preventing infection in low- and high-resistance 
clusters. Even with rises in pyrethroid resistance among 
malaria vectors, nets were shown to be 39% protective 
in low-resistance clusters and 45% protective in high-
resistance clusters. LLINs are still effective in reducing 
malaria parasite transmission because, aside from the in-
secticide’s repellent and toxic properties, nets also act as 
natural barriers that prevent human–vector contact (25). 
Given the positive news that LLINs are still useful in en-
vironments with high levels of insecticide resistance, ma-
laria parasite control programs should continue to provide 
and distribute LLINs and encourage their use in parallel 
with efforts to develop and evaluate new tools (18,26).

We did not find a significant association between 
insecticide resistance and incidence of malaria parasite  
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Table 3. Incidence of malaria parasite infection in net users and non–net users in low– and high–insecticide resistance clusters, 
Kenya, 2013 and 2014 

Parameter 
No. 

children 
Follow-up time, 
person-years 

No. 
infections 
detected 

Incidence, 
infections/person-

year (95% CI) 
Adjusted RR* 

(95% CI) p value 
Low resistance (mortality >82%) 

    
 

 

 Non–net users 175 15.6 63 4.0 (3.2–5.2) 1.00 
 

 Net users 760 182.9 415 2.3 (2.1–2.5) 0.61 (0.42–0.88) 0.01 
High resistance (mortality <82%) 

    
 

 

 Non–net users 129 9.0 48 5.3 (4.0–7.1) 1.00 
 

 Net users 772 167.7 494 2.9 (1.7–3.2) 0.55 (0.35–0.87) 0.01 
Interaction parameter 

    
0.86 (0.48–1.55) 0.63 

Change in incidence per 10% increase 
in mosquito mortality 

    0.96 (0.87–1.06) 0.45 

*Adjusted for district, year, and visit month. 

 

 

 

 
Table 4. Incidence of malaria parasite infection in low– and high–insecticide resistance clusters by year, Kenya, 2013 and 2014* 

Insecticide resistance 
No. 

children 

No. 
malaria 

episodes 

Total follow-
up time, 

person-years 

Incidence, 
infections/person-

year (95% CI)  

Unadjusted Adjusted 

RR (95% CI) p value RR (95% CI) p value 
2013          
 Low resistance 290 114 51.6 2.2 (1.8–2.7) 1.0   1.0  
 High resistance 311 116 59.2 2.0 (1.6–2.4) 0.9 (0.5–1.6) 0.70  0.9 (0.5–1.6) 0.68 
 Per 10% increase in 
 mosquito mortality 

    1.0 (0.7–1.5) 0.99  1.0 (0.7–1.5) 0.98 

2014          
 Low resistance 433 224 80.7 2.8 (2.4–3.2) 1.0   1.0  
 High resistance 460 222 80.9 2.7 (2.4–3.1) 1.0 (0.7–1.4) 0.96  0.8 (0.5–1.2) 0.33 
 Per 10% increase in 
 mosquito mortality 

    1.0 (0.9–1.1) 0.90  1.1 (0.9–1.2) 0.24 

*In 2013, low resistance was defined as mortality >88% and high resistance as mortality <88%. In 2014, low resistance was defined as mortality >67% 
and high resistance as mortality <67%. RR, rate ratio. 
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infection in either year. Concern that insecticide resis-
tance could compromise malaria parasite control has been 
expressed (18,24,27,28), and, with this, the expectation 
that the incidence of infection would be higher in high-re-
sistance areas. The results of our study, therefore, are sur-
prising, considering the failure some countries have had 
in malaria vector control after the development of resis-
tance to the insecticides used in indoor residual spraying 
(8,29). More specifically, studies have reported resistant 
mosquitoes surviving exposure to potent nets (nets able to 
knockdown >80% of susceptible mosquitoes) (30,31); it 
was expected that areas with such mosquitoes would have 
higher malaria parasite infection incidences because the 
mosquitoes live longer and thus are able to spread malaria 
parasite for longer.

Several factors might explain why we did not observe 
a correlation between insecticide resistance and malaria 
parasite infection incidence. First, as previously men-
tioned, LLINs serve as a barrier to prevent human–vec-
tor contact. If the nets are in good condition and are used 
consistently and properly, they reduce the chances of mos-
quito bites and hence malaria parasite transmission (32). 
Second, the WHO tube bioassay does not indicate what 
level of insecticide resistance is expected to lead to vec-
tor control failure, which is a major weakness of the assay 
(33). Therefore, even though we observe insecticide resis-
tance, the mosquito populations might still be susceptible 
to the toxic effects of the chemical doses used on the nets. 
This highlights the need for more quantitative methods for 

monitoring insecticide resistance (33,34). In addition, a 
recent study in deltamethrin-resistant mosquitoes showed 
that sublethal doses of pyrethroids can interfere with para-
site development (35). Even though these mosquitoes do 
not succumb to exposure with insecticides, their ability to 
transmit the malaria parasite is reduced, and therefore, in-
creasing insecticide resistance does not necessarily directly 
and immediately lead to a major increase in incidence of 
malaria parasite infection.

However, our results should be interpreted with cau-
tion. We have already observed instances of mosquitoes 
failing to succumb to control tools, such as in a report 
conducted in the Bungoma district, where resting but still 
bioactive pyrethroid-resistant An. gambiae sensu stricto 
(s.s.) mosquitoes were found inside of LLINs without get-
ting killed or repelled (30). Also, in Benin, as many as 5 
mosquitoes were found to enter damaged LLINs at night 
(31). Similarly, pyrethroid-resistant An. funestus mosqui-
toes have foiled indoor residual spraying efforts to control 
malaria parasite transmission in South Africa (8,36).

An. arabiensis mosquitoes were the predominant 
vector in Bondo, Rachuonyo, and Nyando (>90% of 
the An. gambiae s.l. population), the other vector being 
An. gambiae s.s mosquitoes. In Teso, An. gambiae s.s. 
mosquitoes were predominant (>70% of the An. gam-
biae s.l. population). It is therefore necessary that, even 
as programs continue to implement insecticide-based 
vector control, they follow the guidelines provided by 
global programs for insecticide resistance management 
(28). Regular insecticide resistance surveillance should 
continue to be conducted on a wide scale to ensure ac-
curate reporting of the otherwise largely heterogeneous 
insecticide resistance trends.

Our study had weaknesses that might have affected 
results, the first being the highly variable nature of the  
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Figure 1. Relationship between deltamethrin insecticide 
resistance and incidence of malaria parasite infection, 4 
subcounties, western Kenya, 2013 and 2014. The incidence 
of infection in the clusters from subcounties Bondo (blue), 
Ranchuonya (green), Nyando (red), and Teso (gray) in 
years 2013 (circles) and 2014 (Xs) were plotted against the 
corresponding values of mosquito mortality to deltamethrin for 
that year and that cluster. The best-fit line (with the 95% CI 
shaded in gray) for the scatterplot is nearly straight, suggesting 
no relationship between the incidence of infection and  
Anopheles gambiae sensu lato mosquito mortality upon 
exposure to deltamethrin measured by the World Health 
Organization bioassay.

Figure 2. Anopheles gambiae sensu lato mosquito mortality 
to deltamethrin, western Kenya, 2013 and 2014. Mortality was 
measured using the World Health Organization tube bioassay. 
Whiskers indicate full range of data; top and bottom lines of boxes 
indicate 25%–75% interquartile ranges; horizontal lines within 
boxes indicate medians.
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susceptibility data from 1 year to the next and from 1 clus-
ter to the next. As mentioned previously, the WHO tube 
bioassay is not very informative of the intensity of insec-
ticide resistance. The categorization of net users and non–
net users might have substantially confounded results given 
that net use was not randomly assigned and non–net users 
were a relatively small number of children who did not pre-
fer to use nets. Last, our study did not consider insecticide 
resistance in the population of An. funestus mosquitoes, a 
reemerging vector in the region (37), mostly because of the 
difficulty of rearing them in the lab and finding them in 
larval habitats.

In conclusion, insecticide resistance, especially to 
pyrethroids, continues to increase in countries in sub-
Saharan Africa where LLINs and indoor residual spray-
ing are the mainstays of vector control. The results of 
this study indicate a utility for continuing LLIN use de-
spite the increasing levels of insecticide resistance in the 
malaria vector population. However, in our study, even 
among users of nets, malaria parasite incidence remained 
alarmingly high. Taken together with other reports sug-
gesting an increase in malaria prevalence in parts of 
western Kenya with high LLIN coverage (15,16), the 
malaria parasite transmission taking place in this region 
urgently needs to be addressed. Because of their reduced 
susceptibility, LLINs might not be killing mosquitoes as 
effectively as they used to. More emphasis needs to be 
placed on maximizing the coverage and use of LLINs, 
fully implementing the guidelines on resistance monitor-
ing, and developing more vector control tools to comple-
ment existing ones.
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EID Podcast: Musings on Sketches, Artists, and Mosquito Nets
James Abbott McNeill Whistler was born in Lowell, Massachusetts, on July 

11, 1834. When he was 9 years of age, his family moved to St. Petersburg, 
Russia, and there he studied drawing at the Imperial Academy of Science.

In Man at Table beneath Mosquito Net, Whistler himself might be the 
subject of this black ink drawing, part of a collection of such drawings from 
1854–55. Whistler captures the continued struggle of humans versus biting 
and stinging insects, including those that transmit vectorborne pathogens, 
from an intimate perspective.

Despite the mosquitoes teeming around him, the man is able to sketch 
intently and without worry, sheltered by the confines of his personal  
impenetrable veil. The flurry of cross-hatched, finely scrawled lines in 
these ephemera could be seen to mimic a mosquito’s flight path but this 
was simply a common technique that Whistler used in his sketches.

James Abbott 
McNeill Whistler 
(1834–1903) 
Man at Table 
beneath  
Mosquito Net, 
1854–55. 

Visit our website to listen: 
http://www2c.cdc.gov/podcasts/player.asp?f=8634428



China’s hepatitis B virus (HBV) prevention policy has been 
evaluated through nationally representative serologic sur-
veys conducted in 1992 and 2006. We report results of a 
2014 serologic survey and reanalysis of the 1992 and 2006 
surveys in the context of program policy. The 2014 survey 
used a 2-stage sample strategy in which townships were 
selected from 160 longstanding, nationally representative, 
county-level disease surveillance points, and persons 1–29 
years of age were invited to participate. The 2014 sample 
size was 31,713; the response rate was 83.3%. Compared 
with the 1992 pre–recombinant vaccine survey, HBV sur-
face antigen prevalence declined 46% by 2006 and by 52% 
by 2014. Among children <5 years of age, the decline was 
97%. China’s HBV prevention program, targeted toward in-
terrupting perinatal transmission, has been highly success-
ful and increasingly effective. However, this progress must 
be sustained for decades to come, and elimination of HBV 
transmission will require augmented strategies.

Hepatitis B virus (HBV) causes ≈240 million chronic 
infections and ≈780,000 deaths from cirrhosis and 

liver cancer annually (1). Recognizing the large global 
disease burden, the United Nations Sustainable Develop-
ment Goals for 2030 include combating hepatitis. HBV has 
been highly endemic in China, where serosurveys in 1979 
and 1992 indicated a 10% prevalence of HBV surface an-
tigen (HBsAg) (2,3). High rates of chronic HBV infection 
among infants indicated that the infection occurred in early 
childhood (4–6). Historical HBV transmission built a res-
ervoir of ≈90 million chronically infected persons in China 
(7,8), accounting for 30% of the global burden of chronic 
HBV infection (9).

The government of China adopted increasingly compre-
hensive strategies to prevent HBV transmission, including 

immunization, promotion of safe injection practices, blood 
donation screening, and surveillance (10). Implementa-
tion of China’s immunization strategy began in 1985 with 
licensure of plasma-derived hepatitis B vaccine (HepB). A 
recombinant vaccine was licensed in 1992 and managed 
nationally. The strategy was designed to interrupt perinatal 
HBV transmission and provide newborns lifelong protection 
from HBV with a birth dose of HepB followed by 2 addition-
al doses during infancy. Before 2002, HepB was managed as 
a type 2 vaccine for which parents or adult vaccinees had to 
pay out-of-pocket. In 2002, China integrated HepB into its 
Expanded Program on Immunization (EPI), making the vac-
cine available at no cost to children through 14 years of age 
(11,12). During 2009–2011, China conducted a HepB catch-
up campaign for children <15 years of age who were born 
during 1994–2001; this campaign vaccinated ≈68 million 
children with HepB. In 2011, China launched a program in-
tegrating prevention of mother-to-child transmission of HIV, 
syphilis, and HBV in 1,156 counties (representing 44% of 
pregnant women in China) and then expanded the program 
nationwide in 2015, covering all pregnancies (13–15).

The effectiveness of China’s HBV prevention mea-
sures is evaluated by using national serologic surveys; the 
fourth such survey was conducted in November 2014. We 
report results of this survey in the context of China’s HBV 
prevention and control measures, along with reanalysis of 
the 1992 and 2006 surveys (3,7).

Methods

Survey Conduct
Target populations for all 3 surveys were local residents 
residing in national disease surveillance points (DSPs) for 
>6 months. DSPs were selected by the Chinese Academy 
of Preventive Medicine (now the Chinese Center for Dis-
ease Control and Prevention [China CDC]) to be represen-
tative of the population of China. Population demographic 
and socioeconomic conditions and morbidity and mortality 
continue to be representative (16–18).
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The surveys’ targeted age ranges were 1–59 years in 1992 
and 2006 and 1–29 years in 2014. The 2014 serosurvey used 
age groups of 1–4 years, 5–14 years, and 15–29 years; we re-
analyzed the 1992 and 2006 surveys by using these groupings.

The 1992 serosurvey used a multistage cluster sam-
pling strategy. Three villages were identified at random 
from each of 145 DSPs; families were randomly selected 
from each village from lists of residents; and all age-ap-
propriate family members were selected (3,19). The total 
sample size was 67,017.

The 2006 serosurvey used a 3-stage cluster sampling 
strategy to identify 369 townships at random for the first 
stage and 369 villages at random for the second stage. 
Finally, 81,775 persons, stratified into age groups of 1–4 
years, 5–14 years, and 15–59 years, were selected at ran-
dom from a list of village residents (7,20). Children 1–14 
years of age were oversampled to increase the precision of 
estimates for young children.

The 2014 serosurvey used a 2-stage cluster random sam-
ple from the same 160 DSPs that were used in the 2006 sero-
survey. First, we allocated the same proportion of the sample 
to each region (eastern, middle, and western) and location 
type (urban and rural); second, in each region, we allocated 
samples to each DSP by using a probability-proportional-to-
size method; third, in each DSP, we randomly selected 3 vil-
lages or communities, and from these, samples in grouping 
of 1–4 years, 5–14 years, and 15–29 years from each village 
or community were selected based on simple random sam-
ple. In all, 324 villages/communities were selected from the 
38,527 villages/communities in the DSPs, with a sampling 
probability proportional to their size. Then persons were se-
lected by simple random sample from local government lists 
of residents of sampled villages/communities into the age-
group strata. The sample size calculation was based on ex-
pected HBsAg prevalence extrapolated from the 2006 survey 
by age group (0.7% for 1–4 years, 1.5% for 5–14 years, and 
5.0% for 15–29 years) and was powered to detect differences 
of +50% the expected point prevalence. The final target sam-
ple size was 31,024. Lists of eligible persons were sampled 
systematically until the target sample size was reached.

The field investigation methods were identical in the 3 
serosurveys (3,7). The interviews were carried out by trained 
professionals through house-to-house visits in the order of 
the sample listings. Communities had been notified in ad-
vance of the survey. Working persons and school children 
were interviewed during weekends or after school hours. For 
persons who were not at home, the interview staff made up to 
3 additional home visits within 1 week. If, after 3 unsuccess-
ful visits, the person could not be found, he or she was con-
sidered missing. Face-to-face interviews with the respondent 
or the respondent’s parent were completed by trained staff 
by using standard questionnaires to obtain basic information, 
including sex, birthdate, ethnicity, birthplace, and HepB  

vaccination history of the children <15 years of age (validat-
ed by parent-held certificate or village vaccination record).

Laboratory Technique
All specimens were tested in the National Hepatitis Labo-
ratory of the Institute for Viral Disease Control and Preven-
tion, China CDC. For the 2006 (7,20) and the 2014 serosur-
veys, ELISA reagents were used to detect levels of HBsAg, 
anti-HBV surface antigens (anti-HBs), and anti-HBV core 
antigens (anti-HBc). HBsAg >2.1 IU was considered posi-
tive for consistency across serosurveys. Specimens yield-
ing inconsistent or indeterminate results were retested by 
using microparticle enzyme immunoassay reagents (Ab-
bott Laboratories, Chicago, IL, USA). HBsAg-positive 
specimens were tested for HBV e antigen and anti–HBV e 
antigen also by using Abbott microparticle enzyme immu-
noassay reagents. For the 1992 serosurvey, HBsAg, anti-
HBs, and anti-HBc were tested by solid-phase radioimmu-
noassay (SPRIA) (3,19).

Statistical Analysis
In the 2006 and 2014 surveys, data were double-entered 
into EpiData version 3.02 (EpiData Association, Odense, 
Denmark) and verified for consistency and then were ana-
lyzed by using SAS version 9.4 (SAS Institute, Inc., Cary, 
NC, USA). Statistical methods of the 2014 serosurvey were 
identical to those of the 2006 serosurvey. To ensure rep-
resentativeness of poststratification adjustments, sample 
weighting components were village selection probability 
and age-specific and person-selection probabilities within 
the village. The weight per person i was wji = wj× wi,j× wadj, 
where wj was the reciprocal of the probability of includ-
ing village j, wi,j was the reciprocal of the conditional in-
clusion probability of person i from village j, and wadj was 
an adjustment factor for person i so the sum of weights 
equaled China’s population. We used the SAS procedure 
surveyfreq to calculate point estimates and 95% CIs of se-
rologic markers by using weighting adjustments; Taylor 
series linearization was used for variance estimations. The 
1992 survey had no design weighting, so we determined 
unweighted point prevalence and 95% CIs.

The HBsAg, anti-HBs, and anti-HBc prevalence of 
persons 1–29 years of age covered in the 1992 and 2006 se-
rosurveys were reanalyzed to be consistent with the format 
of the 2014 serosurvey by 3 age groups (1–4 years, 5–14 
years, and 15–19 years), as well as sex, ethnicity, location 
type (urban or rural), region, and year of birth.

Vaccination Coverage and HBsAg Prevalence  
by Birth Year
HepB vaccination history for children <15 years of age was 
coded as vaccinated (i.e., birth dose plus 2 more doses or 
incomplete series), unvaccinated, or unknown, based on 
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children’s immunization certificates. Coverage levels of 
children born during 1985–1991, 1992–2005, and 2006–
2013 were determined from the 1992, 2006, and 2014 sur-
veys, respectively. Weighted HBsAg prevalences for the 
1962–1991, 1976–2005, and 1985–2013 birth cohorts were 
determined by using the 1992, 2006, and 2014 surveys for 
each birth cohort included in the respective surveys.

Analyses of Cases Averted
We estimated the number of chronic HBV infections 
prevented in the 1992–2013 birth cohorts by using Gold-
stein’s model, which was used in the 2006 survey to esti-
mate baseline disease prevalence and cases prevented (21). 
This model provides estimates of total numbers of cases 
and deaths caused by acute HBV infection and numbers of 
cases and sequelae from chronic HBV infection, including 
cirrhosis and primary hepatocellular carcinoma that would 
develop during the lifetime of a birth cohort. The key in-
puts to the model are baseline HBsAg seroprevalence in the 
entire population and among women of childbearing age 
and HepB coverage. Figures on the effect of vaccination 
by birth cohort were summed to estimate the overall effect 
by using birth cohort sizes of 16.97 million persons per 
year. We assumed a baseline HBsAg prevalence of 8.58% 
among women of childbearing age, uniformly distributed, 
with 30% also being HBeAg positive. Among 5-year-old 
children, 32% were assumed to become chronically HBV-
infected (anti-HBc positive) by 5 years of age and 55% to 
be chronically infected by 30 years of age; these percentag-
es represented force of infection without vaccination (6,20).

Quality Control
China CDC convened expert groups to guide design, field-
work, laboratory testing, and analyses for the 3 surveys. 
Pilots were conducted before each survey. County CDC 
staff administered questionnaires and collected and man-
aged blood specimens.

Ethical Reviews
The 1992 survey was approved by Chinese Academy of 
Preventive Medicine’s Ethical Review Committee; the 
2006 and 2014 surveys were approved by China CDC’s 
Ethical Review Committee. In 2006 and 2014, participants 
were informed of the study purpose and their right to keep 
information confidential. Consent was obtained before in-
terview and blood drawing.

Results

Response Rate
In the 2014 survey, investigators visited selected houses up 
to 3 times and invited 38,142 persons to participate. Of those 
invited, 31,772 gave consent, yielding an 83.3% response 

rate. Among those consenting, 59 (0.2%) were excluded 
because of insufficient serum for laboratory analysis. The 
final sample was 31,713 persons (Figure 1). Demographic 
characteristics of the subjects in the 3 surveys were similar 
except that the percentage of the sample residing in urban 
areas increased from 25.7% to 49.6% during 1992–2006, 
and 49.8% in 2014, reflecting China’s urbanization (online 
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/23/5/16-1477-Techapp1.pdf). Among respondents 
<15 years of age in the 1992, 2006, and 2014 surveys, 96.5% 
(21,638 of 22,419), 81.6% (32,732 of 40,129), and 18.0% 
(2,923 of 16,239) had vaccination records, respectively.

HBV Serologic Markers
HBsAg prevalence among persons 1–4 years, 5–14 years, and 
15–29 years of age in 2014 was 0.3%, 0.9%, and 4.4%, re-
spectively. We compared HBsAg, anti-HBsAg, and anti-HBc 
results from the 3 surveys (online Technical Appendix Table 
2). HBsAg prevalence among 1–29-year-olds declined from 
10.1% to 2.6% during 1992–2014. Declines were observed in 
all age, sex, ethnicity, location type (urban/rural), and regional 
groups. Among children <15 years of age, HBsAg prevalence 
declined from 10.5% to 0.8%. Prevalence of anti-HBs among 
1–29-year-olds increased from 25.4% to 57.8% during 1992–
2014. Prevalence of anti-HBc declined from 45.8% to 13.0% 
during 1992–2014, declining in all subpopulations.

In 1992, HBsAg prevalence was 10% across all age 
groups (Figure 2), consistent with HBsAg prevalence in 
1979 (22). In 2006, HBsAg prevalence was high among 
20–29-year-olds (8.3%) and low among 1–4-year-olds 
(1.0%). Similar trends in HBsAg prevalence were observed 
seen in the 2014 survey.

The relative decline in HBsAg prevalence was un-
even by region and age group (Figure 3, panel A). Among 
1–4-year-olds, eastern, central, and western region preva-
lences decreased by >95%, but among 15–29-year-olds, 
declines were 62.0%, 62.1%, and 37.0%, respectively. The 
decline in HBsAg prevalence was >95% among 1–4 year-
olds regardless of rural/urban status (Figure 3, panel B), but 
among 15–29-year-olds, the decline was greater among ur-
ban residents than rural residents (68.4% and 44.3%). HB-
sAg prevalence by birth cohort and HepB coverage, when 
mapped against the timeline of important immunization 
program events, were noticeably affected as incremental 
interventions were added (Figure 4). 

Cases Averted
During 2010–2014, China prevented an additional estimat-
ed 4 million chronic HBV infections on top of the 24 mil-
lion chronic infections prevented during 1992–2009 (21). 
In total, 28 million chronic HBV infections were averted, 
and 5 million deaths from HBV infection complications 
were prevented
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Discussion
Compared with the prevaccine era, chronic HBV infection 
in China has been reduced by 90% (from 10.5% to 0.8%) 
among children <15 years of age and by 97% (from 9.9% 
to 0.3%) among children <5 years of age. Disparities by re-
gion and urban/rural status that existed among young chil-
dren in 1992 and 2006 were largely eliminated by 2014. 
Lower HBsAg prevalence among young children in 2014 
(1.0%) compared with 2006 (0.3%) shows increasing ef-
fectiveness of the program.

HBsAg prevalence among 1–29-year-olds declined 
46% during 1992–2006 (from 10.1% to 5.5%) and 52% 
during 2006–2014 (from 5.5% to 2.6%). As a result of 
China’s program, an estimated 120 million HBV infections 
and 28 million chronic infections were averted.

Without postexposure prophylaxis provided by the 
HepB birth dose, 30% of infants born to HBsAg-positive 
mothers will become infected, and 90% of the infections 
will become chronic (1). Because administering a birth 
dose is challenging when childbirth happens in the home, 
a key element of China’s success was promoting facility-
based childbirth. Implementation of the timely birth dose 
was accelerated by the GAVI hepatitis B project, which 
promoted the birth-dose policy in rural and western areas 
of China (12). Additional strategies, such as promoting  

safe injection practices and screening donated blood, have 
also been important for chronic HBV prevention. In 2000, 
China passed a regulation banning the reuse of medical de-
vices labeled for single use. In 2005, the Chinese Medi-
cal Association published clinical guidelines for injections 
and other skin-piercing procedures. In 2007, autodisable 
syringes became available for vaccine injections, and by 
2010, reusable injection equipment was eliminated in 
China and disposable and autodisable syringes became 
universally used (23). Since 1988, donated blood has been 
screened for HBV serologic markers, and since 2015, HB-
sAg-negative donated blood has been tested for HBV DNA 
(24). Although HBV infection caused by unsafe injections 
and blood transfusion has been reduced, modeling shows 
that the newborn and infant vaccination strategy has been 
independently responsible for preventing ≈95% of chronic 
HBV infections in China (25).

The government of China regards health equity as 
important for social justice and fairness (26). In 2000, 
the ministries of health and finance and the State Council 
implemented a program to reduce maternal mortality rates 
and eliminate maternal/neonatal tetanus. The government 
established insurance plans to ensure access to healthcare 
and birth facilities, especially in impoverished, remote, 
or ethnic minority areas. The in-hospital delivery rate  
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Figure 1. Study eligibility and 
select characteristics of persons 
participating in 1992, 2006, and 2014 
national serosurveys for hepatitis 
B virus, China. DSPs, disease 
surveillance points.
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increased from 44% in 1985 to 99% in 2013 (27). By us-
ing the principle “whoever delivers the baby vaccinates the 
baby,” virtually all infants born in birthing facilities receive 
a birth dose of HepB (10).

Timely vaccination is used as an evaluation measure 
of public health effectiveness (5,28–31). High 3-dose vac-
cination coverage has been maintained continuously from 
2009 through 2015, having increased from 70% in 2002 
to >95% in 2009 and afterward. HepB birth-dose cover-
age increased from 22% in 1992 to 71% in 2002 and 94% 
in 2013 (32). The national program integrating prevention 
of mother-to-child transmission of HIV, syphilis, and HBV 
has been providing HBsAg screening for pregnant women 
and hepatitis B immunoglobulin for all infants born to HB-
sAg-positive women since 2012 (3,13,33).

Vaccines used in the program have been evaluated pe-
riodically. When HepB became government-supported in 

2002, the dose provided was 5 μg/0.5 mL, which was known 
to prevent infection in 85%–90% of children born to HBsAg-
positive women (34–37). To improve effectiveness, the dose 
was increased to 10 μg/0.5 mL in 2011. China’s model sup-
ports the United Nations Sustainable Development Goals 
and the World Health Organization’s new Global Hepatitis 
Framework by greatly reducing HBV transmission with strat-
egies that integrate HBV prevention into the healthcare sector.

Strengths of this study include a sound sampling strat-
egy with comparable methods across 3 surveys separated in 
time, identical laboratory procedures in the 2006 and 2014 
surveys, and use of sufficiently large sample sizes to sup-
port precise estimates. Our study provides previously un-
published coverage levels of plasma-derived HepB before 
licensure of the recombinant vaccine.

Weaknesses of the study include the use of different 
laboratory methods for the 1992 survey than those used for 
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Figure 2. Longitudinal changes in prevalence of HBsAg (A), anti-HBs (B), and anti-HBc (C) among persons participating in 1992, 2006, 
and 2014 national serosurveys for hepatitis B virus, by age group, China. HBsAg, hepatitis B virus surface antigen; anti-HBs, antibody to 
hepatitis B virus surface antigen; anti-HBc, antibody to hepatitis B virus core antigen.

Figure 3. Prevalence of HBsAg by region, age group, and survey year (A) and by location type (urban or rural), age group, and survey 
year (B) among persons participating in 1992, 2006, and 2014 national serosurveys for hepatitis B virus, China. HBsAg, hepatitis B virus 
surface antigen.
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the 2006 and 2014 surveys, different nonresponse rates of 
the 2006 and 2014 surveys, underestimation of immunity 
indicated by anti-HB levels (because when antibody levels 
wane, memory B cell mediated anamnestic response to HBV 
exposure can maintain protection from infection), undersam-
pling of the migrant population (because only those residing 
>6 months in a given survey area were included), and the 
fact that HepB coverage levels among teens and adults are 
not measured in China. The 1992 survey used SPRIA for 
HBV infection serologic markers, and the 2006 and 2014 
surveys used ELISA. According to previous studies (38,39), 
SPRIA is less specific than ELISA for detecting HBsAg; this 
difference could have led to overestimation of the relative 
decrease in HBsAg prevalence because ELISA testing was 
used in 2006 and 2014. However, we believe that the effect 
on our results is modest, especially for the current estimates 
of HBsAg prevalence, because the ELISA tests used are con-
sidered acceptable at international standards. We used the 
same HBsAg cutoff values for ELISA testing in the 2006 and 
2014 surveys for the sake of consistency; however, higher 
cutoff values are used more frequently now.

HBsAg prevalence among several birth cohorts was 
measured by >1 survey (Figure 4). Of interest is that results  

are more consistent for younger, double-measured birth 
cohorts than for older, double- and triple-measured co-
horts. These differences might be attributable to several 
reasons. Persons in the double-measured birth cohorts 
were 22 years older in the 2014 survey than the 1992 
survey and were 8 years older in the 2014 survey than 
the 2006 survey. HBsAg prevalence has a small, natural 
decline with age (40). This natural decline will increase 
the HBsAg prevalence differences from the 1992 survey, 
as will the age-based accumulation of deaths caused by 
complications of chronic HBV. Finally, lower specificity 
of the 1992 survey can lead to an upward bias of the dif-
ferences from the 1992 survey.

Our study has 3 main programmatic implications. First, 
the annual need for perinatal postexposure prophylaxis re-
mains substantial. The prevalence of HBsAg in women of 
childbearing age and the size of the birth cohort in China 
(16.97 million), implies that 750,000 to 1 million infants 
are born to HBsAg-positive women annually (13).

Second, prevention measures must continue for de-
cades. The age group with the highest HBsAg prevalence 
corresponds to the age groups with the highest fertility rate 
in China (69.5/1,000 for those 20–24 years and 94.0/1,000 
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Figure 4. Prevalence of HBsAg and 3-dose HepB coverage for each birth cohort and major vaccination program milestones for 
hepatitis B virus, China, 1962–2014. HBsAg prevalence is shown in 3 curves, 1 for each national serologic survey (1992, 2006, and 
2014). HepB coverage is shown in bars. Type 2 vaccines are private sector vaccines that are not included in the free national EPI 
system but must be paid for out-of-pocket. HepB coverage was defined as the percentage of children <15 years of age who received 
3 doses of HepB before reaching 12 months of age. Coverage levels of children born during 1985–1991, 1992–2005, and 2006–2013 
were determined from the 1992, 2006, and 2014 surveys, respectively. TBD coverage was defined as the percentage of newborn 
infants who received a dose of HepB within 24 hours of birth. The iPMTCT program provides free HBsAg screening of pregnant 
women and free hepatitis B immunoglobulin for hepatitis B virus–exposed infants. EPI, Expanded Program on Immunization; HBsAg, 
hepatitis B virus surface antigen; HepB, hepatitis B vaccine; iPMTCT, integrated Prevention of Mother-to-Child Transmission, TBD, 
timely birth dose.



Prevention of Chronic Hepatitis B, China

for those age 24–29 years of age) (27). Even when children 
of today become adults, nearly 200,000 infants will be born 
to HBsAg carriers each year and will need postexposure 
prophylaxis to prevent HBV infection.

Third, many newborns still become chronically infect-
ed. Although China has reduced perinatal transmission by 
97%, an HBsAg prevalence of 0.3% in a birth cohort of 16 
million implies that 50,000 perinatal infections still occur 
annually. Additional strategies will be needed to eliminate 
vertical transmission.

We believe that the success HBV prevention should be 
communicated to stakeholders to help sustain confidence 
in the immunization effort. Confidence in vaccines can be 
fragile, as was made evident by a temporary loss of con-
fidence in HepB in 2013 and 2014 (41), and showing the 
strongly positive impact of vaccination may help maintain 
or restore confidence (42).

Our results raise several questions. Can the current 
strategy eliminate perinatal transmission? HepB is not 
100% effective, and additional strategies may need to 
be used. Antiviral prophylaxis during the third trimes-
ter for HBsAg-positive pregnant women with high HBV 
DNA is being shown to decrease perinatal transmission 
of HBV (43,44) and may need to become a standard of 
care in the future.

Should postvaccination serologic testing (PVST) be-
come a recommended standard in China? PVST can help 
confirm whether an HBV-exposed infant is protected, is 
susceptible and needs to be revaccinated, or is infected and 
needs referral for follow-up care. The cost-effectiveness, 
feasibility, and acceptability of PVST for HBV-exposed 
infants in China should be evaluated.

Can adults at risk of HBV infection be vaccinated? 
Identifying cost-effective means to protect at-risk adults 
from HBV has potential to avert infections (45).

Finally, treating the estimated 90 million persons with 
chronic HBV infection is critically important (9,46). Pre-
vention works, but not always perfectly, and many adults 
were born before prevention of HBV was possible.
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Cross-reactive antibodies elicited by dengue virus (DENV) 
infection might affect Zika virus infection and confound se-
rologic tests. Recent data demonstrate neutralization of Zika 
virus by monoclonal antibodies or human serum collected 
early after DENV infection. Whether this finding is true in late 
DENV convalescence (>6 months after infection) is unknown. 
We studied late convalescent serum samples from persons 
with prior DENV or Zika virus exposure. Despite extensive 
cross-reactivity in IgG binding, Zika virus neutralization was 
not observed among primary DENV infections. We observed 
low-frequency (23%) Zika virus cross-neutralization in repeat 
DENV infections. DENV-immune persons who had Zika vi-
rus as a secondary infection had distinct populations of anti-
bodies that neutralized DENVs and Zika virus, as shown by 
DENV-reactive antibody depletion experiments. These data 
suggest that most DENV infections do not induce durable, 
high-level Zika virus cross-neutralizing antibodies. Zika vi-
rus–specific antibody populations develop after Zika virus 
infection irrespective of prior DENV immunity.

Zika virus is a member of the flavivirus family of arthro-
podborne viruses, which includes West Nile virus, yel-

low fever virus, tick-borne encephalitis virus, and dengue 
virus (DENV) (1). The recent emergence of Zika virus in 
the Western Hemisphere caused widespread international 
concern. Although Zika virus infection is most commonly 
asymptomatic or causes only a mild, self-limited illness, 
recent epidemics have revealed new manifestations of Zika 
virus disease, including Guillain-Barré syndrome (2,3) and 
sexual transmission (4). Most alarmingly, and distinct from 
other flaviviruses, Zika virus infection during pregnancy 
can result in a spectrum of developmental abnormalities 
(congenital Zika syndrome) (5), which can include ocular 
damage, microcephaly, and fetal death (6). These manifes-
tations raise public health challenges unique from those of 
other vectorborne diseases, particularly preventing sexual 
transmission and protecting pregnant women.

Given shared ecology and mosquito vectors, Zika virus 
is emerging in areas with endemic DENV transmission. In 

many areas of Latin America, most persons has been exposed 
to >1 natural DENV infections (7); in some regions, DENV 
vaccination has been implemented or is in clinical trials (8). 
Because there is known serologic cross-reactivity between 
Zika virus and DENV (9), determining how DENV immunity 
affects subsequent Zika virus infection is important.

The ability of flavivirus infection to induce antibod-
ies that are virus-specific and that cross-react with different 
flaviviruses is well known (10–13), and flaviviruses have 
been grouped as serocomplexes on the basis of degree of 
antigenic overlap (11). Zika virus has not been studied ex-
tensively in this context; although it shares 54%–58% of its 
nucleotide sequence with the 4 serotypes of DENV in the 
envelope protein coding sequence (14), the extent to which 
Zika virus will group antigenically with the DENV sero-
complex is unclear. Several groups recently reported that 
antibodies isolated from persons with prior DENV infec-
tions cross-neutralize Zika virus and cross-protect in ani-
mal models of Zika virus infection (15–19). These results 
raise the possibility of DENV infections or vaccines cross-
protecting against Zika virus. Moreover, researchers have 
been concerned that the plaque/focus reduction neutraliza-
tion test, the standard serologic assay for distinguishing 
different flavivirus serocomplexes, will be unable to differ-
entiate Zika virus from DENV. During 2016 in North Caro-
lina, USA, we studied whether persons exposed to DENV 
maintain cross-neutralizing antibodies to Zika virus.

Methods

Human Subjects and Immune Serum
Serum was collected from North Carolina residents who 
had probable or confirmed DENV or Zika virus infection 
on the basis of self-reported symptoms and travel to ar-
eas in which these viruses are endemic. Serum samples 
from this study were assigned consecutive and arbitrary 
identification numbers such as DT165. A subset of DENV 
immune serum was obtained from a reference panel dis-
tributed by the Pediatric Dengue Vaccine Initiative. Sam-
ples were tested by virus-capture ELISA, and DENV- or 
Zika virus–reactive serum was further characterized by 
neutralization assays on Vero cells. All donations were  
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collected in compliance with the Institutional Review 
Board of the University of North Carolina at Chapel Hill 
(protocol 08–0895).

Serum that had neutralizing antibodies to 1 DENV se-
rotype or to Zika virus with minimal cross-neutralizing anti-
bodies were defined as primary flavivirus infections (mean-
ing that the 50% inhibitory concentration [IC50] for a single 
DENV serotype or Zika virus was >4-fold higher than for 
any other virus tested). In most cases, the person’s travel his-
tory corroborated the primary immune status. Serum that had 
high levels of neutralizing antibody to >2 flaviviruses were 
defined as secondary (repeat) flavivirus infections. Most sec-
ondary infection samples were from persons who had resid-
ed in DENV- or Zika virus–endemic countries for >5 years.

Viruses and Cells

Zika Virus Stocks
The MR766 and Dakar 41519 strains of Zika virus were 
obtained from R. Tesh (World Reference Center for 
Emerging Viruses and Arboviruses, University of Texas 
Medical Branch, Galveston, TX, USA) (20,21). The Cen-
ters for Disease Control and Prevention (Atlanta, GA, 
USA) provided Zika virus strains H/PF/2013 and PRV-
ABC59 (22,23).

DENV Stocks
All in vitro assays were conducted with the DENV World 
Health Organization reference strains: DENV-1 West Pac 
74, DENV-2 S-16803, DENV-3 CH54389, and DENV-4 
TVP-360 (initially obtained from R. Putnak, Walter Reed 
Army Institute of Research, Silver Spring, MD, USA). Virus 
stocks were prepared in C6/36 Aedes albopictus mosquito 
cells (ATCC no. CRL-1660) or Vero Cercopithecus aethiops 
monkey cells (ATCC no. CCL-81). C6/36 cells were grown 
at 32°C with 5% CO2 in minimum essential medium supple-
mented with 10% fetal bovine serum (FBS), L-glutamine, 
nonessential amino acids, and HEPES (2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer. Vero cells were 
grown at 37°C with 5% CO2 in Dulbecco modified Eagle 
medium supplemented with 5% FBS and L-glutamine. Vi-
rus stocks were titrated on Vero cells by plaque assay or 
focus-forming assay (24). Infected cell foci were detected 
at 40–48 h after infection, after fixation with 1%–2% para-
formaldehyde and incubation with 500 ng/mL of flavivirus 
cross-reactive mouse monoclonal antibody (mAb) E60 (25), 
2H2 (26), and/or 4G2 (26). After incubation with a 1:2,000 
dilution of horseradish peroxidase–conjugated goat anti-
mouse IgG (Sigma, St. Louis, MO, USA), foci were detect-
ed by addition of TrueBlue substrate (KPL). We analyzed 
foci with a CTL Immunospot instrument (CTL, Cleveland, 
OH, USA). All studies were conducted under biosafety level 
 2 containment.

ELISA
We measured binding of human serum IgG to DENV or 
Zika virus by ELISA as previously described (27). In brief, 
DENV virions were captured by the anti-E protein mouse 
mAb 4G2, blocked with 3% normal goat serum (GIBCO 
Life Technologies, Carlsbad, CA, USA) or 3% nonfat dairy 
milk (LabScientific, Inc., Highlands, NJ, USA), and incu-
bated with human serum at indicated dilutions at 37°C for 
1 h, and binding was detected with an alkaline phospha-
tase–conjugated antihuman secondary antibody (Sigma) and 
p-nitrophenyl phosphate substrate (Sigma). Absorbance at 
405 nm was measured on an Epoch plate reader (BioTek, 
Suwanee, GA, USA). ELISAs used to confirm depletion 
were performed as given earlier, with the exception that 50 
ng purified DENV was coated directly to the plate at 37°C 
for 1 h at 1:50 dilution before serum was tested. ELISA data 
are reported as optical density values that are the average of 
technical replicates, unless otherwise indicated. The average 
optical density for technical replicates using naive human se-
rum at the same dilution factor as test samples serves as the 
negative control in ELISAs. In depletion experiments, the 
OD of depleted sample is expressed as percentage of control 
from same serum for some graphs as indicated.

Neutralization Assays
We adapted the previously described focus-reduction neu-
tralization test (FRNT) (28) to a 96-well format (18). Neu-
tralization titers were determined by FRNT by serial 3-fold 
dilution of human serum and mixing with ≈50–100 focus-
forming units of virus in Dulbecco modified Eagle medium 
with 2% FBS. The virus–antibody mixtures were incubated 
for 1 h at 37°C and then transferred to a monolayer of Vero 
cells for titration by focus assay as described earlier. For 
neutralization assays, we calculated IC50 values by using 
the sigmoidal dose response (variable slope) equation of 
Prism 6 (GraphPad Software, San Diego, CA, USA). One 
set of DENV-1–4 neutralization values (DT003) was deter-
mined previously by U937 flow-based assay (29), but Zika 
virus neutralization was determined by Vero FRNT. IC50 
values shown for certain Zika virus-immune serum sam-
ples were determined on 24-well plaque assay (30) (Table 
1). Reported values were required to have an R2 >0.75, a 
hill slope >0.5, and an IC50 within the range of the assay.

Depletions
As previously described (31), purified viral antigen for de-
pletions was obtained by infecting Vero cell cultures in 850 
cm2 roller bottles (Greiner Bio-One, Monroe, NC, USA) 
with DENV and then concentrating DENV-containing su-
pernatants at 4°C by tangential flow ultrafiltration using the 
Pellicon mini system with a 100-kD cutoff membrane (Pel-
licon-2 mini Holder and Pellicon-2 Mini Filters; Millipore, 
Darmstadt, Germany). The flow rate was 400 mL/min, and 
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filtration rate was ≈100 mL/min; pressure was 20–30 psi. 
Concentrated virus was then purified on a 15%–65% sucrose 
gradient by ultracentrifugation (SW 40 Ti, Beckman Coul-
ter, Brea, CA, USA) at 21,583 relative centrifugal force for 
18 h at 4°C. The fractions with maximal content of virus 
was determined by resolving fractions by SDS-PAGE and 
protein concentration was measured by Micro BCA Protein 
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Purified viral antigen was conjugated to Polybeads 
polystyrene 4.5-µ microspheres (PolyScience, Niles, IL, 
USA) in accordance with the manufacturer’s instructions 
(100 µg/250 µL beads) by incubating overnight at room tem-
perature. Control beads were incubated with equal amount of 

bovine serum albumin. Beads were blocked with 10 mg/mL 
bovine serum albumin, washed 3 times with 0.1 M borate 
buffer (pH 8.5), followed by 3 times with phosphate buffered 
saline. For depletion, serum was diluted 1:10 in phosphate 
buffered saline and incubated with 100 µg DENV-1 + 100 
µg DENV-2 divided over 3 rounds at 37°C for 1 h each. 
After incubation, tubes were centrifuged at 20,800 relative 
centrifugal force to pellet beads with bound antibodies, and 
serum was pipetted off the undisturbed pellet and transferred 
to new vials. We confirmed depletion efficacy with direct 
binding ELISA. Serum with higher titers of binding antibod-
ies was subjected to additional rounds of depletion until IgG 
binding was reduced to background levels.
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Table 1. DENV or Zika virus neutralization profiles for persons with travel history to Zika virus–endemic areas* 

Serostatus, serum sample ID Place of Infection 
IC50† 

DENV-1 DENV-2 DENV-3 DENV-4 Zika virus 
Primary DENV-1       
 147 Latin America 3,552 287 557 75 <20 
 153 Latin America 757 <20 <20 <20 <20 
 05/262 Asia 274 <20 <20 <20 <20 
 06/125 Asia 3,823 222 125 80 <20 
 99/1230 Asia 1,219 63 30 24 <20 
Primary DENV-2       
 001 Asia 49 2,188 48 89 <20 
 08/90 Asia <20 2,966 <20 <20 <20 
 08/91 Asia <20 838 <20 <20 <20 
 09/165 Asia <20 2,093 <20 <20 <20 
 09/251 Asia <20 417 <20 <20 <20 
Primary DENV-3       
 116 Asia 200 979 5,342 290 <20 
 118 Latin America 173 374 3,041 56 <20 
 125 Latin America 99 97 1,648 35 <20 
 133 Latin America 89 171 3,348 83 <20 
 06/297 Asia 27 <20 573 <20 <20 
Primary DENV-4       
 112 Latin America 908 1367 591 18,408 <20 
 06/105 Asia <20 <20 <20 941 <20 
 06/302 Asia <20 <20 <20 4,130 <20 
 09/159 Asia 115 226 478 5,694 <20 
Primary Zika virus       
 168 Latin America 36ǂ <20 78‡ <20 1,382 
 172 Latin America <20 <20 <20 <20 8,468 
Secondary DENV       
 000 Asia 3,306 2,087 1,162 782 <20 
 003 Asia 556 178 299 <20 146 
 115 Asia 100 355 830 245 <20 
 141 Latin America 1,902 1,953 4,530 664 <20 
 144 Asia 155 191 5,782 1,612 699 
 145 Asia 601 1,262 240 60 <20 
 146 Asia 403 1,052 1,480 451 28 
 155 Asia 215 299 71 27 <20 
 160 Latin America 947 3,564 131 1,600 <20 
 06/123 Asia 1,776 827 82 157 <20 
 06/124 Asia 1,454 1,208 1,673 1,011 <20 
 09/157 Asia 282 1,104 73 134 <20 
 09/250 Asia 375 1475 151 94 <20 
Secondary Zika virus       
 165 Latin America 60‡ 79‡ 70‡ 508 1655 
 166 Latin America 929 393 4344 240 1814 
*DENV, dengue virus; IC50, 50% inhibitory concentration; ID, identification. 
†All neutralization testing performed on Vero cells with the exception of DT003, which was limiting and historic values performed on a U937 Flow-based 
assay are shown for DENV-1–4. Zika virus IC50 values for DT003 are from Vero assays. 
‡Curves that did not pass quality metrics are marked. Such curves might signify very low titer IC50 values or variable background at the lower limit of 
detection in serum with no specific neutralization activity. 
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Results
To study human antibody interactions between DENV 
and Zika virus, we assembled 36 late convalescent serum 
samples from persons exposed to DENV, Zika virus, or 
both (Table 1). The panel comprised serum from 21 per-
sons exposed to primary flavivirus infections (with each 
DENV serotype represented and 2 cases of Zika virus) and 
serum from 15 persons exposed to >2 flavivirus infections, 
including 2 persons exposed to both DENV and Zika virus.

We measured total IgG binding to DENV and Zika vi-
rus using a virus capture ELISA. We observed extensive 
cross-reactivity between DENV serotypes and between 
DENV and Zika virus, confirming that cross-reactive bind-
ing antibodies are maintained for many years after infec-
tion (Figure 1). Although cross-reactive binding antibod-
ies are commonly detected in flavivirus-immune serum, 
neutralization assays are more specific and can distinguish 
between previous exposure to various flaviviruses or even 
between different DENV serotypes (32). We therefore test-
ed whether convalescent serum antibodies in persons ex-
posed to DENV cross-neutralize Zika virus by a Vero cell–
based neutralization assay. Serum from persons exposed 
to primary DENV infection of any serotype did not cross-
neutralize Zika virus (Table 1; online Technical Appen-
dix Figure 1, https://wwwnc.cdc.gov/EID/article/23/5/16-
1630-Techapp1.pdf). In contrast, Zika virus was readily 
neutralized by serum from persons who had traveled to 
Brazil (DT168) and Colombia (DT172) in 2015 and expe-
rienced acute illnesses consistent with an arbovirus infec-
tion. Both serum samples strongly neutralized Zika virus, 
showing low or no cross-neutralization of the 4 DENV 

serotypes (Table 1; online Technical Appendix Figure 1, 
panels C, D), consistent with primary Zika virus infection.

Persons exposed to secondary DENV infections de-
velop broadly neutralizing antibodies that neutralize even 
DENV serotypes not encountered by that person (33). We 
determined the neutralization profile for 13 serum samples 
from persons with secondary DENV. Although the potency 
of neutralization varied, all but 1 (DT155) of the 13 samples 
had high levels of neutralizing activity (IC50 >100) against 
at least 3 DENV serotypes, and 7 were highly neutralizing 
against all 4 serotypes (Table 1). Despite this extensive 
cross-reactivity, most (10 [77%]) secondary DENV-immune 
serum samples failed to neutralize Zika virus (Table 1; on-
line Technical Appendix Figure 1). Serum from 1 person 
showed low levels of cross-neutralizing activity (DT146), 
and 2 serum samples (DT003 and DT144) had high levels 
of Zika virus neutralizing antibodies. Two donors (DT165 
and 166) reported suspected Zika virus infections acquired 
while in Brazil in 2015 during a known Zika virus outbreak. 
Serum from these 2 persons also neutralized Zika virus and 
>1 DENV serotypes, indicating that these most likely rep-
resent secondary Zika virus infections (online Technical 
Appendix, Figure 1, panels E, F). These results demonstrate 
that the broadly cross-neutralizing antibody response that is 
a hallmark of repeat DENV infections is mainly confined to 
the DENV serocomplex, although in some cases these anti-
bodies also might cross-neutralize Zika virus.

Zika virus strains are divided into 2 genotypes, Asian 
and African; contemporary Zika virus isolates from Latin 
America are uniformly of the Asian genotype, consistent 
with the model that Zika virus spread from Southeast Asia 
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Figure 1. Binding of DENV immune serum to Zika virus virions. Zika virus and 4 DENV serotypes were captured by using plate-bound 
mouse monoclonal antibody 4G2 and incubated with serum from donors who had had a primary DENV, secondary DENV, or primary Zika 
virus infection. In 2 separate experiments (A, B), serum binding was detected by using a horseradish peroxidase–conjugated human IgG. 
C, D) Differential global binding of each virus was accounted for by subtracting background from native human serum and normalizing to a 
high binding serum common to both plates (DT144). DENV, dengue virus; NHS, naive human serum; OD, optical density.
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to Oceania and from there to Brazil (34). To evaluate the 
effect of Zika virus strain variation on cross-neutralization, 
we tested selected DENV and Zika virus–immune serum 
against 4 Zika virus strains representing diverse temporal 
and geographic origins (Table 2). All 4 strains exhibited 
similar neutralization patterns, specifically that they were 
neutralized by serum from primary (DT168 and DT172) or 
secondary (DT165 and DT166) Zika virus cases, but not by 
serum from a secondary DENV infection (DT145) (Table 2; 
online Technical Appendix Figures 2, 3), supporting the idea 
that Zika virus exists as a single serotype. Zika virus strain 
MR766 was relatively more susceptible than other strains to 
neutralization, and it was the only strain to exhibit even low-
level neutralization by secondary DENV serum (IC50 67). In 
general, IC50 titers were similar for primary Zika virus serum 
and for secondary Zika virus serum, consistent with the idea 
that cross-reactive antibodies from prior DENV infection do 
not contribute to Zika virus neutralization.

To test the hypothesis that Zika virus infection elicits 
type-specific antibody, even in the presence of DENV im-
munity, we incubated serum with polystyrene beads coated 
with purified DENV antigen to remove DENV-specific and 
flavivirus cross-reactive antibody (Figure 2, Table 3). We 
then assessed binding and neutralization of Zika virus by 
the depleted serum. IgG binding to DENV-1 and DENV-2 
antigen was lower in depleted serum than in control serum, 

confirming success of this method (Figure 3, panel A). IgG 
binding to captured Zika virus was lower when DENV-
immune serum was depleted, but depletion only partially 
reduced binding from secondary Zika virus serum and had 
little effect on serum from primary Zika virus infections 
(Figure 3, panels B–E). Depletion successfully removed 
DENV neutralizing antibodies because depleted serum from 
primary DENV-2 (DT001), secondary DENV (DT000), and 
secondary Zika virus (DT165 and 166) cases all exhibited 
marked reductions in ability to neutralize DENV-2 (Figure 
4, Table 3). Also, broadly neutralizing serum lost the ability 
to neutralize a heterologous DENV serotype (DENV-4) af-
ter depletion, establishing that cross-neutralizing antibodies 
were effectively removed from these sera (Figure 4, Table 
3). Zika virus neutralization activity was entirely maintained 
after DENV depletion of serum from persons with primary 
Zika virus (DT168 and 172) and mostly preserved in deplet-
ed serum from persons with secondary Zika virus (DT165 
and 166), even when neutralization activity was lost to all 
DENV serotypes tested (Figure 4, Table 3). 

Discussion
Because Zika virus is emerging in areas with high rates of 
dengue prevalence, the extent of antibody cross-reactivity 
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Table 2. Zika virus stains and neutralization in selected serum* 

Strain Genotype Origin Year Reference 
Serum sample ID, IC50 

DT168 DT172 DT165 DT166 
MR766 African Uganda 1947 (21) 2,546 2,898 1,918 3,890 
DAK41519 African Senegal 1982 (22) 700 1,186 547 1,203 
H/PF/2013 Asian Tahiti 2013 (23) 609 531 516 469 
PRVABC59 Asian Puerto Rico 2015 (24) 436 1,606 Not tested Not tested 
*IC50, 50% inhibitory concentration; ID, identification. 

 

 

 

 
Table 3. 50% Inhibitory concentrations for serum in depletion 
experiments of DENV and Zika virus* 
Serum sample ID DENV-2 DENV-4 Zika virus 
DT000    
 Control 744 612 29 
 Depleted <20 <20 <20 
DT001    
 Control 1,376 60 <20 
 Depleted 331 24 <20 
DT168    
 Control 83 48 1,978 
 Depleted <20 <20 2,351 
DT172    
 Control 22 32 2,341 
 Depleted <20 <20 2,046 
DT165    
 Control 198 162 3,067 
 Depleted 31 78 2,060 
DT166    
 Control 1,556 1,138 1,090 
 Depleted <20 126 873 
*DENV, dengue virus; ID, identification. Specific antibodies were depleted 
using beads coated with DENV1 and DENV2 antigens. Beads coated with 
BSA were used as a control. 

 

Figure 2. Schematic of the method used for depletion of human 
serum with DENV antigen to distinguish Zika virus–specific from 
cross-reactive flavivirus antibodies. Serum was incubated with 
DENV-1 and DENV-2 coated on polystyrene beads, enabling 
removal of DENV-specific and cross-reactive antibodies. DENV, 
dengue virus.
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between these 2 viruses needs to be thoroughly evaluated. 
Recent studies have reported that DENV infection results 
in antibodies that cross-neutralize Zika virus (15,16,18). 
Plasmablasts isolated from patients during or immediately 
after recovery from acute DENV infection produced anti-
bodies that cross-neutralized Zika virus in cell culture (35) 
and were protective in a mouse model of Zika virus infec-
tion (18). Priyamvada et al. (16) demonstrated moderate to 
high-titer Zika virus neutralization in serum from 9 DENV-
infected persons; Zika virus neutralization activity was 
maintained out to 100 days of convalescence in 1 of the 5 
persons with paired samples. They further reported that 7 
of 47 mAbs derived from plasmablasts from 4 patients with 
acute DENV infection cross-neutralized Zika virus.

Our data do not demonstrate frequent and high-level 
cross-neutralization of Zika virus after exposure to DENV. 
Of 19 persons who had recovered from primary DENV in-
fections, none showed cross-neutralization of Zika virus. 
Among persons exposed to repeat DENV infections, 3 
(23%) of 13 showed Zika virus neutralizing antibodies. The 
remaining 10 persons had no detectable Zika virus neutral-
izing antibodies despite having high levels of neutralizing 
antibodies to multiple DENV serotypes. DT165 and 166 
are classified as secondary Zika virus strains on the basis 
of neutralization profile, epidemiologic context (these do-
nors had fever and rash illness while residing in northeast-
ern Brazil in 2015 during peak Zika virus transmission), 
and the presence of Zika virus type–specific antibodies in 
their serum. Accordingly, these persons have high titers of 
neutralizing antibodies to Zika virus in addition to neutral-
ization activity to >1 DENV serotypes. These results are 

consistent with those reported by Swanstrom et al., who 
found that only 1 of 16 persons exposed to repeat DENV 
infections had Zika virus IC50 values >1:100 (18). Low- 
level cross-neutralization to heterologous DENV serotypes 
is also observed into late convalescence after primary 
DENV infection; however, this phenomenon typically does 
not preclude accurate diagnosis of the originally infecting 
DENV serotype, nor does it confer immunity to secondary 
DENV infection by heterologous serotypes (30,36).

A key feature of acute DENV infection is the transient 
induction of high levels of flavivirus cross-neutralizing and 
cross-protective antibody (33). Over a few months, the neu-
tralizing antibody response becomes more specific to >1 
DENV serotypes, with little to no cross-neutralization of 
viruses belonging to other flavivirus serocomplexes (33). 
Timing of sample collection probably explains high levels 
of DENV–Zika virus cross-neutralizing antibodies observed 
by only some groups. Barba-Spaeth et al. (15) and Priyam-
vada et al. (16) performed their studies with blood samples 
collected from patients a few days to weeks after recovery 
from acute DENV infection, when overall antibody response 
is known to be broadly cross-neutralizing. In contrast, our 
studies were performed with samples collected >6 months 
after infection when the neutralizing antibody response has 
become more specific to the viruses responsible for infection.

In essence, the question is whether Zika virus will be-
have as a “fifth serotype” of DENV or as a flavivirus outside 
the DENV serocomplex. Extensive cross-reactivity in IgG 
binding between these viruses clearly occurs, consistent with 
sequence homology and structural similarity among different 
flavivirus serocomplexes (10,12). However, binding does not 
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Figure 3. Use of depletion of human serum with DENV antigen to distinguish Zika virus–specific from cross-reactive flavivirus 
antibodies. A) Depletion efficiency was determined by direct ELISA. Plates were coated with depleting antigens (DENV-1 and DENV-2) 
and binding of control and depleted serum was measured. B–E) Binding of depleted serum to Zika virus H/PF/2013 was measured by 
capture ELISA. BSA, bovine serum albumin; DENV, dengue virus; OD, optical density.
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reliably predict functional outcomes, such as neutralization,  
enhancement, or protection, and our results suggest that 
most persons infected with DENVs do not maintain high 
levels of Zika virus neutralizing antibodies 6 months after 
DENV infection. Although Zika virus is genetically more 
closely related to the DENVs than to other flaviviruses, the 
long-lived antibody cross-neutralization within the DENV 
serocomplex does not extend to Zika virus in most of our 
cohort. Furthermore, our data indicate that a population of 
Zika virus–specific neutralizing antibodies develops after 
Zika virus infection, even in the presence of preexisting 
DENV immunity. The corollary is that cross-reactive anti-
bodies and memory B cells from the prior DENV infection 
are not the major source of Zika virus neutralizing antibod-
ies; rather, de novo priming of naive B cells by Zika elicits 
Zika type-specific antibody responses. Thus, we propose 
that Zika virus does not belong to the DENV serocomplex 

and that DENV-immune persons will remain susceptible to 
Zika virus infection. Moreover, live attenuated tetravalent 
DENV vaccines are being evaluated for safety and efficacy 
in Asia and Latin America. Our results indicate that DENV 
neutralizing antibody induced by these vaccines are unlikely 
to protect against Zika virus infection.

In the field, undifferentiated fever in the tropics can 
have a multitude of causes and often presents a diagnostic 
challenge (37). Molecular detection of Zika virus has good 
specificity but is not ideal for diagnosing it in persons who 
seek care many days after illness onset or have asymptom-
atic infection. Simple serologic assays based on binding an-
tibody are difficult to interpret because of flavivirus cross-
reactivity (9,10). This scenario, typified by DT144, 165, and 
166, whereby flavivirus exposure history is uncertain with 
currently available assays (IgG or IgM ELISA), represents 
a critical challenge facing public health systems throughout 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 779

Figure 4. Lack of contribution of 
cross-reactive DENV antibodies 
to Zika virus neutralization. 
Immune serum was depleted 
with DENV-1 and DENV-2 
antigens bound to polystyrene 
beads, and neutralization activity 
was measured against DENV-2 
(A), DENV-4 (B), and Zika virus 
(C) for indicated serum. DENV, 
dengue virus. Dilutions are 1:the 
value given.
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the tropics where billions of persons are at risk for DENV 
and Zika virus infections (38). Our results suggest that the 
classical flavivirus plaque/focus reduction neutralization 
test might be reliable for determining previous Zika virus 
infection, particularly in the setting of retrospective serologic 
surveys and vaccine trials. We also note that the neutraliza-
tion test is not reliable for testing samples collected during 
or soon after recovery from a DENV or Zika virus infection 
because of temporarily broad cross-neutralization and poor 
specificity. Indeed, US public health laboratories and others 
have reported on the poor specificity of testing for Zika virus 
in acute or early convalescent samples using currently avail-
able tests and algorithms (39–42). On the basis of our studies 
using samples collected at late convalescence, we propose 
that the neutralization assay might retain utility for support-
ing Zika virus and DENV vaccine and other clinical trials; 
population-level serosurveillance; and clinical management 
of some patients, such as pregnant women, when blood sam-
ples are collected many months after a suspected infection.

Interest and investigation are ongoing regarding whether 
Zika virus strain–dependent factors might explain phenom-
ena observed during the current epidemic. Although a more 
comprehensive and in-depth analysis of Zika virus genetic 
variation might reveal viral determinants of pathogenesis, 
our experiments suggest that epitopes conferring suscepti-
bility to neutralization by human serum have not changed 
substantially over time. We do find that the prototype Zika 
virus strain MR766 is more readily neutralized than other 
Zika virus strains. MR766 might provide the most sensitive 
screen for cross-neutralizing antibody, but relevance of such 
antibody should be confirmed by an isolate more represen-
tative of contemporary circulating viruses.

In conclusion, the current Zika virus epidemic pres-
ents many urgent challenges but also great opportuni-
ties to dramatically expand our knowledge of humoral 
immunity to flaviviruses. Although our results argue for 
infrequent cross-neutralization of Zika virus by DENV-
immune serum and for development of independent 
populations of neutralizing antibody to these 2 viruses, 
additional and larger studies are needed to determine 
whether the rate of Zika virus cross-neutralization varies 
in different populations, particularly in DENV-endem-
ic areas where ongoing subclinical exposure to DENV 
could further broaden the range of cross-neutralization 
in polyclonal serum. That effective vaccines have been 
developed against several flaviviruses is encouraging 
(43–46), but much remains to be learned about Zika 
virus–specific antibody responses and the dynamics of 
cross-reactive antibody in persons with multiple flavi-
virus exposures. Knowledge on these fronts will better 
inform Zika virus vaccine development, rational design 
of serodiagnostic tests, and general understanding of an-
tibody responses to related viruses.
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We assessed window screens and eave baffles (WSEBs), 
which enable mosquitoes to enter but not exit houses, as 
an alternative to indoor residual spraying (IRS) for malaria 
vector control. WSEBs treated with water, the pyrethroid 
lambda-cyhalothrin, or the organophosphate pirimiphos-
methyl, with and without a binding agent for increasing in-
secticide persistence on netting, were compared with IRS in 
experimental huts. Compared with IRS containing the same 
insecticide, WSEBs killed similar proportions of Anopheles 
funestus mosquitoes that were resistant to pyrethroids, car-
bamates and organochlorines and greater proportions of py-
rethroid-resistant, early exiting An. arabiensis mosquitoes. 
WSEBs with pirimiphos-methyl killed greater proportions of 
both vectors than lambda-cyhalothrin or lambda-cyhalothrin 
plus pirimiphos-methyl and were equally efficacious when 
combined with binding agent. WSEBs required far less 
insecticide than IRS, and binding agents might enhance 
durability. WSEBs might enable affordable deployment of 
insecticide combinations to mitigate against physiologic 
insecticide resistance and improve control of behaviorally 
resistant, early exiting vectors.

Vector control with long-lasting insecticidal nets 
(LLINs) and indoor residual spraying (IRS) inter-

ventions account for 78% of the 663 million malaria cases 
and most of the 4 million deaths averted globally over 
recent years (1,2). LLINs and IRS can reduce malaria 
transmission by killing sufficient numbers of vector mos-
quitoes when they attack sleeping humans or rest indoors 
(3–5). However, as these approaches have been scaled up, 

physiologic resistance to insecticidal active ingredients 
has become increasingly common, threatening a “loom-
ing public health catastrophe” (6). Physiologic resistance 
to pyrethroids, the only class of insecticides suitable for 
use on LLINs, is now widespread and undermining vector 
control across Africa (7).

Only 4 directly lethal insecticide classes are recom-
mended for control of adult malaria vectors with LLINs or 
IRS: pyrethroids (e.g., permethrin, deltamethrin, lambda-
cyhalothrin); organochlorines (e.g., DDT); carbamates 
(e.g., bendiocarb, propoxur); and organophosphates (e.g., 
malathion, fenitrothrion, pirimiphos-methyl) (8). Mecha-
nisms of cross-resistance against organochlorines and py-
rethroids limit their utility for combined use in rotations, 
mosaics, or combinations (7,8). Organochlorines (espe-
cially DDT) and carbamates have a long history of use 
in agriculture and public health, and resistance to these 
classes is already emerging after only a few years of use 
in IRS at programmatic scales (7). However, these classes 
and organophosphates cannot be safely applied to LLINs 
at operationally effective doses (8), and are prohibitively 
expensive for routine IRS applications (9–11).

Year-round protection for the 40 million persons at 
risk of malaria in Tanzania, with IRS using the ideal rec-
ommended dose of the new capsule suspension formula-
tion of the organophosphate pirimiphos-methyl, would 
cost US $157 million annually for insecticide procure-
ment, exceeding the entire national malaria control bud-
get of $114 million. Pirimiphos-methyl procurement for 
continuous IRS coverage of all at-risk populations would 
cost $3.3 billion annually across Africa and $12.5 billion 
worldwide, dwarfing the total global malaria control bud-
get of $2.5 billion (10). As such expensive insecticides 
have become increasingly necessary because of pyrethroid 
resistance, IRS coverage has inevitably decreased (9–11) 
to only 3.4% globally (12). Although new insecticides 
are being developed for malaria vector control (6,7,13), 
these insecticides might also be similarly expensive. Un-
less new active ingredients are astutely delivered through 
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rotations, mosaics, or combinations, they might not be any 
less prone to emergence of physiologic resistance (6–8).

Beyond physiologic resistance, effects of LLINs and 
IRS are also attenuated by the tendency of vectors to enter 
houses but then rapidly exit them, without resting on treat-
ed surfaces long enough to accumulate lethal doses of in-
secticide (14–16). Repeatedly entering and rapidly exiting 
several houses, until an unprotected human can be bitten, 
enables mosquitoes to mediate persistent residual malaria 
transmission by maximizing feeding opportunities while 
minimizing risks of exposure to LLINs and IRS when for-
aging indoors (17,18). Therefore, new insecticide delivery 
methods must target such evasive early exiting vectors 
(14,16), which might be described as behaviorally resilient 
(preexisting traits, typically with considerable phenotypic 
plasticity) or resistant (increasing frequency of selected 
heritable traits) (17,19). However, life history simulation 
analyses suggest such repeated visits to houses represent 
a vulnerability that can be exploited to great effect with 
improved methods for killing mosquitoes inside houses 
(17,18). Even for early exiting vectors that often feed out-
doors instead, most mosquitoes old enough to transmit ma-
laria have previously entered >1 house, where they could 
be targeted with lethal insecticides or traps (18).

Personal protection provided by LLINs and IRS can be 
superseded and improved by physically mosquito-proofing 
houses with screened windows, ceilings, and closed eaves 
(20). However, most of the overall effects of LLINs and IRS 
on malaria transmission are achieved by killing mosquitoes 
en masse to protect entire communities, with more obvious 
contributions of personal or household protection being far 
less equitable and of lower magnitude (4). Household pro-
tection measures, such as spatial repellents or physical mos-
quito-proofing, which merely deter mosquitoes from enter-
ing houses and force them to seek blood meals elsewhere, 
might have less overall effect than measures that directly 
kill mosquitoes (21). In many settings with highly efficient 
vectors, elimination of malaria transmission will probably 
require lethal measures that suppress (3–5) or eliminate 
(22) mosquito populations, rather than merely deter them 
from entering houses (21). Therefore, new insecticide de-
livery methods are urgently needed to enable affordable de-
ployment of multiple active ingredients and more effective 
targeting of early exiting mosquitoes (6,8,13).

We describe a simple housing modification with wide-
ly available netting materials that traps mosquitoes inside 
houses after they enter, and forces them into lethal con-
tact with insecticides when they attempt to exit (Figure 1). 
Eave baffles have been used for decades (23) in standard-
ized experimental hut designs for assessing LLINs and IRS 
(24,25). These baffles consist of netting panels slanting 
inwards and upwards from the upper end of the wall to-
ward the roof, but leaving a small gap so that mosquitoes 

can freely enter the hut but cannot leave by the same route 
(Figure 1, panel A). Eave baffles have been used to target 
house-entering mosquitoes with fungal entomopathogens 
(26). In our study, baffles were combined with netting win-
dow screens and evaluated as a targeted delivery format 
for off-the-shelf formulations of commonly used chemical 
insecticides (Figure 1, panel B). This combination, called 
treated window screens and eave baffles (WSEBs), re-
quired far less insecticide than IRS. We assessed whether 
WSEBs could achieve control of physiologically resistant 
Anopheles funestus mosquitoes and early exiting An. ara-
biensis mosquitoes equivalent to that of IRS.

Methods
All experiments were conducted in Lupiro village in the 
Kilombero Valley of rural southern Tanzania using com-
mercially available IRS formulations of pyrethroids and 
organophosphates, which were combined with existing 
binding agent (BA) products for extending insecticide du-
rability on LLINs. In this area of southern Tanzania, in-
tense malaria transmission is mediated by 2 of the major 
malaria vectors in Africa. The first mosquito is An. funes-
tus, which mediates rebounding (14) malaria transmission 
in this setting because it is physiologically resistant to pyre-
throids, carbamates and organochlorines (27). The second 
mosquito is An. arabiensis, which mediates resilient resid-
ual transmission (14) because it is physiologically resistant 
to pyrethroids (27) and also exhibits early exiting behavior 
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Figure 1. Design (A) and mechanism of action (B) of insecticide-
treated window screens and eave baffles for control of malaria 
vector mosquitoes, Tanzania.
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that renders it robust to indoor control with LLINs and IRS 
(18,28,29). All procedures were approved by the Institu-
tional Review Board of the Ifakara Health Institute (IHI/
IRB/34–2014) and the Medical Research Coordination 
Committee of the National Institute for Medical Research 
(NIMR/HQ/R.8a/Vol IX/1903).

We used 13 experimental huts of the Ifakara design 
(24,29,30) and standard methods (31) to assess effects of 
LLINs, IRS, and insecticide-treated WSEBs. Four of these 
huts were randomly selected, and their inner wall and roof 
surfaces were sprayed with 2 g/m2 of a capsule suspension 
formulation of pirimiphos-methyl (Actellic 300CS) by us-
ing standard programmatic application procedures (32). An-
other 4 randomly selected huts were sprayed with 30 mg/m2 
of the pyrethroid lambda-cyhalothrin, which was also in a 
capsule suspension formulation (Icon 10CS). Both of these 
long-lasting, microencapsulated, insecticide formulations 
are manufactured by Syngenta AG (Basel, Switzerland) for 
IRS applications and are well characterized (33–35). The 
remaining 5 huts were sprayed only with water to serve as 
negative controls. After spraying, 2 mattresses and intact 
PermaNet LLINs (100-denier polyester multifilament mesh 
with 156 holes/inch2, surface-treated with 45-55 mg/m2 of 
deltamethrin in a resin foundation; Vestergaard, Lausanne, 
Switzerland) were installed in each hut.

Eave baffles are incorporated into experimental hut 
designs to ensure that mosquitoes can enter through ap-
proximately half of the eave gaps between the wall and the 
roof but are then all either retained in the hut or forced into  
interception traps fitted to the remaining exit points (24,25). 
In a conventional experimental hut study, those remaining 

exit points are windows and the remaining unbaffled half 
of eave gaps (24,25). However, the purpose of this study 
was to evaluate WSEBs as an insecticide delivery format. 
Therefore, all WSEB treatments, except for the negative 
control, included eave baffles fitted to all eave gaps, with 
and without exit traps, and identically treated screens fitted 
over all windows (Table; Figure 1). Treated WSEBs were 
fitted in front of exit traps, which were fitted immediately 
outside the hut (24), so that any mosquito attempting to exit 
through any eave gap or window would be forced into con-
tact with these insecticidal netting barriers (Figure 1).

The only treatment without screens over the windows 
or eave baffles over the half of the eave gaps with exit traps 
immediately outside were the negative control (Table). 
These controls had untreated eave baffles fitted only to the 
half of the eave spaces lacking exit traps, thus enabling 
mosquitoes to enter and exit. The 2 partial negative con-
trols had screens fitted over the windows and baffles fitted 
to all eave gaps, regardless of whether they acted as en-
try or exit points for mosquitoes, but were not treated with 
any insecticides (Table). One partial negative control was 
treated with the noninsecticidal BA that Syngenta AG in-
cludes along with lambda-cyhalothrin (the same Icon 10CS 
formulation we used for IRS) in their Icon Maxx product to 
extend its active life on polyester netting (36).

The first insecticidal WSEB treatment (Table) was 
this same long-lasting Icon Maxx product, this time includ-
ing both BA and lambda-cyhalothrin (36). Although the 
manufacturer-recommended dose of lambda-cyhalothrin on  
netting treated with the Icon Maxx product (55 mg/m2) is 
somewhat higher than that used for IRS (30 mg/m2), it is 
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Table. Window screen and eave baffle treatments that were rotated through experimental huts with 3 IRS treatments for control of 
malaria vector mosquitoes, Tanzania* 

Treatment 
no. Description 

Eaves baffled Windows 
screened 

Treatment of window screen and eave baffle 
netting 

Entrances Exits LC, mg/m2 PM, g/m2 BA 
1 Negative control: no trapping or 

insecticide 
Yes No No 0 0 No 

2 Partial negative control: trapping 
without insecticide 

Yes Yes Yes 0 0 No 

3 Partial negative control: trapping 
without insecticide 

Yes Yes Yes 0 0 Yes 

4 Trapping plus long-lasting LC and 
BA treatment 

Yes Yes Yes 55 0 Yes 

5 Trapping plus varying dose PM 
treatments 

Yes Yes Yes 0 1 No 
6 Yes Yes Yes 0 2 No 
7 Yes Yes Yes 0 4 No 
8 Trapping plus varying dose PM 

treatments with BA 
Yes Yes Yes 0 1 Yes 

9 Yes Yes Yes 0 2 Yes 
10 Yes Yes Yes 0 4 Yes 
11 Trapping plus varying dose PM 

treatments with BA and LC 
Yes Yes Yes 55 1 Yes 

12 Yes Yes Yes 55 2 Yes 
13 Yes Yes Yes 55 4 Yes 
*Indoor residual spraying treatments of experimental huts used lambda-cyhalothin (30 mg/m2 in 4 huts), pirimiphos-methyl (2 g/m2 in 4 huts), or a negative 
control (water diluent only: 5 huts), which was applied to all inner surfaces of walls and ceilings. All doses are per square meter of treated netting (window 
screening and eave baffles) or wall and ceiling surface (IRS), so that these doses can be directly compared in terms of lethality and cost per unit area 
treated. The 26-day schedule applied to complete 1 full replicate of evaluation for duplicates of these 13 treatments, by rotating them through all 13 IRS-
treated experimental huts, is detailed in online Technical Appendix 1 (https://wwwnc.cdc.gov/EID/article/23/5/16-0662-Techapp1.xlsx). BA, binding agent; 
IRS, indoor residual spraying; LC, lambda-cyhalothin; PM, primiphos-methyl. 
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similar to that for deltamethrin on PermaNet LLINs used in 
this study (45-55 mg/m2). WSEBs treated with pirimiphos-
methyl were assessed at 3 doses that were comparable with 
typical IRS application rates per square meter treated (Ta-
ble). These 3 pirimiphos-methyl doses were also assessed as 
a co-treatment with BA to potentially extend insecticide life, 
with and without lambda-cyhalothrin as a complementary 
second insecticide from a different chemical class (Table). 
Lambda-cyhalothrin was chosen, despite being a pyrethroid 
to which both vector species in the study area are resistant 
(27), to assess the potential of such combinations to select 
for restored pyrethroid susceptibility (37). Conceptually, 
this approach relies on selectively reducing mortality rates 
for insects that are susceptible to its lethal mode of action 
and responsive to its irritant/repellent effects on mosquito 
behavior (37). The mathematical modeling study that mo-
tivated assessment of this combination assumed that these 
2 pyrethroid susceptibility and responsiveness phenotypes, 
and presumably their underlying genotypes, are closely as-
sociated and therefore co-selected (37).

Although all exit traps on eaves and windows were 
made of Teflon-coated fiberglass mesh (24), all eave baf-
fles and window screens were made of 100-denier polyes-
ter netting (A to Z Textile Mills, Arusha, Tanzania) of the 
kind typically used for bed nets. All WSEBs were treated 
by soaking in aqueous suspensions of the insecticides, BA,  
or both and then drying in the shade.

To execute the experimental design of this study, du-
plicate sets of the 13 detachable, movable WSEB treat-
ments (Table) were rotated nightly through the 13 huts 
over two 26-day rounds of experimental replication (on-
line Technical Appendix 1, https://wwwnc.cdc.gov/EID/
article/23/5/16-0662-Techapp1.xlsx) during December 5, 
2015-February 1, 2016. Each night, 2 men (volunteers) 
slept under the 2 LLINs inside each hut from 7:00 pm to 
7:00 am. These men then collected all mosquitoes inside 
the hut by using a Prokopak aspirator (John W. Hock Co., 
Gainesville, FL, USA) (38) and those inside the exit traps 
by using a mouth aspirator (24). Dead mosquitoes were 
then sorted taxonomically, classified by sex and abdominal 
status, and counted. Specimens collected alive were main-
tained in a field insectary for 24 h before separating live 
and dead specimens for sorting, classification, and count-
ing. A random sample of 242 specimens from the An. gam-
biae complex was identified to sibling species by PCR (39).

Each pair of men remained assigned to a fixed experi-
mental hut throughout the study so that variability associ-
ated with these volunteers and the huts could be analyzed 
as a single, consistent source of variance. After mosquito 
collection each morning, each pair of men was responsible 
only for installing the set of WSEBs assigned to their hut 
that evening and for removing that set from the hut it had 
been fitted to the previous night. All volunteers used a fresh 

pair of gloves each morning and were not allowed to handle 
any WSEBs other than those to be used in their hut that 
night. All WSEB sets were labeled and stored in labeled 
buckets during transfer between huts and the 13-day stor-
age period of each 26-day replication cycle (online Techni-
cal Appendix 1).

All field data were collected on hard copies of the adult 
field collection (ED1) and sample sorting (SS3) forms, re-
cently described for informatically robust collection of ento-
mologic data (40). To ensure rigid compliance with the ex-
perimental design, all attributes defined by it were prefilled 
into the forms (online Technical Appendix 1). All statisti-
cal analysis was accomplished by using generalized linear 
mixed models with a binomial distribution and logit link 
function for the binary mosquito death outcome and fitted by 
using R version 3.2.1 (https://www.r-project.org/). WSEB 
treatments were included as categorical independent vari-
ables, and hut and night were included as random effects.

Results
A total of 1,318 specimens from the An. funestus group 
and 5,842 from the An. gambiae complex were captured. 
Molecular identification confirmed continued absence of 
nominate An. gambiae mosquitoes in the study area (22). 
All of the 176 specimens that were successfully amplified  
(73% of the 242 specimens from this complex) were identi-
fied as An. arabiensis mosquitoes. All WESBs, other than 
the negative control, clearly retained mosquitoes within the 
huts, because this is where most (>90%) were collected, 
rather than in exit traps.

Effects of WSEBs and IRS on An. funestus Mosquito 
Mortality Rates
When used alone, most (8/10) WSEB treatments that in-
cluded insecticides killed similarly high proportions of An. 
funestus mosquitoes as did IRS alone with the same insec-
ticide formulations (Figure 2, panel A). Mortality rates for 
lambda-cyhalothrin plus BA-treated WSEBs alone were 
indistinguishable from those for lambda-cyhalothrin IRS (p 
= 0.363). The only exceptions among the 10 WSEB treat-
ments were the highest pirimiphos-methyl dose plus BA 
and the intermediate pirimiphos-methyl dose plus lambda-
cyhalothrin and BA.

Both of these WSEB treatments alone killed lower pro-
portions of An. funestus mosquitoes than IRS with lambda-
cyhalothrin alone; a similar but nonsignificant pattern was 
observed for comparisons of the same WSEB treatments 
alone with pirimiphos-methyl IRS alone (Figure 2; on-
line Technical Appendix 2, https://wwwnc.cdc.gov/EID/
article/23/5/16-0662-Techapp2.xlsx). Nonetheless, mortal-
ity rates for pirimiphos-methyl–treated WSEBs alone were 
consistently high (Figure 2, panel A), regardless of treatment 
dose (p>0.156), and were statistically indistinguishable from 
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pirimiphos-methyl IRS alone (p>0.713), even though the 
lowest WSEB dose per unit area treated was only half that 
for IRS. Although all combinations of pirimiphos-methyl–
treated WSEBs with pirimiphos-methyl IRS resulted in 
higher mortality rates than pirimiphos-methyl IRS alone or 
pirimiphos-methyl–treated WSEBs alone, none of these dif-
ferences were significant (p>0.080) because too few mos-
quitoes survived either treated WSEBs alone or IRS alone.

Effects of WSEBs and IRS on An. arabiensis Mosquito 
Mortality Rates
Overall, insecticide-treated WSEBs either matched or were 
superior to IRS when used against An. arabiensis mos-
quitoes (Figure 2, panel B; online Technical Appendix 2). 
WSEBs treated with lambda-cyhalothrin plus BA showed 
similar mortality rates as IRS with the same lambda-cyh-
alothrin formulation (p = 0.345). WSEBs treated with the 
lowest dose of pirimiphos-methyl showed similar mortality  

rates for An. arabiensis mosquitoes as IRS with twice as 
much pirimiphos-methyl per square meter treated (p = 
0.419). However, increasing the pirimiphos-methyl treat-
ment dose from 1 to 2 or 4 g/m2 increased the mortality rate 
for WSEBs (odds ratio [OR] 2.10, 95% CI 1.16–3.79, p = 
0.0139; and 2.34, 95% CI 1.28–4.26, p = 0.0055, respec-
tively), although there was no difference between interme-
diate and high doses (p = 0.758).

WSEBs with intermediate or high doses of pirimiphos-
methyl killed more An. arabiensis mosquitoes (OR 5.9, 
95% CI 1.4– 24.3, p = 0.0145; 10.8, 95% CI 1.6–74.8, p = 
0.0157, respectively) than IRS, even though the intermedi-
ate pirimiphos-methyl dose was the same as for IRS per 
square meter treated. Supplementing pirimiphos-methyl–
treated WSEBs with pirimiphos-methyl IRS increased An. 
arabiensis mosquito mortality rates for the lowest WSEB 
dose (OR 4.8, 95% CI 1.5–15.5, p = 0.0081), which was half 
that of IRS per unit area treated. However, supplementary  
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Figure 2. Effect of window 
screens and eave baffles 
treated with 13 combinations of 
insecticides and binding agents 
on malaria vector mosquito 
mortality rates inside experimental 
huts, Tanzania. A) Anopheles 
funestus. B) An. arabiensis. 
Huts were previously sprayed 
with 1 of 3 alternative indoor 
residual spraying regimens 
(online Technical Appendix 1, 
https://wwwnc.cdc.gov/EID/
article/23/5/16-0662-Techapp1.
xlsx) and occupied by 2 volunteers 
sleeping under pyrethroid-treated, 
long-lasting insecticidal nets. IRS, 
indoor residual spraying. Error 
bars indicate 95 CIs. Estimated 
mean mortality rates and 95% 
CIs, as well as statistical contrasts 
between the most relevant 
treatment pairs, are indicated in 
online Technical Appendix 2  
(https://wwwnc.cdc.gov/EID/
article/23/5/16-0662-Techapp2.xlsx).
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pirimiphos-methyl IRS did not increase mortality rates 
when WSEBs were treated with the same dose as IRS (p = 
0.748) or twice that dose (p = 0.429).

Pirimiphos-Methyl Supplemented with BA and  
Lambda-Cyhalothrin as WSEB Co-treatments
Adding BA had no effect on the mortality rates for pirimi-
phos-methyl–treated WSEBs for An. funestus (p = 0.393) 
or An. arabiensis (p = 0.424) mosquitoes. Supplement-
ing organophosphate pirimiphos-methyl plus BA treat-
ment with the irritant pyrethroid lambda-cyhalothrin as a 
second active ingredient reduced An. funestus mosquito 
mortality rates for WSEBs (OR 0.64, 95% CI 0.46–0.89, 
p = 0.0076), presumably because the irritant properties of 
lambda-cyhalothrin reduced mosquito contact times with 
co-treated WSEBS, and therefore exposure to both insecti-
cides. A similar but less dramatic, nonsignificant trend was 
observed for An. arabiensis mosquitoes (OR 0.88, 95% CI 
0.73–1.06, p = 0.174).

Discussion
Although WSEBs had higher efficacy than IRS against 
early exiting An. arabiensis mosquitoes, the 2 delivery for-
mats had similar efficacy against An. funestus mosquitoes. 
Therefore, the most striking advantage of WSEBs is that 
they reduced the surface area treated per hut by >5-fold. 
Furthermore, co-application with existing BAs that already 
extend durability of pyrethroids on LLINs (36) for as much 
as 3 years (41) suggests new opportunities for reducing re-
application frequency by up to 6-fold, relative to IRS.

These WSEBs are an experimental prototype that were 
evaluated in the necessarily homogenous and controlled 
environment of experimental huts. This short-term efficacy 
study did not address key issues regarding potential effec-
tiveness and cost-effectiveness of WSEBs under program-
matic operational conditions. It is encouraging that a set 
of these WSEBs for these experimental huts, specifically 
designed to match the dimensions of local houses (24), 
required only 11 m2 of netting to manufacture, similar to 
a typical LLIN. However, this netting had to be carefully 
hand-tailored with hooks and Velcro to enable easy daily 
removal and reinstallation in experimental huts, at a manu-
facturing labor cost of $47 per set. More practical and af-
fordable formats for operational use in a diversity of house 
designs must be developed and rigorously evaluated before 
WSEBs could be considered for routine, programmatic de-
ployment by national programs.

Nevertheless, the potential of this approach merits 
consideration, even if only speculatively at this early stage. 
It takes almost an entire 833-mL bottle of the 0.3 g/mL 
pirimiphos-methyl formulation used here, costing ≈$24, to 
treat 1 typical rural house in Tanzania twice a year with IRS 
at the ideal recommended dose of 2 g/m2. In comparison,  

a house of equivalent size with WSEBs installed could 
be treated with the same insecticide at the same dose per 
square meter of treated netting for only $2.15. Although 
greater quantities of BA might be required than applied 
here (42), it could extend the life of pirimiphos-methyl on 
netting to the same extent as for lambda-cyhalothrin on 
LLINs that are approved for 3 years of use. If BA-treated 
WSEBs were similarly durable, they could provide up to 
3 years of protection for only $0.72 per year in recurrent 
insecticide procurement costs. Because scale-up nationally 
in Tanzania would cost only $4.8 million for insecticide 
procurement, a combination of 3 similarly expensive com-
plementary insecticides would be affordable to the national 
program at a cost of <$15 million annually. Correspond-
ing global costs would be <$1.2 billion annually for such a 
triple combination.

Changing deployment format for existing IRS for-
mulations could also eliminate the need to apply them in 
potentially hazardous aerosol form. Although handling in-
secticides is always associated with some risks, and pro-
tective clothing, eyewear, and a breathing apparatus might 
be required, WSEBs may be impregnated by simply dip-
ping them in an aqueous suspension, similarly to bed nets. 
Therefore, WSEB deployment formats might enable na-
tional programs to develop and manage their vector control 
platforms more flexibly than when using IRS.

Although these insecticide cost estimates are entirely 
speculative, assume that BA will be equally efficacious 
for extending longevity of pirimiphos-methyl, and do not 
consider costs of netting installation or maintenance, they 
outline the potential economic benefits that could be ac-
crued by optimizing WSEB deployment formats, netting 
materials, and treatment formulations. In addition, such re-
duced insecticide requirements might make rational resis-
tance management (8) feasible and affordable with existing 
budgets and off-the-shelf insecticide products.

The observation that supplementing pirimiphos-meth-
yl–treated WSEBs with the irritant pyrethroid lambda-
cyhalothrin reduced mortality rates for An. funestus mos-
quitoes, which were strongly resistant to pyrethroids but 
not organophosphates (27), suggests that WSEBs could be 
used in an affordable format with which to field-test the 
theory that such combinations might select for restored py-
rethroid susceptibility (37). The underlying assumption of 
this hypothesis is that physiologic susceptibility and behav-
ioral responsiveness to pyrethroids are genetically linked, 
so that insecticide combinations, such as the LC-PM mix-
ture used here, would selectively kill insects that are both 
resistant and non-responsive to pyrethroids.

The case for assuming that physiologic susceptibil-
ity and behavioral responsiveness are at least phenotypi-
cally associated has recently been strengthened by labora-
tory studies of Culex quinquefasciatus mosquitoes, which 
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demonstrated that 4 pyrethroid-resistant field populations 
were all less responsive to the irritant properties of perme-
thrin than a fully susceptible laboratory colony (43). These 
empirical studies (43) also suggest grounds for optimism 
regarding the recent theory that combining recently devel-
oped, low-technology emanators for airborne pyrethroid 
vapor (44,45) with complementary nonpyrethroid indoor 
control measures, such as IRS, WSEBs, or alternative tech-
nologies, such as eave tubes (46–48) and entry traps (49), 
could coselect for evolutionarily stabilized restoration of 
physiologic susceptibility and behavioral responsiveness to 
pyrethroids generally (50).

Genetic linkage between physiologic susceptibility 
and behavioral responsiveness to pyrethroids remains to 
be demonstrated. Also, both mathematical models predict-
ing restoration of these preferred traits (37,50), by defini-
tion, merely illustrate the plausibility of these hypotheses 
in mathematically explicit terms. Alternatively, selection 
for physiologic resistance to both insecticides might be 
exacerbated by reducing contact exposure to sublethal 
levels. Although potential benefits and risks of combin-
ing irritant pyrethroids with nonirritant insecticides from 
complementary classes remain to be satisfactorily as-
sessed, our results suggest that WSEBs might be a po-
tentially scalable delivery format with which to test these 
hypotheses empirically through large-scale field studies.
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Puerto Rico has been heavily impacted by Zika virus, a 
mosquitoborne flavivirus that emerged in the Americas 
during 2015. Although most persons with Zika virus show 
no symptoms, the virus can cause neurologic and other 
complications, including fetal microcephaly. Local Zika vi-
rus transmission in Puerto Rico has been reported since 
December 2015. To prevent transfusion-associated trans-
mission, local blood collection ceased in March 2016 but 
resumed in April 2016 after Zika virus screening of blood 
donations became available. Using data from screening of 
blood donations collected by the 2 largest blood centers in 
Puerto Rico during April 3–August 12, 2016, and assuming 
a 9.9-day duration of viremia, we estimated that 469,321 
persons in Puerto Rico were infected during this period, for 
an estimated cumulative incidence of 12.9%. Results from 
blood donation screening during arboviral outbreaks can 
supplement routine clinical and surveillance data for im-
proved targeting of prevention efforts.

Zika virus, a flavivirus transmitted primarily by Aedes 
aegypti mosquitoes, has rapidly spread in the Americas 

since it emerged in the region in 2015 (1). Although most 
infections are asymptomatic, Zika virus has been identified 
as a cause of adverse outcomes of pregnancy, including 
microcephaly and other congenital brain defects (2), and 
has been linked to Guillain-Barré syndrome (3) and severe 
thrombocytopenia (4,5). Zika virus also has been recog-
nized as a potential threat to blood safety (6). In other arbo-

virus outbreaks, related mosquitoborne flaviviruses, such 
as West Nile virus and dengue virus, have been transmitted 
through blood transfusion; the high percentage of asymp-
tomatic infections was a contributing factor (7). Retrospec-
tive nucleic acid testing (NAT) of blood donations after a 
large Zika virus outbreak in French Polynesia during 2013–
2014 found detectable Zika virus RNA in 2.8% of blood 
donations (8), and cases of likely transfusion-transmitted 
Zika virus infection (through whole blood–derived plate-
lets) were documented in Brazil (9,10).

Puerto Rico first reported local transmission of Zika 
virus in December 2015 (11) and has since been heavily 
affected. As of October 17, 2016, a total of 25,355 cases 
of locally acquired Zika virus infections had been reported 
from Puerto Rico to the Centers for Disease Control and 
Prevention (CDC) national arboviral surveillance system 
(ArboNET) (12).

To reduce the risk for transfusion-transmitted Zika 
virus infection, in February 2016, the Food and Drug Ad-
ministration (FDA) recommended that all US areas with 
active Zika virus transmission cease blood collections un-
less donations are screened by NAT or treated with ap-
proved pathogen-reduction technology (13). Blood safety 
interventions in Puerto Rico were limited to importation of 
blood units from unaffected US areas and treatment of plas-
ma and apheresis platelets with pathogen-reduction tech-
nology until early April 2016, when FDA authorized use 
of an individual donation NAT test (ID-NAT; cobas Zika, 
Roche Molecular Systems, Inc., Pleasanton, CA, USA) un-
der an investigational new drug application (14).

Data from blood donor screening have been used dur-
ing previous arbovirus outbreaks to supplement surveil-
lance and guide the implementation of public health inter-
ventions. For example, in 2003, blood donor screening data 
were used to estimate the seasonal incidence of West Nile 
virus among the general US population (15). We describe 
the use of cobas Zika testing of blood donations from the 
2 largest blood collection organizations in Puerto Rico to 
estimate the total number of incident Zika virus infections 
in Puerto Rico during April 3–August 12, 2016.
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Methods
Since April 3, 2016, all blood donations collected in Puerto 
Rico have been screened for Zika virus by using the cobas 
Zika ID-NAT, which uses PCR amplification to detect Zika 
virus RNA in plasma specimens. A blood donor with a reac-
tive cobas Zika test result on initial donation is considered 
to be a presumptive viremic donor (PVD). In this study, we 
used data on PVDs to estimate Zika virus incidence.

For these analyses, we used data from blood dona-
tions collected by the Banco de Sangre de Servicios Mu-
tuos (BSIS; San Jose, PR) during April 3–August 12, 2016, 
and by the Banco de Sangre del Centro Médico de la Ad-
ministración de Servicios Médicos (ASEM; San Jose, PR) 
during April 4–July 31, 2016. These organizations collect 
most blood donations in Puerto Rico (16), with collections 
throughout the main island. Information collected and re-
ported to CDC included a unique donor identification num-
ber, donor sex and age, city and ZIP code of donor resi-
dence, date of donation, and cobas Zika test result. City and 
ZIP code of donor residence were used to identify a donor’s 
municipality (i.e., county) and then health region as defined 
by the Puerto Rico Department of Health: Aguadilla, Are-
cibo, Bayamón, Caguas, Fajardo, Mayagüez, Metro/San 
Juan, and Ponce (17).

Because the minimum amount of time donors are re-
quired to wait between whole blood and plasma donations 
at blood centers is 56 and 28 days, respectively, the maxi-
mum number of donations per donor during the study pe-
riod was 5. To estimate Zika virus incidence, all donations 
from any 1 donor were included in these analyses, except 
for repeat donations from donors who had a previous cobas 
Zika-reactive donation because such results could indicate 
infection and thus immunity. We also excluded donations 
from donors residing outside Puerto Rico.

To calculate the total number of incident Zika virus 
infections and the population incidence during the study 
period, we first calculated the proportions of cobas Zika-
reactive donations to estimate the point incidence of Zika 
virus infection at the time of donation. The point incidence 
of cobas Zika-reactive donations, which we report aggre-
gated to the week of collection, was then scaled to give es-
timates of Zika virus incidence during the referenced time 
frame. Estimates and 1-at-a-time 95% CIs of the number 
of incident Zika virus infections were computed weekly 
and cumulatively by week beginning April 3. The weekly 
values are estimates of the number of incident Zika virus 
infections during the given week; the weekly cumulative 
incidence values are aggregated estimates of the number 
of incident Zika virus infections from April 3 to the giv-
en week. The Zika virus incidence estimation process for 
April 3–August 12, 2016, followed the method of Busch 
et al. (15), although this approach was modified to incor-
porate the fact that donors are necessarily asymptomatic at 

time of donation. In brief, proportions of cobas Zika-reac-
tive donations were multiplied by a factor given as the ratio 
of the duration of the period of collection to the average 
viremia duration, whereas Zika virus–infected persons are 
asymptomatic. Parameters used to characterize the average 
asymptomatic viremia duration were the overall average 
viremia duration, the average incubation period (i.e., dura-
tion from infection to symptom onset), and the proportion 
of asymptomatic infections. We used statistical computer 
simulation to account for uncertainty in these parameters.

Because demographic or geographic factors might have 
affected transmission rates across Puerto Rico, we compared 
the proportions of cobas Zika-reactive donations across 
these factors using Fisher exact test. Factors statistically sig-
nificant at the 5% level were incorporated into the estima-
tion procedure by simultaneously stratifying the donation 
and population data by these factors, using the procedure 
outlined earlier (online Technical Appendix, https://wwwnc.
cdc.gov/EID/article/23/5/16-1873-Techapp1.pdf) to com-
pute separate estimates of the numbers of incident Zika virus 
infections during the period of interest for each stratum and 
summing these values for an estimate of the total number of 
incident Zika virus infections. We divided this summation 
by the total size of the population at risk to give the estimated 
incidence of Zika virus infection for this population during 
the 5-month study period (online Technical Appendix).

We used US Census estimates for 2014 for popula-
tion totals by stratum (18). For the primary analyses, the 
estimates of the parameters used were 9.9 days (95% CI 
6.8–21.6 days) for mean Zika virus viremia duration (19), 
6.2 days (95% CI 5.3–7.1 days) for the mean Zika virus 
incubation period (Krow-Lucal ER, Biggerstaff BJ, Staples 
JE, unpub. data), and 0.79 (95% CI 0.73–0.90) for propor-
tion asymptomatic (8). The key parameter was the mean 
duration of Zika virus viremia. We performed a sensitiv-
ity analysis to evaluate the influence of the specification of 
this parameter by computing estimates for the total number 
and percentage of Zika virus infections in the population 
for different values of Zika virus viremia duration, ranging 
from 7 to 21 days. Analyses were performed and graphics 
created in the R version 3.3.1 statistical software package 
(https://www.R-project.org/) by using purpose-written rou-
tines, and we used StatXact version Eleven (http://www.
cytel.com) for Fisher exact test.

This study involved analyses of data collected as part 
of public health response activities. Therefore, the Office 
of the CDC Associate Director for Science considered it 
exempt from institutional review board review.

Results
Data on 21,643 blood donors from BSIS and ASEM were 
reported to CDC for April 3–August 12, 2016. Of these 
donors, 21,468 (17,850 from BSIS and 3,618 from ASEM) 
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were included in the analysis; 175 were excluded because 
of invalid data or residence outside of Puerto Rico. Includ-
ed donors made 22,028 total blood donations during the 
study period. Of all included donors, 190 (153 BSIS and 
37 ASEM) were PVDs; 21,278 had cobas Zika-nonreactive 
screening test results; 20,912 were first-time donors; and 
14,407 (67%) were men (Table 1). Reported donor resi-
dence included all of the municipal health regions in Puerto 
Rico (Table 1). Among the 190 PVDs, 181 had reactive 
cobas Zika test results on their first donation, and 9 had 
nonreactive results at first donation but reactive results on 
repeat donation. Also among PVDs, 142 (75%) were men, 
67 (35%) were 45–59 years of age, and 129 (68%) resided 
in either Metro/San Juan (44%) or Bayamón (24%) (Table 
1). The overall rate of cobas Zika ID-NAT donor reactivity 
during the 5-month period was 89/10,000 donors.

Combining donation data from all health regions, we 
found no statistically significant difference in cobas Zika 
test reactivity by age group (p = 0.32), but the proportion 
of reactivity (number of reactive donations/number of do-
nations) significantly differed by donor sex (women, 48 
[0.67%] of 7,125; men, 142 [0.95%] of 14,903; risk ratio 
1.41, 95% CI 1.02–1.96; p = 0.036) and by health region 

(p<0.001). By health region, the association between 
reactivity and sex was significant in only 1 (Ponce, in 
which all of the 14 reactive donations were from men).

Based on the 2014 US Census Puerto Rico population 
estimate of 3,639,000 residents and using a mean viremia 
duration of 9.9 days (SD ± 3.94 days) and stratifying by 
health region and sex, we estimated the number of inci-
dent Zika virus infections for April 3–August 12, 2016, 
to be 469,321 (95% CI 401,477–559,126). This number 
represents a Zika virus cumulative incidence of 12.9% 
(95% CI 11.0%–15.4%) for Puerto Rico for the 5-month 
period (Figures 1, 2). The estimated number of Zika virus 
infections for reproduction-aged women (16–44 years) was 
69,675 (95% CI 48,226–117,578), which represents 9.7% 
(95% CI 6.7%–16.3%) of the total population of women of 
reproduction age in Puerto Rico.

Estimates of the total number and percentage of the 
population infected with Zika virus during the study period 
are given using mean viremia durations of 7–21 days (Ta-
ble 2, Figure 3) Estimates for percentage of the population 
infected with Zika virus declined with increasing viremia 
duration, ranging from 16.1% for 7 days viremia duration 
to 5.9% for 21 days. The incidence estimate would be low-
er if we had used an estimated mean viremia duration of 
>9.9 days in our calculations (Figure 3).

Discussion
In this analysis of routine blood donation screening data 
from the 2 largest blood collection centers in Puerto Rico, 
we estimated that 469,321 persons were infected with Zika 
virus during April–August 2016, assuming a mean viremia 
duration of 9.9 days. The estimated cumulative incidence 
of Zika virus infection for the study period was 12.9%.

Among the parameters used in this estimation, mean 
duration of Zika virus viremia is most influential because 
it is inversely related to the overall estimate of the number 
of persons infected with Zika virus in Puerto Rico. To our 
knowledge, the mean duration of viremia in serum is still 
unknown but has been shown to range from 4–10 weeks 
in gravid women (20) to 3–18 days in asymptomatic, non-
pregnant persons (19). We used the value of 9.9 days (95% 
CI 6.8–21.6 days) on the basis of a literature review of 25 
cases that provided doubly interval-censored data (19). The 
wide 95% CI for the mean viremia duration estimates re-
flected the current paucity of data on viremia duration. To 
evaluate the influence of this key parameter in our analyses, 
we included a sensitivity analysis by varying the assumed 
mean viremia duration and computing corresponding inci-
dence estimates of Zika virus infection.

Using the mean viremia duration of 9.9 days gave a 
substantially higher total number of incident Zika virus 
infections than the number of new laboratory-confirmed  
infections reported from Puerto Rico to ArboNET during  
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Table 1. Characteristics of blood donors screened for Zika virus 
infection with cobas Zika ID-NAT at BSIS and ASEM, Puerto 
Rico, April 3–August 12, 2016* 

Characteristic 
Total donors 

screened, no. (%) 
Presumptive viremic 

donors, no. (%) 
Total 21,468 (100) 190 (100) 
Sex   
 M 14,407 (67.1) 142 (74.7) 
 F 7,061 (32.9) 48 (25.3) 
Age at donation, y   
 16–29 4,313 (20.1) 39 (20.5) 
 30–44 7,179 (33.4) 51 (26.8) 
 45–59 7,046 (32.8) 67 (35.3) 
 60–74 2,751 (12.8) 31 (16.3) 
 >75 179 (0.8) 2 (1.1) 
Month of donation   
 April 4,339 (20.2) 14 (7.4) 
 May 4,891 (22.8) 33 (17.4) 
 June 5,602 (26.1) 67 (35.3) 
 July 4,773 (22.2) 56 (29.5) 
 August 1,863 (8.7) 20 (10.5) 
Region of residence   
 Aguadilla 751 (3.5) 9 (4.7) 
 Arecibo 1,883 (8.8) 15 (7.9) 
 Bayamón 4,797 (22.3) 45 (23.7) 
 Caguas 4,359 (20.3) 19 (10.0) 
 Fajardo 979 (4.6) 2 (1.1) 
 Mayagüez 917 (4.3) 2 (1.1) 
 Metro/San Juan 6,081 (28.3) 84 (44.2) 
 Ponce 1,701 (7.9) 14 (7.4) 
Donation type   
 First-time 20,912 (97.4) 168 (88.4) 
 Repeat 556 (2.6) 22 (11.6) 
*Data for August 1–August 12, 2016 available only for BSIS. cobas Zika, 
Roche Molecular Systems, Inc., Pleasanton, CA, USA. ASEM, Banco de 
Sangre del Centro Médico de la Administración de Servicios Médicos; 
BSIS, Banco de Sangre de Servicios Mutuos; ID-NAT, individual nucleic 
acid testing. 
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the same period (≈10,000 infections) (21). However, be-
cause of limitations in general population testing, this 
system reflects only symptomatic persons and a subset 
of asymptomatic pregnant women. One advantage of us-
ing blood donor screening as a surveillance tool is that it 
can rapidly capture real-time, cumulative incidence data 
from a large, diverse convenience sample of the general 
population; this information might otherwise be unattain-
able during a public health emergency. As observed during 
previous outbreaks of arbovirus diseases (e.g., West Nile, 
dengue, chikungunya) in the continental United States and 
territories, blood donation screening conducted during out-
breaks can identify persons who are acutely infected and 
asymptomatic, which can aid in active case surveillance 
and enable characterization of viral and immunologic dy-
namics of clinical illness (15,22,23). Detection of Zika vi-
rus–infected asymptomatic blood donors is important not 
only for preventing transfusion-transmitted infections but 
also because the infection can be sexually transmitted and 
might result in adverse birth outcomes, even among preg-
nant women who do not have signs or symptoms. As US 
blood centers implement updated FDA recommendations 

for universal Zika virus blood donation screening (24), the 
coupling of prompt communication of reactive blood donor 
screening results to public health authorities with appro-
priate prevention messages and other public health inter-
ventions will become increasingly important in helping to 
mitigate the spread of Zika virus.

The findings of this study are subject to several limi-
tations. First, the number of persons residing in Puerto 
Rico (estimated at 3.4 million in 2016 by the Puerto Rico 
Department of Health) might differ from the 2014 US 
Census population estimate of 3.6 million in our model. 
Second, the demographic composition of blood donors, 
specifically sex and age, does not match that of the general 
population. Data from this study show that men represent-
ed >67% of blood donors. Furthermore, data from persons 
<16 years of age were unavailable because of blood donor 
age restrictions, so the estimates we give for the whole 
population include an extrapolation to this age group. Al-
though the data do not indicate a substantial difference in 
Zika virus incidence by age, whether the lack of data from 
the 0–15-year age group substantially affected our popula-
tion incidence estimates is unknown. Alternatively, with 
regard to sex and infectivity, few data are available to 
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Figure 1. Individual weekly estimates of the number and 
percentage of at-risk population with incident Zika virus infections 
computed with cobas Zika (Roche Molecular Systems, Inc., 
Pleasanton, CA, USA) individual nucleic acid testing results from 
Banco de Sangre de Servicios Mutuos and Banco de Sangre del 
Centro Médico de la Administración de Servicios Médicos, Puerto 
Rico, April 3–August 12, 2016. These estimates assume a mean 
viremia duration of 9.9 days (SD ± 3.9). To retain readability of the 
point estimates, some of the confidence interval line segments 
extend beyond the vertical boundary. Data for August 1–August 
12, 2016 available only for Banco de Sangre de Servicios Mutuos. 
Error bars indicate 95% CIs.

Figure 2. Cumulative weekly estimates of the number and 
percentage of at-risk population with incident Zika virus infections 
computed with cobas Zika (Roche Molecular Systems, Inc., 
Pleasanton, CA, USA) individual nucleic acid testing results from 
Banco de Sangre de Servicios Mutuos and Banco de Sangre del 
Centro Médico de la Administración de Servicios Médicos, Puerto 
Rico, April 3–August 12, 2016. These estimates assume a mean 
viremia duration of 9.9 days (SD ± 3.9). Each weekly estimate is 
computed from all donation data collected from April 3 to the given 
week. Data for August 1–August 12, 2016 available only for Banco 
de Sangre de Servicios Mutuos. Error bars indicate 95% CIs.

 

 

 
Table 2. Sensitivity analysis for Zika virus infections, computed from BSIS and ASEM cobas Zika ID-NAT results, Puerto Rico, April 3–
August 12, 2016* 
Mean viremia duration, d Total no. infections (95% CI) Population infected, % (95% CI) 
7 684,937 (585,924–816,000) 18.82 (16.1–22.43) 
14 323,525 (276,756–385,431) 8.89 (7.61–10.59) 
21 214,563 (183,546–255,619) 5.89 (5.04–7.02) 
*Data for August 1–August 12, 2016 available only for BSIS. cobas Zika, Roche Molecular Systems, Inc., Pleasanton, CA, USA. ASEM, Banco de Sangre 
del Centro Médico de la Administración de Servicios Médicos; BSIS, Banco de Sangre de Servicios Mutuos; ID-NAT, individual nucleic acid testing. 
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support a predisposition for Zika virus infection in men; 
nevertheless, the statistically significant study finding of a 
male-to-female ratio of infectivity of 1.41 among donors 
suggests the need for further exploration of any possible 
interplay between sex and the length of viremia from Zika 
virus infection or Zika virus susceptibility. Third, blood 
donors are subjected to a medical examination and ques-
tionnaire to ascertain signs and symptoms of illness, and 
potential donors who are feeling ill are excluded from do-
nation. Consequently, blood donor screening data might 
underestimate infection incidence because of the exclu-
sion of symptomatic persons. Because our model adjusted 
for the exclusion of these persons, this limitation should 
not affect our analysis; however, this factor is an impor-
tant consideration when blood screening data are used as a 
surveillance tool. Last, the duration of Zika virus viremia 
is unknown, and assumptions made for this model were 
based on limited data. Important research priorities will 
be to determine viremia duration through longitudinal 
follow-up of infected blood donors and studies of acute 
infection in animal models, resulting in more precise cal-
culation of viral kinetics.

In summary, the findings of this study suggest that a 
much larger proportion of the population in Puerto Rico 
was infected with Zika virus during April–August 2016 
than reported through surveillance. Although Puerto Rico 
mandates reporting of Zika virus infections, the convey-
ance of arboviral surveillance data across local, state, and 
national levels is often delayed and can affect strategic 
planning and interventions. Blood donation screening 

data can augment clinical Zika virus surveillance data to 
provide real-time communication of Zika virus incidence 
estimates to enable better ascertainment of the extent of 
outbreaks and improved targeting of prevention and re-
sponse efforts.
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Zika virus (ZIKV), a mosquito-transmitted 
flavivirus, has been isolated from sentinel mon-
keys, mosquitoes, and sick persons in Africa and 
Southeast Asia. Serologic surveys indicate that 
ZIKV infections can be relatively common among 
persons in southeastern Senegal and other areas 
of Africa, but that ZIKV-associated disease may be 
underreported or misdiagnosed. In 2007, a large 
outbreak of ZIKV infection occurred on Yap Island 
in the southwestern Pacific that infected ≈70% 
of the island’s inhabitants, which highlighted this 
virus as an emerging pathogen. The purpose of 
this study was to investigate and report 3 unusual 
cases of arboviral disease that occurred in Colo-
rado in 2008

Clinical and serologic evidence indicate that 
two American scientists contracted Zika virus 
infections while working in Senegal in 2008. One 
of the scientists transmitted this arbovirus to 
his wife after his return home. Direct contact is 
implicated as the transmission route, most likely 
as a sexually transmitted infection.
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Invasive nontuberculous mycobacteria (NTM) infections 
may result from a previously unrecognized source of trans-
mission, heater–cooler devices (HCDs) used during cardi-
ac surgery. In July 2015, the Pennsylvania Department of 
Health notified the Centers for Disease Control and Preven-
tion (CDC) about a cluster of NTM infections among car-
diothoracic surgical patients at 1 hospital. We conducted a 
case–control study to identify exposures causing infection, 
examining 11 case-patients and 48 control-patients. Eight 
(73%) case-patients had a clinical specimen identified as 
Mycobacterium avium complex (MAC). HCD exposure 
was associated with increased odds of invasive NTM infec-
tion; laboratory testing identified patient isolates and HCD 
samples as closely related strains of M. chimaera, a MAC 
species. This investigation confirmed a large US outbreak 
of invasive MAC infections in a previously unaffected patient 
population and suggested transmission occurred by aerosol-
ization from HCDs. Recommendations have been issued for 
enhanced surveillance to identify potential infections associ-
ated with HCDs and measures to mitigate transmission risk.

Nontuberculous mycobacteria (NTM) typically cause 
infection in patients who are immunocompromised 

or have chronic lung disease (1–5) but have also caused 
healthcare-associated infections related to water sources 
such as showers and ice machines (6–8). Outbreaks of 
NTM infections have occurred among patients undergoing 
cardiac surgery; these typically involve surgical site infec-
tions or infections associated with contaminated products, 
such as prosthetic implants and cardioplegia solutions 

(6,7,9). Pulmonary infections are the most common disease 
manifestation of NTM, but 10% of NTM infections are ex-
trapulmonary (2). Disseminated infections are uncommon 
among immunocompetent patients (10–15) but are often 
serious and require treatment with a long, complicated regi-
men of antibiotic drugs (2).

During spring 2015, investigators in Switzerland re-
ported an outbreak of invasive infections with Mycobacte-
rium chimaera, a distinct species within the NTM category 
M. avium complex (MAC), associated with contaminated 
heater–cooler devices (HCDs) used during cardiopulmo-
nary bypass for cardiac surgery (16). HCDs regulate the 
temperature of patient blood, cardioplegia solution, and 
warming/cooling blankets through a water circuit not in-
tended to have contact with patients or their blood. Given 
this outbreak and similar outbreaks reported in other coun-
tries in Europe, European public health authorities have 
issued a warning regarding the risk for M. chimaera infec-
tions associated with HCDs (17).

In July 2015, a cluster of invasive NTM infections was 
identified among patients who underwent cardiothoracic 
surgery at Wellspan York Hospital in York, Pennsylvania, 
USA. The Pennsylvania Department of Health (PADOH) 
and the Centers for Disease Control and Prevention (CDC) 
conducted a field investigation to identify the extent of 
infections and determine associated risk factors and expo-
sures to prevent further infections.

Methods

Setting
Wellspan York Hospital is a 585-bed community teach-
ing hospital at which ≈650 cardiac surgeries are performed 
annually. Of these, ≈400 require cardiopulmonary bypass, 
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which involves use of a HCD. Three operating rooms are 
used for cardiothoracic surgery.

Initial Case Finding
We searched a database of microbiology results to identify 
all NTM-positive blood, sputum, pleural fluid, and tissue 
specimens at this hospital during the previous 5.5 years 
(January 1, 2010, to July 1, 2015). We cross-referenced pa-
tients with an NTM-positive specimen with the hospital’s 
surgical database to determine whether they underwent sur-
gical procedures during an exposure period 30 days to 3.5 
years preceding the NTM-positive specimen collection date. 
Surgical procedures occurring <30 days before an NTM-
positive specimen was collected were excluded because of 
the likelihood that they were either diagnostic or therapeutic 
procedures for a suspected NTM infection (and therefore 
not responsible for NTM transmission). Surgical procedures 
occurring >3.5 years before an NTM-positive specimen was 
collected were excluded because available published reports 
suggested that most NTM infections were diagnosed within 
3.5 years after cardiac surgery (16). To explore whether 
NTM infection rates differed by surgery category, we calcu-
lated the rate of NTM-positive patients (per 10,000 opera-
tions performed) for the 3 most common surgical categories 
(cardiothoracic, general surgery, or orthopedic) and com-
pared these rates using the Fisher exact test.

Case–Control Study
We found that NTM-positive specimens occurred at a high-
er rate among cardiothoracic surgical patients than among 
patients in other major surgical categories. Given this find-
ing and recent reports suggesting that HCDs are a potential 
risk factor for NTM infection, we conducted a case–control 
study to identify risk factors associated with invasive extra-
pulmonary NTM infections among patients who underwent 
cardiothoracic surgery at Wellspan York Hospital.

Case Definition
Inclusion criteria for case-patients were an extrapulmo-
nary NTM-positive specimen collected during 2010–2015 
and a cardiothoracic surgery during 2009–2014 occurring 
during the exposure period (30 days–3.5 years before col-
lection of the NTM-positive specimen). We excluded pa-
tients with NTM-positive specimens collected before 2010 
because acid-fast bacillus tissue cultures before 2010 were 
not included in the microbiology database; patients with a 
history of MAC infection (or a MAC-positive specimen) 
before cardiothoracic surgery, which suggests that their in-
fection could not be temporally attributed to their cardiac 
surgery; patients whose cardiothoracic surgeries occurred 
before 2009, because surgical documentation in the elec-
tronic medical record at that time was less standardized and 
reliable; and patients with only NTM-positive pulmonary 

specimens, because patients with pulmonary infections 
have been shown to differ epidemiologically from patients 
with other types of NTM infections (11,18). All patients 
with NTM-positive specimens from an extrapulmonary 
sterile body site were included.
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Figure 1. Inclusion criteria flowchart for case–control study of 
patients with NTM-positive specimens in investigation of invasive 
extrapulmonary NTM infections among patients who underwent 
cardiothoracic surgery, York, Pennsylvania, USA, 2015. CT, 
cardiothoracic; NTM, nontuberculous mycobacteria.



RESEARCH

Control Selection
We selected 48 unmatched controls at random from a list 
of all patients who underwent cardiothoracic surgery at this 
hospital during 2009–2014 and who had no history of MAC 
infection. Because controls did not have an NTM-positive 
specimen date to determine the surgical exposure period (30 
days–3.5 years before the NTM-positive specimen collec-
tion date), we assigned an index date based on the median in-
cubation period of all patients with NTM infection (397 days 
from cardiothoracic surgery to NTM-positive specimen) and 
used this date to determine a comparable exposure period.

Data Collection
We abstracted patient demographic characteristics, medical 
history or risk factors, outcomes, and NTM specimen in-
formation (for case-patients only) from patients’ electronic 
medical records. We also collected perioperative and hospi-
tal exposures for every surgery that patients underwent dur-
ing the exposure period. For the 1 control-patient who had 2 
cardiothoracic surgical procedures that required a cardiopul-
monary bypass machine to be operational in the room, we 
summed time of surgery and time connected to the bypass 
machine to reflect cumulative exposure for both operations.

Infection Control, Environmental, and  
Laboratory Assessment
We conducted interviews with healthcare personnel and 
directly observed operating room practices during cardiac 
surgery. We reviewed the facility’s perioperative protocols 
and the HCD manufacturer’s instructions for use. Before 
the field team’s arrival, all 3 HCDs used for cardiothoracic 
surgery at Wellspan York Hospital had been removed from 
service and replaced with new ones. During the field in-
vestigation, we collected water samples from the decom-
missioned HCDs, the new HCDs introduced during the in-
vestigation, the nearest scrub sink, and 2 ice machines that 
supplied nonsterile ice to the operating rooms. We collect-
ed swab samples from the internal water reservoirs of the 3 
HCDs. We disassembled 1 HCD to permit a more thorough 
inspection. Another HCD was operated in an empty car-
diothoracic operating room during a simulation in which 
we collected water samples from the HCD and air samples 
from various locations within the operating room (18 inch-
es from the HCD exhaust vent and next to the operating 
room exhaust vents located in the room corners) in 200-L 
and 500-L volumes using an impaction air sampler (SAS 
90; Bioscience International, Rockville, MD, USA) before 
starting the HCD and then intermittently over 5 hours after 
starting the HCD. 

Three case-patient isolates (2 from blood and 1 from 
bone marrow) were available for further characterization. 
Patient isolates and environmental samples were sent to 
CDC for testing, including culture isolation, acid-fast  

bacillus staining, identification by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
and 16S and rpoB sequencing, as well as molecular typing 
by pulsed-field gel electrophoresis (PFGE) and whole-ge-
nome sequencing. 

Statistical Analyses
We compared patient demographic and clinical charac-
teristics between case-patients and control-patients us-
ing the Fisher exact test for categorical variables and 
2-sample t test and Wilcoxon 2-sample test for continu-
ous variables. To assess the association between case 
status and surgical exposures, we initially conducted 
univariable logistic regression with Firth’s penalized 
maximum likelihood method that accounts for small 
sample size, issues of data separability, and bias of the 
parameter estimates, and obtained crude odds ratios 
(ORs), 95% CIs, and p values. Several surgical exposure  
variables associated with increased odds of case status  
were further tested for association with exposure to car-
diopulmonary bypass with HCD using the Fisher exact 
test. Because undergoing a surgery requiring cardiopul-
monary bypass with HCD was associated with major 
cardiothoracic surgery (p<0.0001), presence of a central 
line (p<0.0001), and implantation of an artificial valve or 
graft (p<0.0001), we did not include these variables in the 
multivariable regression analysis that examines the asso-
ciation between case status and length of HCD exposure.

To examine the association between case status and 
length of HCD exposure, we used 2 different, but related, 
exposure length variables: surgical time with HCD (time 
a patient is in the operating room while an HCD is oper-
ated) and time on cardiopulmonary bypass (time when a 
patient’s blood is routed through the bypass machine). We 
conducted multivariable logistic regression with Firth’s pe-
nalized maximum likelihood method to evaluate such rela-
tionships and examined collinearity between factors con-
sidered in the multivariable models. Because of the notable 
correlation detected between surgical time with HCD and 
time on bypass (Pearson ρ = 0.9, variance decomposition 
proportion for surgical time with HCD = 0.92, and variance 
decomposition proportion for pump time = 0.88 at a given 
condition index of 10), we analyzed these 2 exposure-
length variables in separate models. For each exposure-
length variable, we began with a full saturated model that 
also included several potential patient factors, all of which 
were removed by using a backward elimination method 
owing to nonsignificance at an α of 0.05, except for immu-
nocompromised status, which was retained because of the 
biological plausibility of this medical condition affecting 
the risk for invasive NTM infections. We used SAS statis-
tical software version 9.3 (SAS Institute, Inc., Cary, NC, 
USA) for all analyses.

798 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017



 NTM Infections and Heater–Cooler Devices

Results

Initial Case Finding
Among 144 patients with an NTM-positive specimen col-
lected during January 1, 2010, to July 1, 2015, 48 (33%) 
underwent >1 surgery during the exposure period. The rate 
of NTM-positive specimens was noticeably higher among 
cardiothoracic surgical patients (20 patients/10,000 surger-
ies) than the rates among patients in other common surgical 
categories, including general surgery (8 patients/10,000 sur-
geries; p = 0.04) and orthopedic surgery (5 patients/10,000 

surgeries; p = 0.004). Approximately 2,276 surgical proce-
dures with HCDs were performed during this period.

Of the 20 NTM-positive patients who had >1 prior 
cardiothoracic surgery, we excluded 10 patients based on 
the case definition (Figure 1), which left 10 patients with 
invasive extrapulmonary infections, all of whom demon-
strated clinical signs of infection at the time of specimen 
collection. One of the patients who was excluded because 
of a previous cardiothoracic surgery before 2009, when 
surgical documentation in the electronic medical record 
was less standardized and reliable, was later included in 
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Table 1. Demographic and clinical details of case-patients with invasive extrapulmonary NTM infections following procedures using an 
HCD, York, Pennsylvania, USA, 2015* 

Patient 
no. Age, y  

Infection 
latency, y† 

Year of 
first NTM 
specimen 
collection Infection type 

Location of 
NTM 

specimens NTM organism 
Bypass (year 
of surgery) 

Time on 
bypass, h Death‡ 

1 80–90 2.3 2010 Thoracic Pleural fluid M. kansasii Yes (2008) 2–3 Yes 
2 70–80 0.1 2010 Thoracic Pleural fluid MAC Yes (2010) 3–4 Yes 
3 40–50 1.7 2011 Extrathoracic Blood, tissue 

from port site 
M. 

mucogenicum/ 
M. fortiutum 

No NA Yes 

4 60–70 0.7 2012 Extrathoracic Bone marrow, 
spleen 

M. chimaera Yes (2012) 2–3 Yes 

5 70–80 2.0 2012 Extrathoracic Liver, bone 
marrow 

M. chimaera Yes (2010) 2–3 No 

6 70–80 0.5 2012 Extrathoracic Blood, bone 
marrow 

MAC Yes (2012) 2–3 Yes 

7 60–70 0.8 2014 Thoracic Deep sternal 
wound§  

Mycobacterium 
species 

No NA No 

8 60–70 1.9 2014 Thoracic Deep sternal 
wound§  

MAC Yes (2012) <1 No 

9 80–90 1.4 2014 Extrathoracic Psoas 
abscess¶  

MAC Yes (2013) 1–2 No 

10 60–70 0.5 2015 Extrathoracic Bone marrow M. chimaera Yes (2014) 2–3 Yes 
11 60–70 1.4 2015 Thoracic Pleural fluid MAC Yes (2013) 2–3 Yes 
*HCD, heater–cooler device; MAC, Mycobacterium avium complex; NA, not available; NTM, nontuberculous mycobacteria. 
†Length of time in years between first NTM-positive specimen and most invasive cardiothoracic surgery 
‡Death was not necessarily attributable to NTM infection. 
§Communicating with pleural space. 
¶With radiographic findings of adjacent vertebral osteomyelitis. 

 

 

 

 
Table 2. Descriptive characteristics of case-patients with invasive extrapulmonary NTM infections and control-patients among patients 
who underwent cardiothoracic surgery, York, Pennsylvania, USA, 2015* 
Characteristic Case-patients, n = 11 Control-patients, n = 48 p value† 
Demographics    

Age, y, mean (range) 69 (47–84) 64 (20–84) 0.33 
Male sex 9 (82) 27 (56) 0.17 
White race 11 (100) 45 (94) 1.00 

Predisposing medical condition    
Chronic lung disease 4 (36) 8 (17) 0.21 
COPD 1 (9) 8 (17) 1.00 
Sarcoidosis 3 (27) 0 0.005 
Diabetes 1 (9) 15 (31) 0.26 
Immunocompromised 3 (27) 10 (21) 0.69 
HIV 0 0 NA 
Transplant 0 0 NA 
Chemotherapy  2 (18) 9 (19) 1.00 
Steroid treatment 0  2 (4) 1.00 
Hematologic malignancy‡ 2 (18) 1 (2) 0.09 

*Values are no. (%) patients except as indicated. COPD, chronic obstructive pulmonary disease; NA, not applicable; NTM, nontuberculous mycobacteria. 
†Fisher exact test for categorical variables or two 2-sample t tests with pooled variance. 
‡Among cases, hematologic malignancy included chronic lymphocytic leukemia and myelodysplastic syndrome. Among controls, hematologic malignancy 
included Hodgkin’s lymphoma. 
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the analysis to increase the number of cases, given the low 
sample size. Demographic and clinical details of these 11 
case-patients are shown in Table 1. Most case-patients (8, 
73%) had specimens positive for MAC. Five (45%) case-
patients were considered to have a thoracic infection, with 
only specimens from sterile thoracic sites testing positive 
for NTM. The remaining 6 (55%) case-patients had extra-
thoracic infections with NTM-positive specimens obtained 
from sterile body sites outside the thoracic cavity, which 
likely represented disseminated infections. A large propor-
tion (63%) of patients died, although the cause of death 
was not necessarily attributable to NTM infection. Of the 
11 patients who met the case criteria, 0–3 cases occurred 
each year during 2010–2015. The median infection latency 
(length of time between patients’ most invasive cardiotho-
racic surgery and NTM-positive specimen collection date) 
was 1.2 years (range 0.1–2.3 years).

Case–Control Study
Case-patients and control-patients did not differ noticeably 
on demographics (age, gender, or race) or predisposing 
medical conditions (chronic lung disease, diabetes, or im-
munocompromised state) (Table 2). However, sarcoidosis 
was more likely to have been diagnosed in case-patients 
than in control-patients (27% versus 0%; p = 0.005).

Overall, the number of surgical exposures, and specifi-
cally cardiothoracic surgical exposures, was similar among 
case-patients and control-patients (Table 3). Case-patients 
had 1–3 cardiothoracic surgeries during the exposure pe-
riod, but none had >1 cardiothoracic surgery requiring 
cardiopulmonary bypass. Case-patients had greater odds 
of major cardiothoracic surgery compared with control-pa-
tients; all case-patients had undergone either major cardiac 
surgery or major thoracic surgery. Having major cardiac 
surgery was associated with increased odds of invasive 
NTM infection (OR 4.9, 95% CI 1.2–27.5; p = 0.04). Spe-
cifically, having aortic surgery increased the odds of be-
ing a case-patient 82-fold (95% CI 3.2–>999.9; p = 0.008). 
Whereas 45% of case-patients had aortic surgery, none of 
the control-patients had undergone this procedure, likely 
reflecting its rarity (n = 154, 1.6% of cardiothoracic sur-
geries). Nine (82%) case-patients had cardiothoracic sur-
gery requiring cardiopulmonary bypass, and most (8, 89%) 
also had a specimen positive for MAC (Table 1). Having 
a central line placed during admission (OR 5.5, 95% CI 
1.1–53.5; p = 0.07) and having an artificial valve or graft 
implanted during cardiothoracic surgery (OR 10.1, 95% CI 
2.6–48.1; p = 0.002) were both associated with higher odds 
of invasive NTM infection. Use of cardiopulmonary by-
pass, which results in exposure to an operating HCD, was 
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Table 3. Surgical exposures of case-patients with invasive extrapulmonary NTM infections and control-patients among patients who 
underwent cardiothoracic surgery, York, Pennsylvania, USA, 2015* 

Exposures 
Case-patients,  

n = 11 
Control-patients,  

n = 48 Odds ratio (95% CI) p value† 
No. surgeries per patient     

All surgeries, median (IQR) 1 (1–4) 2 (1–3)  0.90 
Cardiothoracic surgeries, median (IQR) 1 (1–3) 1 (1–2)  0.86 

Type of procedure‡ 
  

   
Major cardiothoracic procedure 11 (100) 31 (65) 12.8 (1.5–>999.9) 0.09 
Major cardiac procedure 9 (82) 21 (44) 4.9 (1.2–27.5) 0.04 

Coronary artery bypass grafting surgery 6 (55) 17 (35) 2.1 (0.6–7.9) 0.25 
Cardiac valve surgery 4 (436) 8 (67) 2.9 (0.7–11.4) 0.15 
Aortic surgery 5 (45) 0 (0) 82.1 (7.9–>999.9) 0.008 
Pericardial window 0 (0) 2 (4) 0.8 (0.01–10.9) 0.91 

Major thoracic procedure 2 (18) 11 (23) 0.9 (0.1–3.6) 0.85 
Perioperative exposures§ 

   
 

Central line¶ 10 (91) 27 (56) 5.5 (1.1–53.5) 0.07 
Chest tube 10 (91) 31 (65) 3.9 (0.8–38.2) 0.15 
Shower during hospitalization 7 (64) 20 (42) 2.3 (0.7–9.2) 0.21 
Artificial valve or graft 8 (73) 9 (19) 10.1 (2.6–48.1) 0.002 
Topical medication 10 (91) 37 (77) 2.1 (0.4–21.4) 0.43 
Topical antibiotic 10 (91) 31 (65) 3.9 (0.8–38.2) 0.15 
Topical anticoagulant 5 (45) 15 (31) 1.8 (0.5–6.7) 0.37 
Use of cardiopulmonary bypass with HCD exposure 9 (82) 20 (42) 5.3 (1.3–29.9) 0.03 

Length of HCD-related exposures#     
Surgical time with HCD, min, median (IQR) 328 (164–360) 0 (0–222)  0.003 
Time on bypass, min, median (IQR) 147 (46–175) 0 (0–74)  0.002 

*Any surgery that occurred 30 d to 3.5 y before first NTM-positive specimen for cases or index date for controls. Values are no. (%) patients except as 
indicated. NTM, nontuberculous mycobacteria. 
†Fisher exact test for categorical variables or Wilcoxon 2-sample test for continuous variables. 
‡Major cardiac surgery: coronary artery bypass grafting, valve replacement, aortic graft, pericardial window; major thoracic surgery: lung removal, 
thoracotomy, esophagectomy.  
§Exposure was considered present if any of the surgeries (>1) had the exposure. 
¶Present at any time during hospital stay. Did not include chronic indwelling lines, such as PICC lines or dialysis catheters. 
#If a patient had multiple cardiothoracic surgeries, the time for the longest operative time was included. 
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also associated with significantly higher odds of invasive 
NTM infection (OR 5.3, 95% CI 1.3–29.2; p = 0.03). The 
use of cardiopulmonary bypass with an HCD was correlated 
with undergoing major cardiothoracic surgery (p<0.0001), 
placement of a central line (p<0.0001), and implantation 
of an artificial vale or graft (p<0.0001); these factors were 
not independently associated with case status. The mean 
surgical time when an HCD was required and mean time 
on bypass machine were both significantly longer for case-
patients than for controls (surgical time, p = 0.003; time on 
bypass, p = 0.002).

No patient characteristics were significantly associated 
with increased odds of case status (Table 4). Odds of inva-
sive NTM infection increased for progressively longer sur-
gery times with HCD and longer time on bypass, although 
this reached statistical significance only for surgery time 
with HCD >5 hours and time on bypass >2 hours. Using the 
final logistic regression model in which surgery time with 
HCD was a dichotomous variable (models 1.1 and 1.2), the 
odds of NTM infection for surgical time with HCD >5 hours 
was 13.2 times and 13.6 times higher than for surgical time 
with HCD <5 hours, respectively, both without and with ad-
justment for immunocompromised status. Similarly, time on 
bypass for >2 hours (models 2.1 and 2.2) was associated with 

significantly higher odds of NTM infection both without 
(OR 16.5, 95% CI 3.8–84.0; p = 0.0004) and with (OR 16.6, 
95% CI 3.8–88.4; p = 0.0006) adjustment for immunocom-
promised status.

Infection Control and Environmental Assessment
An infection control assessment focusing on perioperative 
practices did not identify any breaches related to operating 
room ventilation, water use, storage, operating practices, 
and patient care. The hospital had 3 HCDs, all LivaNova 
(formerly Sorin Group Deutschland GmBH, Munich, Ger-
many) Stӧckert Heater-Cooler 3T Systems (referred to as 
3T HCDs); 1 was acquired in 2009 and 2 were acquired in 
2012. The manufacturer revised its instructions for use in 
February 2015 and made additional revisions in a June 2015 
field safety notice, including recommendations for more 
frequent and higher potency disinfection and for position-
ing the HCD so that its exhaust vent is directed away from 
the surgical field. Periodic updates to the manufacturer’s  
disinfection recommendations may have resulted in incon-
sistencies between the hospital’s HCD cleaning and disin-
fection practices before June 2015 and the manufacturer’s 
recommendations at that time. Before the onsite investiga-
tion, sterilized water had been used in HCDs at the hospital, 
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Table 4. Results from logistic regression models to evaluate exposure length variables in investigation of invasive extrapulmonary 
NTM infections among patients who underwent cardiothoracic surgery, York, Pennsylvania, USA, 2015* 
Regression models Odds ratio (95% CI) p value 
Univariable models†   
 Patient characteristics   
  Age, per 1-y increase 1.0 (1.0–1.1) 0.4 
  Male sex 3.0 (0.7–16.8) 0.2 
  White race 1.8 (0.2–244.3) 0.7 
  Chronic lung disease: yes 2.9 (0.7–11.4) 0.1 
  Diabetes: yes 0.3 (0.03–1.5) 0.2 
  Immunocompromised: yes 1.5 (0.3–6.0) 0.6 
Length of surgical exposure   

Surgical time with HCD, h   
0 Referent  
>0 to <4 1.8 (0.2–15.4) 0.6 
4 to <5 2.6 (0.2–23.6) 0.4 
5 15.6 (3.2–103.9) 0.002 

Time on bypass, h   
0 Referent  
>0 to <2 1.7 (0.2–12.2) 0.6 
2 19.0 (3.7–133.0) 0.001 

Final logistic model‡   
 Model 1.1, only surgical time with HCD retained in the final model: 
  Surgical time with HCD >5 h 

 
13.2 (3.2–62.9) 

 
0.0008 

 Model 1.2, includes surgical time with HCD and immunocompromised status   
Surgical time with HCD >5h 13.6 (3.3–68.8) 0.001 
Immunocompromised: yes 2.2 (0.4–12.2) 0.4 

 Model 2.1, only time on bypass retained in the final model: 
  Time on bypass >2 h 

 
16.5 (3.8–84.0) 

 
0.0004 

 Model 2.2, includes time on bypass and immunocompromised status    
Time on bypass >2h 16.6 (3.8–88.4) 0.0006 
Immunocompromised: yes 2.1 (0.3–12.0) 0.4 

*HCD, heater–cooler device; NTM, nontuberculous mycobacteria. 
†Regression models for factors considered in the multivariable model; each regression model used Firth’s penalized maximum likelihood method. 
‡Each final regression model used Firth’s penalized maximum likelihood method; other variables (sex, age, immunocompromised status, chronic lung 
disease) were removed because of nonsignificance. 
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but all 3 HCDs were replaced and appropriate changes made 
to ensure compliance with the most recent manufacturer’s 
operating instructions. When a decommissioned HCD was 
dissembled for further inspection, biofilm was visible on 
tubing and surfaces submerged in an internal water reser-
voir (Figure 2).

Laboratory Assessment
Water samples from all 3 decommissioned HCDs and swab 
specimens of the biofilm from the 1 disassembled HCD 
tested positive for M. chimaera (Table 5). Water samples 
from a scrub sink near the cardiothoracic operating rooms 
and ice machines used for nonsterile purposes in the oper-
ating room tested positive for rapid-growing NTM species 

but not M. chimaera. Culture results from water samples 
collected from the new HCD before installation were also 
negative. However, the concentrations of non-NTM bac-
teria detected in HCD water samples were higher after 
operating the device than before (150,000 vs. 116 colony-
forming units/mL).

Air samples collected 18 inches from the HCD exhaust 
vent during the operating room simulations were found to 
be positive for M. chimaera after 2, 3, and 4 hours of HCD 
operation (Table 5). All remaining air samples, including 
those collected before starting the HCD, were negative for 
all NTM.

All 3 available case-patient isolates were identified 
as M. chimaera; these and the environmental M. chimae-
ra isolates (obtained from air and HCD samples) were  
found to be highly related by PFGE (Table 5; Fig-
ure 3). Subsequent whole-genome sequencing results 
confirmed the PFGE analysis; M. chimaera sequences 
from clinical isolates, the HCDs, and air samples were  
highly related (19).

Discussion
This investigation confirmed a prolonged outbreak of inva-
sive MAC infections associated with cardiac surgery requir-
ing cardiopulmonary bypass with exposure to 3T HCDs, 
similar to reports from Europe (16). The infection rate was 
low (8 cases/2,276 surgeries with HCDs) among those who 
were exposed, making recognition of this outbreak difficult. 
We describe a case–control study in which 8 case-patients 
likely had HCD-related M. chimaera and MAC infections. 
Laboratory testing suggested a common source of M. chi-
maera transmission from the HCDs through aerosolization, 
which is consistent with studies demonstrating NTM’s high 
propensity for aerosolization (20).

Our investigation had several limitations. Presentation 
with nonspecific symptoms and the low clinical suspicion 
by providers make diagnosis of invasive NTM infections 
difficult in this patient population. Challenges in diagno-
sis and clinical follow-up may have resulted in decreased 
sensitivity of case detection and misclassification bias.  
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Figure 2. Biofilm visualized on surfaces submerged in an internal 
water reservoir of a heater–cooler device during investigation of 
invasive extrapulmonary nontuberculous mycobacteria infections 
among patients who underwent cardiothoracic surgery, York, 
Pennsylvania, USA, 2015.

 

 

 
Table 5. Microbiologic test results for case-patient isolates and environmental samples in investigation of invasive extrapulmonary 
NTM infections among patients who underwent cardiothoracic surgery, York, Pennsylvania, USA, 2015* 
Description Sample type Species identified 
Patient isolates 

  

Case-patient 3 Blood M. chimaera 
Case-patient 4 Blood M. chimaera 
Case-patient 9 Blood M. chimaera 

Environmental samples  
  

HCD 1 Water M. chimaera 
HCD 2 Water/swab specimen M. chimaera 
HCD 3 Water M. chimaera 
Ice machine Ice M. mucogenicum/M. phocaicum; M. gastri 
Scrub sink Water M. avium 
Air sampling of HCD exhaust Air M. chimaera 

*HCD, heater–cooler device; NTM, nontuberculous mycobacteria. 
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Misclassification of cases as controls is possible; patients 
may have received follow-up care at a different healthcare 
facility from the facility where surgery was performed. 
Because of the retrospective nature of this study and the 
prolonged period of the outbreak, it was not practical to 
obtain all potential health records from any healthcare fa-
cility at which patients may have been treated. Many clini-
cal isolates from case-patients were unavailable, prevent-
ing further species identification of MAC specimens as M. 
chimaera. We used a maximum exposure window of ≈3.5 
years for our analysis based on published reports available 
during the time of the investigation (16), but subsequent 
reports have suggested that the time between exposure and 
diagnosis can be as long as 6 years (21). However, pre-
liminary review did not identify any additional patients 
with exposures >3.5 years before specimen collection 
who would have qualified for inclusion in this analysis. 
Our statistical analysis was limited by the small sample 
size and high correlation between various surgical expo-
sures. Laboratory isolation of certain NTMs is hindered by 
NTM’s slow growth. Additionally, many clinical labora-
tories are unable to perform species-level identification of 
MAC to M. chimaera and would not be able to identify a 
cluster of infections caused by this organism.

Based on this investigation, CDC and the PADOH 
made several recommendations to the hospital to enhance 
detection and surveillance of HCD-related NTM infections 
and to mitigate risk during future cardiac surgeries. These 
recommendations included increasing awareness among 
patients and providers to facilitate earlier diagnosis and 
treatment. Wellspan York Hospital notified 1,300 cardiac 
surgery patients and their providers of the potential expo-
sure and established an NTM clinic to evaluate and monitor 
these patients. Subsequently, an additional 4 patients with 

likely HCD-associated infections were identified. CDC 
and the PADOH also issued recommendations to mitigate 
the risk for HCD-related NTM infections prospectively by 
ensuring compliance with the manufacturer’s cleaning and 
disinfection instructions, positioning the HCD to minimize 
aerosolized particles from reaching patients, and using fil-
ter-sterilized water to decrease HCD contamination.

PADOH has been proactive in raising awareness of 
MAC infections related to the 3T HCDs, publicly reporting 
and investigating these initial cases and raising awareness 
of the issue among healthcare facilities and clinicians in 
Pennsylvania by issuing a statewide health advisory (22). 
Since October 2015, the Food and Drug Administration 
(FDA) and CDC have issued multiple nationwide commu-
nications to raise awareness, improve identification of con-
taminated HCDs and HCD-related infections, encourage 
notification of potentially exposed patients, and mitigate 
risk (23–29), including broad outreach to professional so-
cieties of providers caring for this patient population. CDC 
and FDA have continued to receive reports of NTM-con-
taminated devices and related infections with M. chimaera, 
and an FDA advisory panel was convened (30). Recent  
evidence suggests that contamination likely occurred dur-
ing the manufacturing of the 3T HCDs; nearly identical 
strains of M. chimaera have been detected among samples 
from infected patients, HCDs from 3 different countries, 
and the 3T manufacturing plant (31). Whole-genome se-
quencing analysis of clinical and 3T HCD M. chimaera iso-
lates from geographically distinct areas of the United States 
have demonstrated closely related strains, also suggesting 
point-source contamination of the 3T HCDs (19).

Additional areas for research include the effective-
ness of disinfection practices given NTM’s propensity to 
form biofilm, as well as device design issues to decrease 
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Figure 3. Molecular strain 
typing by pulsed-field gel 
electrophoresis of case-patients 
and environmental isolates 
of Mycobacterium chimaera 
in investigation of invasive 
extrapulmonary nontuberculous 
mycobacteria infections among 
patients who underwent 
cardiothoracic surgery, York, 
Pennsylvania, USA, 2015. HCD, 
heater–cooler device.
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NTM growth and aerosolization (30). Hospitals and public 
health services should continue to raise provider and patient  
awareness about the risks of the 3T HCD (25). Short-term solu-
tions to minimize risk, such as passing device exhaust through 
a HEPA filter or moving the device outside the operating 
room, may affect the design and functionality of the HCD and 
require careful examination (28). In addition, because clus-
ters of extrapulmonary NTM infections may be a frequently 
underrecognized sentinel of medical device or environmental  
contamination that decreases the safety of surgical proce-
dures, reporting of such infections to public health is a key 
patient safety measure.

In conclusion, our investigation confirmed an outbreak 
of MAC infections in which undergoing cardiac surgery re-
quiring cardiopulmonary bypass with an HCD was associ-
ated with increased odds of infection, even in immunocom-
petent patients. Environmental sampling results suggest 
that airborne transmission occurred through aerosolization 
and dispersal of MAC while an HCD was operational. 
These findings highlight the need for increasing awareness 
of invasive NTM infection risk among cardiac surgery pa-
tients exposed to 3T HCDs; identifying best practices for 
notifying, evaluating, and managing potentially infected 
patients; and identifying options for mitigating infection 
risk from these devices.
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During the First World War, anthrax cases in the United 
States and England increased greatly and seemed to be 
associated with use of new shaving brushes. Further in-
vestigation revealed that the source material and origin 
of shaving brushes had changed during the war. Cheap 
brushes of imported horsehair were being made to look like 
the preferred badger-hair brushes. Unfortunately, some of 
these brushes were not effectively disinfected and brought 
with them a nasty stowaway: Bacillus anthracis. A review of 
outbreak summaries, surveillance data, and case reports in-
dicated that these cases originated from the use of ineffec-
tively disinfected animal-hair shaving brushes. This histori-
cal information is relevant to current public health practice 
because renewed interest in vintage and animal-hair shav-
ing brushes has been seen in popular culture. This infor-
mation should help healthcare providers and public health 
officials answer questions on this topic.

“Hopefully someone gave you a badger hair brush 
during the holidays…” begins a modern-era adver-

tisement for a purveyor of high-end shaving supplies. Since 
the turn of the 21st century, there has been a resurgence 
of interest in luxury-brand, animal-hair shaving brushes, 
evocative of an idyllic premodern esthetic. In the spring 
of 2017, a Google search for “badger shaving brush shop-
ping” produced  ≈1.8 million hits; the same search limiting 
results through 2000 produced only ≈100 hits. But this lux-
ury comes with a footnote, regarding an era when the sale 
of improperly prepared animal-hair shaving brushes caused 
dozens of sometimes fatal cases of cutaneous anthrax.

In 1915, British military officials began investigating 
cutaneous anthrax appearing on the heads and necks of sol-
diers newly recruited to serve in the Great War (1). Although 
the outbreak was initially attributed to the “diabolical tactics 
of the enemy,” officials soon realized that the source of the 
problem lay closer to home: low-cost shaving brushes that 
were being supplied to the troops (2). We describe this out-
break on the basis of 3 sources of published data—outbreak 
summaries, surveillance data from the United States, and 
descriptions of individual cases—and discuss current risk.

Our first data source was early outbreak summaries 
from Europe and the United States. During 1915–1924, 
numerous shaving brush–associated cases were reported 
from the United States and England; 149 cases occurred 
in members of the US military; 28, in the British military; 
17, in American civilians; and 50, in British civilians (3,4).

Our second data source was anthrax surveillance from 
the United States (Figure). Nationwide surveillance data for 
1919–1924 (although noted at the time to be incomplete) 
suggest that contaminated shaving brushes accounted for at 
least 10% of all anthrax cases (5,6). The situation was worse 
in New York City (NY, USA), where during this period up 
to half of anthrax cases were linked to shaving brushes (10).

Our third data source was our recent review of systemic 
anthrax cases that were published in the English-language 
literature during 1880–2013 (Figure) (7). A total of 43 cases 
with anthrax definitely or possibly associated with shaving 
brushes were individually described in case reports, case se-
ries, or line lists during 1917–1989. Of these 43 cases, 20 
(47%) were “possibly associated” on the basis of circum-
stantial evidence of usage of a recently purchased shaving 
brush and the absence of alternative exposure sources; the 
remainder were “definitely associated.” Of the individually 
described cases, 37% died; 85% of the survivors and 56% 
of those who died had been given antiserum. Most (84%) 
of the case-patients were from the United States. Although 
most shaving-associated anthrax cases occurred during 
1917–1923, another 2 cases occurred well outside the out-
break period. The first was a cutaneous case in a patient from 
Trinidad in 1935, confirmed by both culture and guinea pig 
inoculation from a new goat-hair shaving brush (8). The sec-
ond was a meningitis case in a patient from India in 1989, 
thought to be linked to a ritual shaving of the head the day 
before symptom onset (9). The age of the shaving brush was 
described for 25 of the 43 cases; 76% of the brushes were 
new and another 16% were <2 months old.

We are now able to explain the etiology and denoue-
ment of this mini epidemic. The First World War seems 
to have changed the demand for and the type, source, and 
treatment of hair used in shaving brushes (Figure). The 
use of chlorine gas in 1915 and mustard gas in 1917 led 
to the provision of 2 million “khaki kits” with safety ra-
zors to American troops in 1918 because it was believed 
that gas masks would be more effective on clean-shaven 
soldiers. Before the war, shaving brushes were generally 
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Anthrax and Shaving Brushes

made from hair from badgers, horses, or boars, but bad-
ger-hair brushes were the most popular because of their 
ability to hold water. However, with the wartime disrup-
tion of commerce, badger hair from Russia—then its main 
exporter—became difficult to acquire. In response, imita-
tion “badger” brushes made from horsehair from Russia, 
China, or Japan appeared in the United States. Before the 
war, bundles of hair used to make shaving brushes were 
cleaned and disinfected in France or Germany while en 
route to the United States. During the war, however, the 
bundles were shipped directly to the United States (11).

Anthrax risk during 1914–1917 seems to have varied 
by brush color and country of origin. Cases were more likely 
to be associated with light- than with dark-colored brushes, 
and brushes from horsehair from Japan were considered to 
be particularly risky. Public health officials investigating 
these outbreaks at the time speculated that at least some of 
these manufacturers used the hair as received, assuming it 
was already disinfected (2). They also speculated that high-
temperature disinfection may have been avoided for brushes 
made from light-colored hair out of concern that this treat-
ment might diminish their resemblance to badger hair. Thus, 
light-colored brushes may not have been as effectively disin-
fected as their dark-colored or darkly dyed counterparts (12).

At least in New York City, a “smoking brush” was easy 
to find. In 1921, Bellevue researchers described testing shav-
ing brushes recently purchased from New York City street 
vendors; they were able to confirm B. anthracis by guinea 
pig inoculation for 8% and to culture “anthracoid” bacilli 
from another 78%. Given the high proportion of brushes that 
seemed to be contaminated, these reviewers concluded that 
the only reason there weren’t more cases was “man’s rela-
tively high degree of immunity to anthrax” (3).

After health officials determined that inadequate dis-
infection of shaving brushes was the reason for the out-
break, they enacted a series of control measures. These 
included a 1918 Surgeon General report publicizing a 
method for disinfecting brush hair, followed by a slew 
of edicts in 1920 by the New York City Board of Health, 
which described a method for disinfection, required all 
brushes for grooming (shaving, tooth, hair, nail, or oth-
er brush for human use) to be disinfected by use of this 
method, mandated labeling with both the manufacturer’s 
name and the word “sterilized,” and restricted sales to 
“sterilized” brushes (5,13).

Today, anthrax is rarely seen in the United States 
or the United Kingdom or mentioned outside the realm 
of bioterrorism preparedness and response. However, 
anthrax remains a reportable medical condition, and a 
search of the ProMED outbreak monitoring Web service 
suggests the international scope of the problem; in 2015, 
at least 400 human anthrax cases were reported world-
wide. In the outbreak we describe, most cases occurred 
in American military or civilians during 1919–1923 and 
were associated with new imitation “badger-hair” brush-
es of equine origin. The equine connection is not surpris-
ing; research has shown that herbivores, such as horses, 
are more susceptible to anthrax than omnivores, such as 
badgers and pigs (14), and contemporaneous information 
on anthrax in US livestock mentioned that horses were 
more frequently affected than pigs (15). It is possible that 
hair destined for shaving brushes originating from the 
new sources across the Pacific was harvested from horses 
that had died of anthrax and then bypassed the clean-
ing and disinfection steps that had been in place before  
the war. 
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Figure. Timeline of use of shaving 
brushes and anthrax, 1915—1989. 
Case totals for the United States 
were reported in 1924 and 1930 
and included 2 cases for 1927 
through mid-1929, but the exact 
year of occurrence was unspecified 
(5,6). Data for English-language 
case descriptions were obtained 
from a systematic review of 
systemic anthrax cases published 
during 1880–2013 (7). Individual 
cases were reported from the 
United States, with the following 
exceptions: 1917, 1 definite case 
from England; 1918, 2 definite 
cases from Canada; 1920, 1 
definite case from England; 1924, 
1 possible case from South Africa; 
1935, 1 definite case from Trinidad 
(8); and 1989, 1 possible case from 
India (9). NYC, New York City.



HISTORICAL REVIEW

Although the risk of acquiring anthrax from a shaving 
brush has been low since the mid-1920s, this article serves 
to remind those interested in a return to natural grooming 
that use of untreated hair from horses, pigs, badgers, or 
other animals poses a potential, and perhaps hypothetical, 
risk of inoculating anthrax spores into the abrasions and 
minor lacerations caused by shaving razors. Therefore, we 
emphasize the following points:

•  Because of modern decontamination and import regu-
lations (16,17), new animal-hair brushes are unlikely 
to be a source of anthrax.

•  Risk from brushes manufactured in the United States 
after 1930 and well-used (even vintage) brushes would 
seem to be extremely low.

•  We do not recommend trying to disinfect vintage 
brushes at home because the risks associated with var-
ious combinations of steam, pressure, and formalde-
hyde are likely to outweigh possible benefits.

This brief communication describes the history of an-
thrax and animal-hair shaving brushes. It should provide 
useful information for healthcare providers and public 
health officials answering questions on this topic.
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From October 4 to November 2, 2001, the first 10 confirmed cases of 
inhalational anthrax caused by intentional release of Bacillus anthracis  
were identified in the United States. Epidemiologic investigation 
indicated that the outbreak, in the District of Columbia, Florida,  
New Jersey, and New York, resulted from intentional delivery of  
B. anthracis spores through mailed letters or packages. In this  
podcast, Dr. John Jernigan and Dr. D. Peter Drotman recall the 2001 

anthrax attacks and rapid publication of the landmark paper reporting  
the initial cases of inhalational anthrax. 

EID Podcast: Anthrax Remembered

Visit our website to listen: 
https://www2c.cdc.gov/podcasts/player.asp?f=8638032
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Escalating resistance to azithromycin and moxifloxacin is 
being reported for Mycoplasma genitalium in the Asia-Pacif-
ic region. Analyzing 140 infections, we found pretreatment 
fluoroquinolone-resistance mutations in parC (13.6%) and 
gyrA (5%). ParC S83 changes were associated with moxi-
floxacin failure. Macrolide/fluoroquinolone-resistance muta-
tions were in 8.6% of specimens, for which recommended 
therapies would be ineffective.

Mycoplasma genitalium infection is a major cause of 
urethritis in men and is associated with cervicitis, 

pelvic inflammatory disease, preterm birth, and spontane-
ous abortion in women (1). In the United States, Australia, 
and Europe, the recommended first-line treatment for M. 
genitalium infection is the macrolide azithromycin. How-
ever, a recent meta-analysis documented a rapid decline 
in its efficacy, from 85% before 2009 to 67% after 2009; 
the highest levels of resistance were in the Asia-Pacific re-
gion (2). The second-line therapy recommended by the US 
Centers for Disease Control and Prevention (https://www.
cdc.gov/std/tg2015/default.htm) is the fluoroquinolone 
moxifloxacin. Quinolones target the DNA gyrase (com-
prising GyrA and GyrB) and topoisomerase IV (ParC and 
ParE). Quinolone binding involves serine at position 83 
(Escherichia coli GyrA numbering) and the acidic amino 
acid 4 positions away (D87 or E87) (online Technical Ap-
pendix, https://wwwnc.cdc.gov/EID/article/23/5/16-1745-
Techapp1.pdf) (3). Mutations affecting these residues or 
surrounding sequence (the quinolone resistance-determin-
ing region, QRDR) may confer resistance (4).

Moxifloxacin treatment failure is being increasingly 
reported, particularly in the Asia-Pacific region (5,6), along 
with increasing detection rates of resistance mutations (7). 
Although several studies have reported the prevalence of 
QRDR mutations in M. genitalium, most mutations have 
not been linked with treatment outcomes. Our aims with 
this study were to report the prevalence of mutations in the 
parC and gyrA genes in patients with M. genitalium infec-
tion, to correlate specific mutations with moxifloxacin out-
comes, and to determine the prevalence of dual (macrolide/
fluoroquinolone) resistance.

The Study
From July 1, 2012, through June 30, 2013, samples were 
collected from consecutive M. genitalium–infected partic-
ipants at the Melbourne Sexual Health Centre in Australia 
(5). Detection of M. genitalium, load quantitation, and se-
quence analyses were performed as described previously 
(5,8). Overall, 155 patients (112 men, 43 women) with 
PCR-confirmed M. genitalium infection were recruited, 
representing 90% of patients with infections diagnosed at 
the Centre over the study period. We obtained adequate 
samples from 140 of the 155 patients to generate base-
line parC and gyrA gene sequences; these 140 formed the 
study group.

Patients were initially given a single dose of 1 g 
azithromycin. The 54 for whom this treatment failed (posi-
tive by PCR test-of-cure at day 28 or persistent symptoms 
before day 28, with no identified reinfection risk) were 
given moxifloxacin (400 mg/d for 10 d). The 6 for whom 
moxifloxacin treatment failed were given pristinamycin (1 
g 4×/d for 10 d). This study was approved by The Alfred 
Hospital Ethics Committee (no. 150/12), and informed 
consent was obtained from patients.

In pretreatment specimens, various single-nucleo-
tide polymorphisms (SNPs) were observed in the parC 
and gyrA QRDR (Table 1; online Technical Appendix). 
Of the 19 (13.6%) of 140 samples with ParC substitu-
tions, 16 had S83 mutations (14 S83I, 2 S83R) and 3 had  
D87N substitutions.

We found a significant association between detection 
of ParC S83 mutations and treatment failure. M. genitalium 
from all 6 patients for whom moxifloxacin failed but from 
only 3 of the 48 patients for whom moxifloxacin was effec-
tive had the ParC S83 mutation (p<0.0001 by Fisher exact 
test) (Table 2, patients 1–9). The 3 infections successfully 
treated despite a change at ParC S83 are of interest. For 
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these patients, low bacterial load may have contributed to 
therapeutic success (9), led to spontaneous clearance, or 
resulted in false-negative follow-up PCR (Table 2). How-
ever, in contrast, treatment failed for 1 patient with a low 
anal load of M. genitalium and S83 change. Similar to the 
findings for this study, in the parent cohort of 155 patients, 
organism load influenced apparent azithromycin cure; 7% 
of infections carrying markers of azithromycin resistance 
were cured by azithromycin, and organism load was sig-
nificantly lower than that among those with resistant infec-
tions for whom azithromycin treatment failed (5).

The prevalence of S83 changes in this study is high-
er than that detected in a study at Sydney Sexual Health 
Centre (Sydney, New South Wales, Australia) (8.4%, n = 
143) (10). Studies in Japan reported prevalence ranging 
from 3.6% (n = 28) to 29.4% (n = 51) and 36.8% (n = 19) 
(7,8,11), although 1 study involved a cohort at higher risk 
(female sex workers). A low prevalence of S83 mutation 
has been observed in Europe (1.5% in France, 5% in Eng-
land and Germany) (12–14). This mutation has been asso-
ciated with moxifloxacin failure in 3/3 cases in the Sydney-
based study (6).
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Table 1. Pretreatment gyrA and parC SNPs detected according to moxifloxacin treatment from 140 samples collected from patients 
with Mycoplasma genitalium infection, Melbourne, Australia, July 2012 through June 2013* 

Gene, SNP† 
Amino acid 

change 
Moxifloxacin failure, 

no. (%), n = 6‡ 
Moxifloxacin success, 

no. (%), n = 48 
Not treated with moxifloxacin, 

no. (%), n = 86 
Total prevalence, 
no. (%), n = 140 

gyrA      
 A229G§ K77E – – 1 (1.2) 1 (0.71) 
 G240A§ Silent (R80) – – 1 (1.2) 1 (0.71) 
 G285A M95I 2 (33)¶ 2 (4.2)¶ – 4 (2.9) 
 G295A§ D99N 1 (17)¶ – – 1 (0.71) 
 G295T§ D99Y 1 (17)¶ – – 1 (0.71) 
 A296G§ D99G 1 (17) – – 1 (0.71) 
parC      
 C184T§ P62S – – 13 (15) 13 (9.3) 
 C234T Silent (H78) – 6 (12.5) 10 (12) 17 (12) 
 A247C S83R 2 (33) – – 2 (1.4) 
 G248T S83I 4 (67) 3 (6.3) 7 (8.1) 14 (10) 
 G259A D87N – 1 (2.1) 2 (2.3) 3 (2.1) 
 T269A§ I90N – – 1 (1.2) 1 (0.71) 
 C324T§ Silent (N108) – – 1 (1.2) 1 (0.71) 
No change – – 38 (79) 60 (70) 98 (68.5) 
*SNP, single-nucleotide polymorphism; –, mutation absent. 
†The M. genitalium G37 genome sequence (NC_000908) was the reference sequence. 
‡All corresponding postmoxifloxacin treatment-failure samples contained the same SNP profiles. Multiple SNPs were detected in some samples. 
§Sequence variations not previously described in M. genitalium. 
¶A mutation was combined with an S83 change. 

 

 

 

 
Table 2. Samples containing changes in key amino acids of ParC and GyrA from 140 patients with Mycoplasma genitalium infection, 
Melbourne, Australia, July 2012 through June 2013* 

Patient 
no./sex Sample 

Log10 load, 
GEQ† 

Treatment 
(moxifloxacin) outcome 

SNPs in parC 

 

SNPs in gyrA 
A247C 
S83R 

G248T 
S83I 

G259A 
D87N 

G285A 
M95I 

G295A 
D99N 

G295T 
D99Y 

A296G 
D99G 

1/F Cervical swab 4.73 Failure – + –  + – – – 
2/M Urine 2.94 Failure – + –  + – – – 
3/F Anal swab 2.15 Failure – + –  – + – – 
4/M Urine 3.80 Failure – + –  – – – + 
5/M Urethral swab 5.10 Failure + – –  – – + – 
6/M Urine 4.66 Failure + – –  – – – – 
7/F Cervical swab 1.82 Success  + –  + – – – 
8/M Urine 2.47 Success – + –  + – – – 
9/M Urine 1.82 Success – + –  – – – – 
10/M Urine 4.07 Success – – +  – – – – 
11/F Urine 2.47 NT – + –  – – – – 
12/M Urine 3.46 NT – + –  – – – – 
13/M Urine 4.51 NT – + –  – – – – 
14/M Urine 3.51 NT – + –  – – – – 
15/M Urine 2.25 NT – + –  – – – – 
16/M Urine 1.11 NT – + –  – – – – 
17/F Urine 1.94 NT – + –  – – – – 
18/M Urine 2.50 NT – – +  – – – – 
19/F Cervical/swab 3.08 NT – – +  – – – – 
*Dataset includes all failed treatments for moxifloxacin. GEQ, genome equivalent; NT, not treated with moxifloxacin because azithromycin treatment was 
successful; SNP, single-nucleotide polymorphism; +, sequencing of sample successful and SNP present; –, SNP absent. 
†The log10 loads of M. genitalium were calculated per swab or 1 mL of urine. For all 155 patients in the parent cohort, loads varied from 0.84 to 6.17 
(median 3.36).  
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SNPs that changed the ParC acidic residue (D87) 
were rare (2.1%) and because of low numbers could not be 
associated with treatment outcomes. Other studies found 
higher frequency of this change (3.5%–7.1%) (7,8,10,15); 
authors of 1 study reported an association with levofloxa-
cin failure (15).

M. genitalium GyrA lacks the S83 residue common to 
GyrA of other bacteria, having instead a methionine at the 
equivalent position (M95). This enzyme is therefore proba-
bly partially resistant to quinolones. GyrA changes (at M95 
or D99) occurred at a frequency of 5.0% (7/140) but could 
not be correlated with treatment outcome because they oc-
curred concurrently with S83 changes in ParC. Previously, 
a GyrA M95I change was associated with M. genitalium 
treatment failure in 1 patient (6).

Patients who received moxifloxacin were followed up 
with a PCR test-of-cure at 14 and 28 days. For the 6 for 
whom treatment failed, the mutation profiles in follow-up 
specimens were unchanged from the initial premoxifloxa-
cin sequence, suggesting lack of resistance selection in 
vivo after moxifloxacin.

A total of 60 (42.9%) of the 140 pretreatment samples 
had macrolide-resistance mutations (5). Both macrolide 
and parC fluoroquinolone mutations at S83 or D87 were 
present in 12 (8.6%) of the 140 samples. Prevalence of 
fluoroquinolone resistance markers was higher in samples 
with (20%, 12/60) than without (8.8%, 7/80) macrolide-
resistance mutations, although this difference did not 
reach statistical significance (p = 0.08). This finding sug-
gests that successive treatment failures with first-line, then 
second-line, antimicrobial drugs are generating strains re-
sistant to 2 classes of drugs. Previous studies found lower 
levels of combined macrolide and fluoroquinolone muta-
tions in men attending a urology clinic (3/51, 5.9%) (7) 
and higher levels in a high-risk population (female sex 
workers; 4/16, 25%) (11).

This study has limitations. The resistance profiles for 
the infecting strains of M. genitalium were not tested in in 
vitro culture. There may be other unknown changes in the 
genome that confer resistance to the drugs of interest. In 
addition, the resistance levels reported are probably under-
estimates because samples were collected in 2012–2013 
and levels have probably risen since then (7).

Conclusions
We found high frequency of ParC S83 changes associated 
with fluoroquinolone resistance in a sexually transmitted 
infection clinic in urban Australia; these changes were as-
sociated with moxifloxacin failure. The high level of dual 
markers for macrolide/fluoroquinolone resistance sug-
gests successive treatment failure after sequential mono-
therapy leading to the serious outcome that ≈10% of M. 
genitalium infections are not treatable with recommended 

or readily available antimicrobial drugs. In the absence of 
alternatives, treatment with pristinamycin cured all 6 pa-
tients with dual-class resistance infections (G.L. Murray 
et al., unpub data).

This study highlights the urgent need for antimicrobial 
drug resistance surveillance and the value of diagnostic as-
says that report the presence of resistance markers to opti-
mize treatment. Our results suggest that it is time to recon-
sider the indications for azithromycin and invest in trials of 
different available as well as novel classes of antimicrobial 
drugs for M. genitalium treatment. They also raise serious 
concerns about sequential use of monotherapy and the need 
to evaluate combination therapies as we enter a new era of 
untreatable sexually transmitted infections.
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The	 first	 quinolone	 (quinol[ine] + -one [compound 
related to ketone]), nalidixic acid, was isolated as a 

byproduct	of	chloroquine	(see	“quinine,”	https://wwwnc.
cdc.gov/EID/article/21/7/ET-2107_article) synthesis and 
was introduced in 1962 to treat urinary tract infections. In 
1980, researchers at the Kyorin Pharmaceutical Company 
showed	that	the	addition	of	a	fluorine	atom	to	the	quino-
lone ring resulted in an antibiotic with broader antimicro-
bial	activity,	which	was	named	norfloxacin,	the	first	fluo-
roquinolone. In 1983, Bayer published data that showed 
adding	a	single	carbon	atom	to	norfloxacin—what	would	
become	ciprofloxacin—further	increased	activity.	Fluoro-
quinolones are today among the most frequently used anti-
microbial drugs to treat infections in humans and animals.
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During August 2009–July 2010, we conducted 7 longitudinal 
telephone surveys among 503 adults in Hong Kong, China, 
to explore changes in their behavioral and psychological 
responses to the influenza A(H1N1)pdm09 virus epidemic. 
Trends were examined using generalized estimating equa-
tions models. Findings showed that responses varied with 
the course of the pandemic.

On June 11, 2009, the World Health Organization de-
clared the influenza A(H1N1)pdm09 (pH1N1) virus 

outbreak a pandemic (1). Previous studies have investigat-
ed community responses to the pandemic in different coun-
tries during early stages of the epidemic (2–5). The studies 
investigated persons’ risk perceptions and knowledge relat-
ed to the virus, perceived efficacy of preventive measures, 
and psychological and behavioral responses. However, be-
cause of intersample variations, these cross-sectional stud-
ies did not capture within-person changes. We conducted 
a longitudinal cohort study to investigate changes in re-
sponses among the general Hong Kong, China, population 
during the pH1N1 pandemic.

The Study
A cohort sample of 18- to 60-year-old adults in Hong 
Kong participated in 7 rounds of telephone surveys during 
August 2009–July 2010, which covered almost the entire 
pH1N1 pandemic period in Hong Kong. At baseline, we 
invited 677 adults to participate; 503 (74.3%) consented 
and completed the survey (online Technical Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/23/5/16-0768-
Techapp1.pdf). We measured the following variables: 
knowledge about the modes of pH1N1 virus transmission; 
risk perceptions associated with the virus (perceived sus-
ceptibility to and severity of infection); perceived efficacy 

and use of preventive measures (e.g., handwashing, using 
a facemask); psychological responses (worry about infec-
tion and emotional distress); and evaluations of the gov-
ernment’s performance in pandemic control. Sample sizes 
for surveys 2–7 ranged from 452 to 481, yielding retention 
rates of 89.8%–95.6%.

Most participants were women (57.9%), 40–60 years 
of age (55.8%), employed full time (55.9%), and married 
(65%). Sex and age distributions were comparable to those 
in the local census data (6). We aimed to determine whether 
there were overall linear trends in participants’ perceptions, 
psychological responses, and behavioral responses to the 
pandemic. We examined linear trends for these variables 
across the 7 time points by using generalized estimating 
equations (GEE) models. GEE models not only account for 
intracorrelated repeated measures data but also fit various 
data types using appropriate link functions. The analyses 
were conducted using PROC GENMOD (SAS Institute, 
Cary, NC, USA); 2-sided p<0.05 was considered significant.

Over time, >85% of the participants used a face mask 
and immediately visited a doctor when experiencing influ-
enza-like symptoms. More than 50% of the participants 
washed their hands >10 times every day throughout the 
survey period (p>0.05). As the pandemic progressed, a de-
creasing percentage of participants wore masks in public 
areas; avoided touching their mouth, nose, and eyes; took 
antiviral drugs; and avoided crowded places (p<0.001) (on-
line Technical Appendix Table 2). Percentages of partici-
pants feeling worried, depressed, or emotionally disturbed 
about pH1N1 virus decreased over time (p<0.001) (online 
Technical Appendix Table 3).

Over time, a decreasing percentage of participants rec-
ognized that touching infected persons or contaminated ob-
jects could result in virus transmission (p<0.001). Through-
out the study period, a consistently high percentage of 
participants (>92%) recognized that the virus could be trans-
mitted via respiratory droplets. Misconceptions about pos-
sible transmission through insect bites (26.1%) and water 
sources (34.5%) were prevalent. The percentage of partici-
pants reporting at least 1 misconception was stable over time 
(p>0.05). A consistently high percentage (>90%) of partici-
pants believed that using face masks in public areas, wash-
ing hands frequently, and avoiding crowded places could 
effectively prevent the spread of pH1N1 virus (p>0.05).

Population Responses during the Pandemic 
Phase of the Influenza A(H1N1)pdm09  

Epidemic, Hong Kong, China
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The percentage of participants believing that pH1N1 
virus would be more harmful than seasonal influenza in 
terms of fatality and bodily damage increased over time 
(p<0.001). The percentages of participants who believed 
the population was highly susceptible to pH1N1virus in-
fection and who perceived a high chance of having a 
large-scale local outbreak in the coming year dropped sig-
nificantly (p<0.001), but some fluctuations were observed; 
for example, the percentage peaked during survey round 2 
(around the September influenza season).

Throughout the study period, ≈12% 21% of the par-
ticipants gave a failing score (<5 on a 0- to 10-point scale) 
for the governments overall performance in controlling the 
pandemic (p>0.05). However, during survey rounds 2 7, 
an increasing percentage of participants believed in the 
governments ability to control the pandemic (p<0.001) (on-
line Technical Appendix). The percentage of participants 
who believed that Hong Kong would not have enough vac-
cine or medication to deal with the pandemic decreased 
over time (p<0.001).

Conclusions
This study investigated changes in community perceptions 
over the course of the pH1N1 pandemic in Hong Kong. 
Findings were highly comparable to those from other lo-
cal cross-sectional surveys (5,7) and a systematic review 
(8). Knowledge regarding preventive measures and adher-
ence to such measures was, in general, higher among our 
participants than among the general population in other 
countries (e.g., Australia, India, and the Netherlands) (9–
11). The prevalence of misconceptions about some incor-
rect modes of transmission (e.g., insect bites) gradually 
declined. However, ≈50% of participants still held at least 
1 of the 4 misconceptions regarding transmission (i.e., air-
borne transmission over a long distance and transmission 
through insect bites, water sources, and well-cooked pork). 
Furthermore, over time, a lower percentage of participants 
avoided touching their eyes, nose, and mouth to prevent vi-
rus transmission. A 2015 systematic review suggested that 
health authorities should provide more updated informa-
tion about the virus (8). We also recommend using health 
campaigns to increase public awareness about different 
routes of pH1N1 virus transmission.

Perceived severity of pH1N1 virus infection de-
creased over time, which may partially explain the decline 
in distress and avoidance behaviors; this pattern was also 
observed in a recent review (8). However, an increasing 
proportion of participants believed that, compared with 
seasonal influenza, pH1N1 resulted in more deaths and 
more severe body damage. Perceived susceptibility to in-
fection declined substantially as the epidemic progressed, 
suggesting that the public gradually perceived fewer 
risks from pH1N1 virus. Avoidance behaviors and use 

of facemasks in the absence of influenza-like symptoms 
became less prevalent over time, similar to a trend seen 
in Malaysia (12). Mental distress among persons in Hong 
Kong was lower during the pH1N1 pandemic than during 
the SARS (severe acute respiratory syndrome) pandemic 
(13), possibly due to the milder consequences of pH1N1 
infection. Persons in Hong Kong seemed to remain ratio-
nal during the pandemic, thereby avoiding possible pan-
demic-associated economic threats.

Public support for the government declined over time. 
During survey round 5, a total of 20.6% of the participants 
gave a failing score to the government’s performance, and 
13.5% perceived that the government would not be able 
to control the pandemic. The poll was split as to whether 
the government should use the same response for pH1N1 
influenza and seasonal influenza. Our findings suggest that 
the public should be advised of the pros and cons of pH1N1 
control policies; a watchful step-down may be better ac-
cepted if the policies are understood.

This study has limitations. First, telephone surveys 
may be subject to self-selection bias. However, partici-
pants’ demographics were comparable to those in local 
census data (6). Second, Hong Kong’s unique experience 
with the SARS outbreak may have influenced the popula-
tion’s response to the pH1N1 pandemic; thus, our find-
ings may not be fully generalizable to other countries. 
Third, we treated time as a continuous variable in the 
GEE models. Ideally, polynomials should be added to the 
linear time variable; however, given the small number of 
time points and absence of theoretical shapes, that was 
not feasible.

Our findings provide valuable information regarding 
overall linear trends and changes in community responses 
toward the pH1N1 pandemic among a Hong Kong cohort. 
These findings should help inform other countries in for-
mulating appropriate pandemic control plans for influenza 
and other emerging infectious diseases.
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The work of art shown here depicts the  
interrelationship of human, animal, and  
environmental health.

Stained-glass windows have been  
appreciated for their utility and splendor for 
more than 1,000 years, and this engaging  
work of art by stained glass artist Jenny  
Hammond reminds us that influenza A  
viruses—which can be easily spread between 
animals and human, use various host species, 
and exist in many different environments— 
remain an enduring and global health concern.
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Survey results showed treponemal infection among pet ma-
caques in Southeast Asia, a region with a high prevalence 
of human yaws. This finding, along with studies showing 
treponemal infection in nonhuman primates in Africa, should 
encourage a One Health approach to yaws eradication and 
surveillance activities, possibly including monitoring of non-
human primates in yaws-endemic regions.

Yaws, an endemic tropical disease distinguished by 
bone and skin lesions, is caused by infection with 

Treponema pallidum subsp. pertenue treponemes. Suc-
cessful yaws treatment campaigns during 1950–1965 
were followed by a resurgence of disease, and the World 
Health Organization (WHO) consequently mounted a 
yaws eradication campaign (1). Although the agent of 
yaws is spread among humans via direct contact, research 
has shown that nonhuman primates (NHPs) may serve as 
mammalian host reservoirs with the potential for zoonotic 
transmission (2). Successful eradication campaigns de-
pend on there being no reservoir shielding the agent from 
eradication efforts; thus, the role that NHPs play in yaws 
among humans must be determined (3).

African Old World primates (OWPs) can be infected 
by T. pallidum and exhibit symptoms of yaws (2). Of note, 
the Treponema Fribourg-Blanc strain (isolated from a ba-
boon in western Africa in 1966) exhibits remarkable genet-
ic similarity to strains that cause yaws in humans (4) and in 
experiments, was shown capable of infecting humans (5). 
More recently, studies focusing on treponemal infections 
among NHPs in eastern Africa and the Republic of Congo 
showed that the NHP geographic range overlaps consider-
ably with areas having a formerly high prevalence of yaws 
in humans (2).

Macaques (Macaca spp.), OWPs native to Asia and 
northern Africa, are susceptible to and have been experi-
mentally infected with T. pallidum (6). After the initial 
WHO eradication efforts, yaws was believed to be largely 
eliminated from countries of mainland Asia, although re-
porting and active case detection have not been uniform 
throughout the region (7). Several island nations in Asia, 
however, continue to report active human yaws cases (8,9).

Macaques, the most widely distributed and numerous 
NHPs in the world, are sympatric with humans throughout 
Asia, thriving in human-altered environments and com-
monly kept as pets. To further characterize the role NHPs 
might play in the maintenance of T. pallidum subspecies, 
we screened an extensive archive of serum samples col-
lected from free-ranging and captive macaques.

The Study
As part of a project characterizing the pathogen landscape 
among macaques and humans, we collected blood samples 
from NHPs during 1999–2012 and stored them at −80°C 
(10). We retrospectively screened samples from 734 ma-
caques representing 13 species distributed throughout the 
animal’s natural geographic range (Table 1). Study proto-
cols were approved by the University of Washington Insti-
tutional Animal Care and Use Committee (no. 4233–01) 
and adhered to the American Society of Primatologists 
Principles for the Ethical Treatment of NHPs (https://www.
asp.org/society/resolutions/EthicalTreatmentOfNonHu-
manPrimates.cfm). 

We used a Macro-Vue RPR Card Test Kit (BD, Frank-
lin Lakes, NJ, USA) to screen the 734 blood samples; 11 
(1.5%) were positive (Table 2). The RPR (rapid plasma 
reagin) test, a lipoidal test (nontreponemal) for IgG and 
IgM typically associated with treponemal infection, can 

Survey of Treponemal Infections in  
Free-Ranging and Captive Macaques,  

1999–2012
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Treponemal Infections in Macaques, 1999–2012

occasionally elicit nonspecific responses. To confirm RPR-
positive samples, we used ESPLINE TP (Fujirebio, Tokyo, 
Japan), an enzyme immunoassay for measuring reactivity 
to 2 recombinant T. pallidum antigens, Tp47 and Tp17. 
ESPLINE TP and RPR tests have been validated for use 
in OWPs (11). Of the 11 RPR test–positive samples, 1 was 
from Singapore; 2 from Bali, Indonesia; and 8 from Su-
lawesi, Indonesia. Six samples (all from Sulawesi) yielded 
confirmatory positive results on the ESPLINE TP assay. 
Of note, in Sulawesi, the only positive macaques were pets 
sampled from South Sulawesi and West Sulawesi Prov-
inces, which make up the island’s southwestern peninsula 
(Figure). We also used ESPLINE TP to test the 28 RPR 
test–negative samples from Sulawesi’s southwestern pen-
insula; none tested positive.

At the time of sampling, the macaques underwent a 
physical examination, including close inspection of head, 
trunk, extremities, oral cavity, and genitals. We conducted 
a retrospective review of the data and found that none of 
the macaques had lesions typical of treponemal infection 
(4). Of the 734 macaques, 13, including 2 seropositive  

macaques from Sulawesi’s southwestern peninsula, had hy-
popigmentation on the palms of their hands, feet, or both. 
Hypopigmentation is rarely seen in yaws but is a common 
manifestation of pinta, which is caused by infection with T. 
carateum, a close relative of T. p. pertenue.

Conclusions
Our findings show that pet macaques in Southeast Asia can 
be infected with Treponema spp. related to those that infect 
humans. The overall prevalence of infection was low in 
our survey, but the pocket of infection detected among pets 
in Sulawesi’s southwestern peninsula is noteworthy. The 
demonstration of reactivity in the serologic tests provides 
unequivocal evidence that the macaques had been infect-
ed with T. pallidum or a highly related pathogen. We had 
hoped to amplify a portion of tp0548, a locus in the T. palli-
dum genome used for molecular typing, but no amplifiable 
pathogen DNA was found in the whole-blood samples that 
had been held in storage for >10 years. Therefore, we could 
not determine whether the treponemal strains from NHPs 
in Sulawesi resembled strains that cause human yaws.
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Table 1. Number and species of free-ranging and captive macaques tested for treponemal infection, by location, 2000–2014* 
Country, species Year(s) sampled Total no. sampled No. captive No. free-ranging 
Nepal 2003    
 Macaca mulatta  28 0 28 
Bangladesh 2008–2012    
 M. mulatta  137 14 123 
Thailand 2003    
 M. arctoides  2 2 0 
 M. assamensis  5 5 0 
 M. fascicularis  2 2 0 
 M. mulatta  9 9 0 
 M. nemestrina  4 4 0 
Cambodia 2011    
 M. fascicularis  39 0 39 
 M. leonina  5 0 5 
 M. nemestrina  1 0 1 
 M. spp. (hybrid)  3 0 3 
Singapore 2003, 2005–2006, 2009    
 M. fascicularis  76 0 76 
Gibraltar 2004, 2009, 2013–2014    
 M. sylvanus  124 0 124 
Indonesia     
 Bali 2000–2003    
  M. fascicularis  157 0 157 
 Java 2002    
  M. fascicularis  25 25 0 
 Sulawesi 2000–2002    
  M. balantak  5 5 0 
  M. fascicularis  5 5 0 
  M. hecki  7 7 0 
  M. maura  9 9 0 
  M. nemestrina  2 2 0 
  M. nigra  22 14 8 
  M. nigrescens  11 11 0 
  M. ochreata  1 1 0 
  M. tonkeana  40 40 0 
  Macaca spp. (hybrid)  15 15 0 
Total 2003–2014 734 170 564 
*The 734 tested macaques represented 13 species. Captive category included pets, macaques used in performances, and macaques in zoos; free-
ranging included wild macaques, urban macaques, and those at temples, shrines, and reserve parks. 
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Sulawesi, the third largest island in the Indonesian 
archipelago, has a population of ≈17 million persons and 
7 endemic macaque species. The seropositive samples 
from South Sulawesi and West Sulawesi Provinces were 
collected in July and August of 2000, immediately pre-

dating an active yaws outbreak among humans in the re-
gion that caused 241 documented cases in the neighbor-
ing southeastern peninsula during 2001–2011 (WHO,  
http://apps.who.int/iris/bitstream/10665/75528/1/
WHO_HTM_NTD_IDM_2012.2_eng.pdf) (Figure). 
During that outbreak, WHO characterized the South Su-
lawesi and West Sulawesi Provinces as “data deficient” 
regions in regard to the status of yaws among the human 
population. Most macaques whose samples were used 
in this study were free-ranging, but all of the macaques 
sampled in South Sulawesi and West Sulawesi Provinc-
es had been captured at a young age for use as pets. The 
association between humans and pet macaques is often 
intimate, with the sharing of food; space; and physi-
cal contact through grooming, play, or aggression (12). 
Two of the Treponema spp.–infected pets were owned 
by the same person and housed together. Studies of pet 
macaques in Sulawesi and their owners have indicated 
that infectious agents can move between these popula-
tions (12,13). Although the treponemal serologic status 
of the pet owners in this study is unavailable, the fact 
that seropositive pet NHPs from a region neighboring an 
area with a high number of human yaws cases suggests 
that the NHP cases resulted from treponeme transmis-
sion from humans to pets.

All macaques in this study, with the exception of M. 
sylvanus from Gibraltar, were from historically yaws-
endemic areas where WHO conducted past yaws eradica-
tion campaigns. Much of Asia has a rich tradition of hu-
man–NHP commensalism, and macaques are common 
in villages, often as pets (10). Moreover, we previously 
showed that macaques can harbor an array of mammalian 
picornaviruses, astroviruses, and mycobacteria (13–15), 
underscoring the role of macaques in the ecology of these 
pathogens. However, as with our current study of trepo-
nemal infections, definitive evidence for transmission and 
the direction of transmission have not been established for 
these pathogens.

Our findings of treponemal infections among macaques 
in Southeast Asia, along with published work showing in-
fection in NHPs in Africa (4), should encourage holistic 
and One-Health approaches to eradication and surveillance 
activities, including consideration of monitoring NHPs in 
yaws-endemic regions. Such approaches are particularly 
relevant for pet NHPs, which can easily be assessed and 
treated. The human–NHP interface is ancient and complex, 
and continued research, particularly in yaws-endemic re-
gions, can help to ameliorate concerns as a second WHO 
yaws eradication campaign moves forward.
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Table 2. Treponemal infections in blood samples from free-
ranging and pet macaques, by geographic location, 1999–2012* 

Location 

No. macaques 
positive/no. negative 

(% reactive)† 

No. macaques 
tested/no. 
positive‡ 

Indonesia   
 Bali 2/155 (1.3) 2/0 
 Java 0/25 (0) NA 
 Sulawesi 8/109 (7.3) 8/6 
Nepal 0/28 (0) NA 
Singapore 1/75 (1.3) 1/0 
Bangladesh 0/137 (0) NA 
Thailand 0/22 (0) NA 
Cambodia 0/48 (0) NA 
Gibraltar 0/124 (0) NA 
Total 11/734 (1.5) 11/0 
*NA, indicates that samples in the region were not tested. 
†Determined by using the Macro-Vue RPR (rapid plasma reagin) test (BD, 
Franklin Lakes, NJ, USA). 
‡Determined by using ESPLINE TP (Fujirebio Inc., Tokyo, Japan), a 
reagent for the detection of Treponema pallidum antibodies. 

 

Figure. Individual sampling sites where macaques were tested for 
infection with Treponema spp. during 1999–2012 and the number 
of human yaws cases during 2001–2011, Sulawesi, Indonesia. 
Numbers in parentheses indicate number nonhuman primates 
sampled in each of the 6 provinces. ESPLINE TP (Fujirebio Inc., 
Tokyo, Japan) reagent for the detection of T. pallidum antibodies 
was used to determine whether macaque samples were positive 
for treponemal infection. The number of human yaws cases was 
determined by the World Health Organization (1). Inset map 
shows the location of Sulawesi in Indonesia (gray shading). NA, 
not available.
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We examined the characteristic changes of hepatitis B 
virus (HBV) in antiviral drug treatment–naive patients re-
ferred for pretreatment evaluation in Taiwan during 2008–
2012. Over time, we observed substantial decreases in 
the prevalence of HBV e antigen (HBeAg) and increasing 
prevalence of the precore G1899A mutation and HBV-DNA 
levels in HBeAg-positive patients.

Hepatitis B virus (HBV) replication is dependent on 
the activity of its reverse transcriptase, an error-

prone enzyme, which results in the accumulation of ge-
nomic mutations. In the natural course of chronic hepatitis 
B, the prevalence of some mutations (e.g., precore stop 
codon mutations, basal core promoter mutations, dele-
tions in the pre-S gene region) gradually increases with 
the progression of disease through the different clinical 
stages (1,2). This increase is largely caused by longer du-
ration of chronic HBV infection, during which HBV has 
to adapt to environmental changes for better survival. Be-
cause of the availability of antiviral drug therapies, HBV 
replication can now be completely suppressed in most pa-
tients (3,4). However, drug resistance and suboptimal or 
no responses to antiviral drugs can occur (5), and there 
is a lag of few months between the start of treatment and 
complete virologic suppression. In addition, treatment 
noncompliance and intermittent treatment almost always 
result in virologic, or even clinical, relapses. In such cas-
es, antiviral drug therapy imposes an iatrogenic selection 
pressure on HBV, and the selected viruses carrying muta-
tions can cause infections.

HBV has been infecting humans for a long time; thus, 
it is possible that genotypic or phenotypic changes have oc-
curred over time, especially since the introduction of HBV 
vaccine and antiviral drugs. We examined serologic chang-
es and genotypic alterations of HBV in treatment-naive 
patients during 2008–2012 in Taiwan, where a universal 
vaccination program was launched in 1986.

The Study
During January 2008–December 2012, we reviewed the 
clinical and virologic data for 1,224 treatment-naive patients 
with chronic hepatitis B who were referred to our clinic at 
Chang Gung Memorial Hospital, Taoyuan, Taiwan, from all 
parts of Taiwan for pretreatment evaluation. We obtained 
patients’ age and sex and assessed platelet count, cirrhosis 
status, HBV e antigen (HBeAg) and HB e antibody (anti-
HBe) status, HBV genotype, HBV DNA level, basal core 
promoter mutations, and precore stop codon mutations. We 
conducted the study using previously described methods 
(6,7). The study was approved by the Institutional Review 
Board of Chang Gung Memorial Hospital.

Univariate regression analysis indicated a significant 
increase in patient age (p = 0.001) and a significant de-
crease in the number of HBeAg-positive patients (p<0.001) 
over the 5-year year period. Three factors were signifi-
cantly associated with HBeAg status: an increased prev-
alence of anti-HBe (p = 0.004) and increased prevalence 
of precore G1896A (p = 0.003) and G1899A (p = 0.019) 
mutations. However, no significant changes occurred in the 
prevalence of 9 of 10 basal core promoter mutations (online 
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/23/5/16-1894-Techapp1.pdf). We noted a mild, but 
significant, decrease in the prevalence of G1730C muta-
tions (p = 0.034).

Multivariate analysis showed that patient age and 
changes in the prevalence of HBeAg were independent of 
each other (adjusted p = 0.025 and 0.021, respectively). 
However, multivariate analysis that included G1730C, 
HBeAg, and age showed that the changing prevalence of 
G1730C was not independent of HBeAg and age (adjusted 
p = 0.222, 0.049, and 0.027, respectively).

These data indicate that the decreasing prevalence of 
HBeAg was not due to the increasing age of treatment-
naive patients but due to an authentic phenotypic change 
of HBV over the years. It was unclear why patient age in-
creased over the 5-year period; one possibility is the grad-
ual acceptance of antiviral drug therapy by older patients, 
who may have been worried about possible side effects 
of new drugs. The cause of the decreasing prevalence of 
HBeAg over time was possibly due to the fact that a higher 
proportion of HBeAg-positive patients were treated in the 
early era of antiviral drug use and more HBeAg-negative 
patients received treatment at a later time. Alternatively, 
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because HBV infection has occurred in and expanded 
among the human population over the past decades, the se-
rologic alterations may be attributed to a changing trend in 
the mode of transmission on a population scale; for exam-
ple, in Taiwan, horizontal transmission has increased be-
cause of injection drug abuse and sexual transmission, and 
vertical transmission has decreased because of the neonatal 
vaccination program.

We subsequently separated patients into HBeAg-pos-
itive (n = 398) and HBeAg-negative (n = 826) groups. In 
the HBeAg-positive group, we saw a significant increase 
over time in the prevalence of precore G1899A mutations 
(p = 0.039) and level of HBV DNA (p = 0.013); however, 
these 2 factors were independent of each other (adjusted 
p = 0.009 and 0.003, respectively). Of note, we found no 
change in age over time in this subgroup (p = 0.281) (on-
line Technical Appendix Table 2). Furthermore, because 
these patients were all HBeAg-positive, we could not 
explain the data by a differential proportion of HBeAg-
positive patients being treated in the early and later peri-
ods of the antiviral drug era. Instead, other factors (e.g., 
changes in transmission routes, altered predominant risks 
of exposure, changes of HBV prevalence in different sub-
populations) could be responsible. Alternatively, depen-
dent on the scale of antiviral drug treatment received in 
this population, the therapeutic methods might also partly 
contribute to selection of mutation G1899A and HBV 
with higher replication efficiency.

In the HBeAg-negative treatment-naive patients (n = 
826), we found a borderline increase in patient age (p = 
0.046) and a borderline decreased prevalence of male pa-
tients (p = 0.044) over time. In addition, we noted a signifi-
cant decrease in the prevalence of mutation A1752G over 
the 5-year period (p = 0.022). Multivariate analysis showed 
that these 3 changes were not independent (adjusted p = 
0.062 for age, 0.067 for male sex, and 0.201 for mutation 
A1752G; data not shown).

Conclusions
Our findings showed a shift in the phenotypic and geno-
typic characteristics of HBV in treatment-naive patients 
in Taiwan, an area where chronic hepatitis B is endemic, 
after the widespread use of antiviral drugs. In Taiwan, 
because of a limited budget for national health insurance 
and a high prevalence of chronic hepatitis B, insurance 
coverage for hepatitis B treatment is not lifelong. Under 
the insurance plan, patients are provided with continuous 
nucleotide and nucleoside antiviral treatment for 3 years, 
after which the drugs are withdrawn to observe for dura-
bility of clinical remission. About half of patients have 
clinical relapses, and almost all have virologic relapses 
(8). Only patients with clinical relapses are retreated. Af-
ter 3 years of retreatment, the antiviral drugs are with-

drawn again to observe for durability; subsequent retreat-
ments (for 3 years) are given only to patients with clinical 
relapses. The procedure is repeated until no clinical re-
lapse has occurred. It is conceivable that the characteris-
tics of HBV in these antiviral drug–treated, hepatitis B–
relapsed patients have been selected by antiviral drugs. 
Antiviral drug–selected HBVs could potentially spread to 
treatment-naive patients and cause new infection or su-
perinfection. However, the contribution of this therapeu-
tic factor to the phenotypic and genotypic alterations of 
HBVs is unclear. Other environmental and social factors, 
such as altered transmission routes, changes of exposure 
risks, variations of HBV prevalence in subpopulations 
over time, and effects of neonatal vaccination, could lead 
to the changes in HBV characteristics.

Over the 5 years of this study, we found an increas-
ing prevalence of G1899A mutations and an increasing 
concentration of serum HBV DNA in treatment-naive, 
HBeAg-positive patients. The mean HBV DNA concen-
trations increased from 7.7 to 8.3 log10/mL and then sta-
bilized without further increases during the last 3 years 
of the study. On the other hand, prevalence of G1899A 
mutations increased from 2.5% to 17.4%. The clinical 
significance of this mutation in HBeAg-positive patients 
is unclear and requires further study. In conclusion, this 
study revealed that, in Taiwan, HBV characteristics have 
been changing in the era after introduction of antiviral 
drug treatment and HBV vaccination.
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A reassortant clade 2.3.4.4 avian influenza A(H5N6) virus 
was isolated from a fecal sample of a  Mandarin duck (Aix 
galericulata) in South Korea during October 2016. This vi-
rus was genetically similar to H5N6 subtype virus isolates 
from China, Vietnam, Laos, and Hong Kong, including hu-
man isolates.

Highly pathogenic avian influenza viruses (HPAIVs) 
have caused major economic losses in poultry indus-

tries and represent a serious threat to public health. The 
H5N1 subtype of these viruses was first detected in 1996 
from a domestic goose in Guangdong, China (Gs/GD), and 
its H5 hemagglutinin (HA) gene has subsequently evolved 
into 10 genetically distinct virus clades (0–9) and multiple 
subclades (1). Since 2008, novel reassortant HPAIVs bear-
ing the HA gene of the Gs/GD lineage H5 clade 2.3.4 and 
neuraminidase (NA) gene subtypes N1, N2, N5, N6, N8, 
and N9 have been identified in China (2).

Although clade 2.3.4 of influenza A(H5N8) virus 
caused influenza outbreaks in eastern Asia and was sub-
sequently disseminated into Europe and North America by 
wild aquatic birds in late 2014 (3,4), clade 2.3.4.4 of this 
virus has caused continuous outbreaks in China since 2013 
(5). This virus disseminated into Laos and Vietnam in 2014 
and Hong Kong in 2015 (6,7). Since the first influenza case 
in Sichuan Province, China, 15 human cases of influenza 
caused by this subtype have been reported in China during 
April 2014–May 2016 (8).

We report detection of an H5N6 subtype HPAIV in a 
fecal sample obtained from a wild bird sampled in South 
Korea during the fall 2016. We sequenced and genetically 
analyzed the complete genome of this virus isolate.

The Study
On October 28, 2016, we isolated an H5N6 subtype 
HPAIV from 1 of 391 fecal samples collected from wild 
birds in Gokgyo-cheon, South Korea (36°45′12.3″N, 
127°07′12.7″E). Gokgyo-cheon is a wild bird habitat 
for wintering of migratory waterfowl, including mallard 
(Anas platyrhynchos), spot-billed duck (Anas poecilo-
rhyncha), Mandarin duck (Aix galericulata), and com-
mon teal (Anas crecca). The species of the positive fecal 
sample was identified as Mandarin duck on the basis of 
DNA barcoding technique as described (9). There were 
no detectable clinically ill or dead wild birds at the sam-
pling site.

Full-length genome sequencing and phylogenetic 
analysis were conducted to trace the origin of A/Manda-
rin_duck/Korea/K16-187-3/2016(H5N6) virus, hereafter 
referred to as MD/KR/2016. Methods used are detailed in 
online Technical Appendix 1 (https://wwwnc.cdc.gov/EID/
article/23/5/16-1905-Techapp1.pdf). We entered genome 
sequences in the GISAID (Global Initiative on Sharing 
All Influenza Data) EpiFlu database (https://www.gisaid.
org) under accession nos. EPI861480–EPI861488. Strains 
used in analysis are shown in online Technical Appen-
dix 2 (https://wwwnc.cdc.gov/EID/article/23/5/16-1905-
Techapp2.xlsx).

The isolate was identified as an HPAIV on the basis 
of multiple basic amino acids at the HA proteolytic cleav-
age site (PLRERRRKR/G). GISAID BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) searches indicated that H5 and 
N6 genes had high nucleotide identity in HA (99.17%) and 
NA (99.24%) with A/great_egret/Hong_Kong/00032/2016 
(H5N6) (Table 1). Internal gene segments, except the poly-
merase basic 1 (PB1) gene, had high nucleotide identity 
with other H5N6 subtypes isolated in Guangdong and Ji-
angxi, China (PB2, 99.09%; polymerase acidic, 98.96%; 
nucleoprotein, 99.16%; matrix, 98.98%; and nonstructural 
protein [NS], 98.31%). However, the PB1 gene had high 
nucleotide identity (97.01%) with H4 low pathogenicity 
avian influenza viruses (LPAIVs).

In previous phylogenetic analyses, the HA gene of 
clade 2.3.4.4 viruses was divided into 4 distinct subgroups 
(online Technical Appendix 1 Figure 1) (10). Group in-
tercontinental A (icA) contains H5N8 subtype virus and 
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its reassortant viruses identified in China, South Korea, 
Japan, Taiwan, Canada, the United States, and countries 
in Europe during 2013–2016. Group B contains H5N8 
subtype viruses identified in China and South Korea dur-
ing 2013–2014, and in Russia in late 2016. Group C con-
tains H5N1 and H5N6 subtype viruses identified in China, 
Vietnam, Laos, and Hong Kong, including isolates from 
humans in Guangdong, Yunnan, and Hunnan Provinces, 
China. Group D contains H5N6 subtype viruses identi-
fied in China and Vietnam, including an isolate from a 
human in Sichuan Province, China. The HA gene of MD/
KR/2016 virus belonged to group C and clustered with 
H5N6 subtype viruses isolated from humans, cats, and the 
environment in Guangdong during 2014–2015 and a mi-
gratory aquatic bird in Hong Kong during January 2016 

(A/great_egret/Hong_Kong/00032/2016 [H5N6]) (online 
Technical Appendix 1 Figure 1).

A previous study reported that A/environment/
Guangdong/GZ693/2015 (H5N6), hereafter referred to as 
GZ693/2015(H5N6), is a 7:1 gene reassortant virus be-
tween H5N6 HPAIV and LPAIVs found in southern China 
(7). MD/KR/2016 clustered with GZ693/2015(H5N6) vi-
rus for all 8 genes (online Technical Appendix 1 Figure 
2). In particular, the HA, NA, PB2, polymerase acidic, nu-
cleoprotein, matrix, and NS protein genes clustered with 
GZ693/2015(H5N6) and other clade 2.3.4.4 group C H5N6 
viruses. The PB1 gene clustered with GZ693/2015(H5N6) 
(nucleotide identity 92.79%) and LPAIVs, such as H3N2 
and H4N2 subtype viruses, from southern China. Phy-
logenetic analysis and BLAST search collectively sug-
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Table 1. Nucleotide identities between reassortant clade 2.3.4.4 avian influenza A(H5N6) virus isolated from a wild Mandarin duck, 
South Korea, 2016, and nearest virus homologs in the GISAID database* 
Gene Virus GISAID accession no. % Identity 
PB2 A/feline/Guangdong/2/2015(H5N6) EPI760095 99.09 
PB1 A/duck/Guangdong/S4040/2011(H4N2) EPI692414 97.01 
PA A/Syrrhaptes paradoxus/Guangdong/ZH283/2015(H5N6) EPI839169 98.96 
HA A/great_egret/Hong_Kong/00032/2016(H5N6) EPI687156 99.17 
NP A/Syrrhaptes paradoxus/Guangdong/ZH283/2015(H5N6) EPI839171 99.16 
NA A/great_egret/Hong_Kong/00032/2016(H5N6) EPI687157 99.24 
M A/feline/Guangdong/2/2015(H5N6) EPI760101 98.98 
NS A/duck/Jiangxi/NCDZT1123/2014(H5N6) EPI590810 98.31 
*GISAID, Global Initiative on Sharing All Influenza Data (http://www.gisaid.org); HA, hemagglutinin; MP, matrix; NA, neuraminidase; NP, nucleoprotein; NS, 
nonstructural protein; PA, polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2. 

 

 

 

 
Table 2. Amino acid analysis of avian influenza A(H5N6) virus from a wild mandarin duck, South Korea, 2016, and reference strains of 
clade 2.3.4.4 H5N6 subtype virus* 

Group, strain 

 

 

 NA 
del,§ 

59–69 

NS¶ 
HA (H5 numbering)† PB2‡ 

42 
80–84 

del PDZ 123 126 129 133 156 222 224 591 627 701 
South Korea H5N6 subtype and closely related avian isolates 
 A/Mandarin_duck/Korea/K16-187-3/ 
 2016 

P E Del S A Q G  Q E D Yes S Yes ESEV 

 A/great_egret/Hong_Kong/00032/2016 P E Del A A Q G  Q ? ? Yes ? ? No 
 A/environment/Guangdong/GZ693/ 
 2015 

P E L A A Q G  Q E D No S No ESEV 

C, human isolates 
 A/Shenzhen/1/2016 P Del S A A Q G  Q K D Yes S No No 
 A/_Guangdong_/ZQ874/2015H5N6 P E L A A Q G  Q E D Yes S Del ESEV 
 A/_Guangdong_/SZ872/2015H5N6 P Del S A A Q G  Q E D Yes S No No 
 A/Shenzhen/1/2015 P Del S A A Q G  Q E D Yes S No No 
 A/Yunnan/14563/2015 P Del S A A Q G  Q K D Yes S No No 
 A/Yunnan/14564/2015 P Del S A A Q G  Q K D Yes S No No 
 A/Yunnan/0127/2015 P Del S A A Q G  Q K D Yes S Yes No 
 A/Guangzhou/39715/2014 P E L A T Q G  Q K D Yes S Yes ESEV 
 A/Changsha/1/2014 P Del S A A Q G  Q E D Yes S Yes ESEV 
D, human isolate 
 A/Sichuan/26221/2014 T E L A A Q G  Q E N No S Yes ESEV 
C, mammalian isolates 
 A/swine/Guangdong/1/2014 P E L A A Q G  Q E D Yes S Yes EPEV 
 A/swine/Guangdong/2/2014 P E L A A Q G  Q E D Yes S Yes EPEV 
 A/feline/Guangdong/1/2015 P E L A A Q G  Q E D Yes S Yes ESEV 
 A/feline/Guangdong/2/2015  P E L A A Q G  Q E  D Yes S Yes ESEV 
*Del, deletion; HA, hemagglutinin; NA, neuraminidase; NS, nonstructural protein; PB2, polymerase basic 2; PDZ, PDZ binding motif. 
†S123P, S133A, T156A, Q222L, and G224S mutations in HA have been associated with increased binding to human-like receptor (α-2–6 sialic acid). 
‡Q591K, E627K, and D701N mutations have been associated with improved replication of avian influenza virus in mammals. 
§NA stalk deletion has been associated with enhanced pathogenicity in mice. 
¶42S, 80–84 deletion, and ESEV PDZ binding motif have been associated with increased virulence in mice. 
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gest that MD/KR/2016 virus had an identical genotype to 
GZ693/2015(H5N6).

Most of clade 2.3.4.4 group C viruses have leucine 
or serine at position 129 (H5 numbering) in HA protein. 
However, MD/KR/2016 had a single amino acid deletion 
at position 129 (Table 2), as did A/great_egret/Hong_
Kong/00032/2016 (H5N6). This deletion at position 129 
and phylogenetic network analysis suggested that MD/
KR/2016 is closely related to H5N6 subtypes isolated 
from wild birds in Hong Kong in 2016 (online Technical 
Appendix 1 Figure 3). MD/KR/2016 contained the muta-
tion associated with increased virulence in mammals and 
mammalian transmissibility (S123P and T156A muta-
tions in the HA gene; P42S and D92E mutation, and elon-
gated C-terminus with PDZ binding motif in NS gene). 
However, this isolate lacked the Q226L and G228S muta-
tions in HA, which have been associated with increased 
binding to human-type receptor (α-2,6–linked sialic acid) 
and lacked Q591K, E627K and D701N mutations in PB2, 
which have been associated with enhanced pathogenic-
ity and adaptation to mammalian hosts (11). All of the 
9 H5N6 subtype human isolates of group C lacked the 
Q226L and G228S mutations in HA, but 5 viruses con-
tained the E627K mutation in PB2 (Table 2), suggesting 
that some purported mammalian adaptation amino acid 
substitutions were not necessary for sporadic virus infec-
tion of H5N6 HPAIV in humans.

Conclusions
Wild aquatic birds have been suspected to play a key role 
in dissemination of HPAIVs to various regions, as seen 
with clade 2.2 H5N1 HPAIV in 2005, clade 2.3.2.1 H5N1 
HPAIV in 2009, and clade 2.3.4.4 H5N8 HPAIV in 2014 
(4,12). Some populations of Mandarin ducks are year-
round residents in South Korea and Japan; others popula-
tions migrate between Russia and eastern Asia (13). In 
South Korea, HPAIV was detected from Mandarin duck 
samples in 2010 (H5N1) and 2014 (H5N8) (14,15) and 
again in 2016 during this study, suggesting that Manda-
rin ducks are a major host species for clade 2.3.4.4 H5 
HPAIV and can disseminate the virus throughout South 
Korea and into other countries. Detection of the H5N6 
HPAIV clade 2.3.4.4 in a migratory bird species in South 
Korea; reports of H5N6 outbreaks in poultry from China, 
Laos, and Vietnam; and diagnosis of lethal human cas-
es of highly homologous H5N6 viruses in China raise a 
concern over the potential for broad geographic dissemi-
nation of zoonotic H5N6 HPAIV by wild birds outside 
eastern Asia.
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There is no proven alternative to penicillin for treatment of 
maternal syphilis. We report 2 case-patients with maternal 
syphilis who were successfully treated without penicillin. We 
used amoxicillin and probenecid for the first case-patient 
and amoxicillin, probenecid, and ceftriaxone for the second 
case-patient.

Syphilis is caused by the bacterium Treponema pallidum. 
Untreated maternal syphilis can lead to serious compli-

cations, including congenital syphilis, stillbirth, and neona-
tal death (1). In 2012, the estimated numbers of worldwide 
cases of maternal and congenital syphilis were 930,000 and 
350,000, respectively (1). Recently, the United States re-
ported increasing rates of congenital syphilis (2).

Penicillin G is recommended for treatment of maternal 
syphilis (3). Benzathine penicillin G is used in many coun-
tries but is unavailable in others, such as Japan. As a result, 
guidelines in Japan of treatment sexually transmitted dis-
eases recommend benzylpenicillin benzathine hydrate (1.2 
million units/d) and oral amoxicillin or ampicillin (1.5 g/d) 
as alternatives (4). However, there is little evidence to sup-
port use of these regimens. We report 2 case-patients with 
maternal syphilis who were successfully treated without 
penicillin.

The Study
Case-patient 1 was a 20-year-old woman who came to the 
hospital at the National Center for Global Health and Medi-
cine (Tokyo, Japan) because of positive results for trepo-
nemal and nontreponemal tests in December 2014. Eight 
months earlier, she was given a diagnosis of trichomonal 
vaginitis, which resolved after a course of metronidazole. 
Three months before coming to the hospital, she was exam-
ined in a clinic because of a rash on her abdomen and back, 
for which she was given topical treatment, which resulted 
in resolution of the rash within a few weeks. A rapid plas-
ma reagin (RPR) and T. pallidum hemagglutination assay 
(TPHA) were not performed at that time.

Two months before coming to the hospital, she missed 
her menstrual period and showed a positive result for a home 
pregnancy test. Serologic tests for treponemal and nontrepo-
nemal antibodies were performed at a nearby clinic, and she 
was referred to our hospital 13 weeks into her pregnancy. 
Her RPR titer was 1:16, and TPHA showed positive results. 
The patient was given a diagnosis of early latent syphilis and 
prescribed a 14-day course of amoxicillin (6 g/day) and pro-
benecid (1 g/d). The RPR titer decreased to 1:8 and 1:4 at 3 
and 6 months after treatment, respectively. RPR was the last 
test performed before delivery.

She gave birth to a boy at 41 weeks gestation. The baby 
did not have any signs or symptoms of congenital syphilis, 
and his serum RPR and TPHA titers were 1:1 and 1:640, re-
spectively (Table). The baby was not treated for congenital 
syphilis and has not shown any signs of congenital syphilis 
infection. At 15 months of age, results for RPR and TPHA 
were negative for a serum sample from the infant.

Case-patient 2 was a 31-year-old woman who came 
to the same hospital because of a fever in July 2015. One 
month earlier, she went to another hospital for investigation 
of a genital ulcer. The day before coming to our hospital, 
she was given a diagnosis of syphilis and prescribed amoxi-
cillin (1.5 g/d).

A few hours after she took the first dose of amoxicillin, 
a fever developed, and the patient came to the emergency 
department of our hospital, where she was given a diagno-
sis of a Jarisch–Herxheimer reaction. She was also found 
to be 6 weeks pregnant. Her RPR titer was 1:32 and TPHA 
titer was 1:160, and she was given a diagnosis of primary 
syphilis. Three days later, she again came to our hospital 
for additional evaluation. Treatment was changed to amox-
icillin (3 g/d) and probenecid (750 mg/d). Three days after 
this change in treatment, she could no longer tolerate the 
medication because of hyperemesis gravidarum, and she 
was admitted to our hospital. She was given ceftriaxone 
because she could not tolerate frequent administration of 
penicillin. Intravenous ceftriaxone (2 g/d) was given for 8 
days. Her RPR titer decreased to 1:4 and 1:4 at 6 and 7 
months after treatment, respectively. RPR was the last test 
performed before delivery.

In March 2016, she gave birth to a girl at 39 weeks 
gestation. The baby did not have any signs or symptoms 
of congenital syphilis, her RPR titer was negative, and the 
TPHA titer was 1:320 in a serum sample (Table). The baby 
was not treated for congenital syphilis, and RPR and TPHA 
results at 4 months of age showed negative results.

Amoxicillin and Ceftriaxone as Treatment  
Alternatives to Penicillin for Maternal Syphilis
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Conclusions
In 2012, the World Health Organization estimated that 
930,000 cases of maternal syphilis resulted in cases of 
350,000 congenital syphilis (1). In Japan, the National In-
stitute of Infectious Diseases reported that the number of 
patients with syphilis is increasing (5). As the incidence 
of women with syphilis increases in Japan, incidence of 
congenital syphilis also increases (6). The efficacy of 
penicillin for treatment of syphilis is well established by 
clinical experience and is the only treatment option with 
documented efficacy (3).

Both case-patients described in this report were giv-
en amoxicillin and probenecid. A pharmacokinetic study 
reported that oral amoxicillin and probenecid could at-
tain treponemicidal concentrations in cerebrospinal fluid; 
therefore, these drugs were considered alternative agents 
for treatment of neurosyphilis (7). Tanizaki et al. (8) re-
ported that treatment with oral amoxicillin (3 g) and pro-
benecid (750 mg) was highly effective in and well tolerated 
by syphilis patients with HIV infection. However, in their 
report, all patients were men.

For case-patient 2, we changed treatment to ceftriax-
one, which is active against T. pallidum and has an effective 
concentration in cerebrospinal fluid. Marra et al. (9) reported 
that ceftriaxone is an alternative to penicillin for treatment of 
neurosyphilis or early syphilis among HIV-infected patients. 
US Centers for Disease Control and Prevention guidelines 
recommend ceftriaxone as an alternative treatment of syphi-
lis in nonpregnant women (3). However, data regarding the 
use of ceftriaxone for treatment of maternal infections and 
prevention of congenital syphilis are insufficient (3).

Because RPR titers for both case-patients became non-
reactive, treatment with amoxicillin plus probenecid and 

ceftriaxone successfully prevented syphilis in both fetuses. 
Amoxicillin and probenecid are not routinely prescribed for 
pregnant women because of little evidence of their efficacy 
in preventing congenital syphilis. Because benzathine peni-
cillin G is not available in Japan, intravenous penicillin G 
is used to treat maternal syphilis. However, this treatment 
option requires hospitalization for frequent administration; 
admission of all maternal syphilis patients is not feasible.

Although ceftriaxone can be administered once a day, 
it requires daily hospital visits. Azithromycin is not recom-
mended for use during pregnancy (3), and treatment fail-
ures for fetuses have been reported (10). Tetracyclines are 
contraindicated during pregnancy (3). Therefore, we used 
amoxicillin in accordance with guidelines for Japan (4).

One study reported the effect of probenecid during preg-
nancy on fetal outcomes (11). Because probenecid can cross 
the placental barrier, its use in pregnancy must follow care-
ful consideration of anticipated benefits and possible hazards 
(12). Probenecid was prescribed to increase serum levels of 
penicillin. Amoxicillin monotherapy might be considered for 
treatment maternal syphilis if an appropriate dose is given.

The World Health Organization estimates that 5.6 mil-
lion doses of 2.4 million units of benzathine penicillin are 
needed annually to treat all syphilis cases, and 930,000 doses 
are needed to prevent all cases of congenital syphilis (13). In 
May 2016, the 69th World Health Assembly reported that 
benzathine penicillin had been in short supply for several 
years (14). Therefore, during shortages of penicillin, it is 
prudent to consider alternative treatment regimens.

In conclusion, amoxicillin and ceftriaxone should be 
considered as alternatives to penicillin for treatment of ma-
ternal syphilis. Further studies evaluating the efficacy of 
amoxicillin and ceftriaxone are warranted.
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Table. Characteristics of 2 newborns of women with maternal syphilis, Japan* 
Characteristic Newborn for case-patient 1 Newborn for case-patient 2 
Leukocytes, ×1,000 cells/L 13.78 22.88 
Neutrophils, % 76.0 68.0 
Lymphocytes, % 13.0 18.0 
Monocytes, % 7.0 4.0 
Eosinophils, % 3.0 7.0 
Hemoglobin, g/dL 14.7 19.2 
Hematocrit, % 41.6 54.3 
Platelets, ×10,000/L 18.8 30.2 
Total bilirubin, mg/dL 6.1 3.0 
Direct bilirubin, mg/dL 0.1 0.2 
Blood urea nitrogen, mg/dL 7.7 8.3 
Serum creatinine, mg/dL 0.64 0.50 
Aspartate aminotransferase, U/L 37 49 
Alanine aminotransferase, U/L 10 23 
Lactate dehydrogenase, U/L 595 560 
Alkaline phosphatase, U/L 315 493 
C-reactive protein, mg/dL 0.35 <0.01 
Rapid plasma reagin titer 1:1 Negative 
Chest radiograph Unremarkable Unremarkable 
Bone radiograph ND Normal 
Hepatomegaly No No 
*ND, not done. 

 



Amoxicillin and Ceftriaxone for Maternal Syphilis

Dr. Katanami is a physician at the National Center for Global 
Health and Medicine, Disease Control Prevention Center, Tokyo, 
Japan. His primary research interest is tropical infectious diseases.

References
  1. Wijesooriya NS, Rochat RW, Kamb ML, Turlapati P,  

Temmerman M, Broutet N, et al. Global burden of maternal  
and congenital syphilis in 2008 and 2012: a health systems  
modelling study. Lancet Glob Health. 2016;4:e525–33.  
http://dx.doi.org/10.1016/S2214-109X(16)30135-8

  2. Bowen V, Su J, Torrone E, Kidd S, Weinstock H. Increase in  
incidence of congenital syphilisUnited States, 2012–-2014. 
MMWR Morb Mortal Wkly Rep. 2015;64:1241–5.  
http://dx.doi.org/10.15585/mmwr.mm6444a3

  3. Workowski KA, Bolan GA; Centers for Disease Control and  
Prevention. Sexually transmitted diseases treatment guidelines, 
2015. MMWR Recomm Rep. 2015;64:1–137.

  4. Kamidono S, Onodera S, Kishimoto T, Kiyota H, Teruya K, 
Kimura S, et al. Guidelines for diagnosis and treatment of sexually 
transmitted diseases, 2011 [in Japanese]. Japanese Journal of  
Sexually Transmitted Infections. 2011;22:2–163.

  5. National Institute of Infectious Diseases. Infectious Diseases Weekly 
Report (IDWR), Mar 2016 [in Japanese] [cited 2016 Nov 27].  
http://www0.nih.go.jp/niid/idsc/idwr/IDWR2016/idwr2016-12.pdf

  6. National Institute of Infectious Diseases. Congenital syphilis in 
Japan, 2011–2014–National Epidemiological Surveillance of  
Infectious Diseases (NESID). Infectious Agents Surveillance  
Report (IASR), 2015 [in Japanese] [cited 2016 Nov 27].  
http://www0.nih.go.jp/niid/idsc/iasr/36/429j.pdf

  7. Faber WR, Bos JD, Rietra PJ, Fass H, Van Eijk RV. Treponemicidal  
levels of amoxicillin in cerebrospinal fluid after oral administration.  
Sex Transm Dis. 1983;10:148–50. http://dx.doi.org/10.1097/ 
00007435-198307000-00011

  8. Tanizaki R, Nishijima T, Aoki T, Teruya K, Kikuchi Y, Oka S,  
et al. High-dose oral amoxicillin plus probenecid is highly  
effective for syphilis in patients with HIV infection. 
Clin Infect Dis. 2015;61:177–83. http://dx.doi.org/10.1093/cid/
civ270

  9. Marra CM, Boutin P, McArthur JC, Hurwitz S, Simpson PA,  
Haslett JA, et al. A pilot study evaluating ceftriaxone and  
penicillin G as treatment agents for neurosyphilis in human 
immunodeficiency virus-infected individuals. Clin Infect Dis. 
2000;30:540–4. http://dx.doi.org/10.1086/313725

10. Zhou P, Qian Y, Xu J, Gu Z, Liao K. Occurrence of congenital 
syphilis after maternal treatment with azithromycin during  
pregnancy. Sex Transm Dis. 2007;34:472–4. http://dx.doi.org/ 
10.1097/01.olq.0000246314.35047.91

11. Gutman J, Kachur SP, Slutsker L, Nzila A, Mutabingwa T.  
Combination of probenecid-sulphadoxine-pyrimethamine for  
intermittent preventive treatment in pregnancy. Malar J. 
2012;11:39. http://dx.doi.org/10.1186/1475-2875-11-39

12. US National Library of Medicine. Probenecid [cited 2016 Nov 27]. 
https://dailymed.nlm.nih.gov/dailymed/search.cfm?labeltype=all&
query=probenecid

13. Taylor MM, Zhang X, Nurse-Findlay S, Hedman L, Kiarie J.  
The amount of penicillin needed to prevent mother-to-child  
transmission of syphilis. Bull World Health Organ. 2016;94:559–
559A. http://dx.doi.org/10.2471/BLT.16.173310

14. World Health Organization. Sixty-Ninth World Health Assembly 
closes. News release, 2016 [cited 2016 Nov 27]. http://www.who.
int/mediacentre/news/releases/2016/wha69-28-may-2016/en/

Address for correspondence: Yuichi Katanami, Disease Control and 
Prevention Center, National Center for Global Health and Medicine, 
Toyama 1-21-1, Shinjuku-ku, Tokyo 162-8655, Japan; email:  
yuichi.katanami@gmail.com

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 829

•  Epidemiology of 
Haemophilus ducreyi 
Infections

•  Human Papillomavirus 
Vaccination at a Time 
of Changing Sexual 
Behavior

•  Multiorgan WU 
Polyomavirus Infection 
in Bone Marrow 
Transplant Recipient

•  Multifacility Outbreak 
of Middle East 
Respiratory Syndrome 
in Taif, Saudi Arabia

•  Falling Plasmodium 
knowlesi Malaria 
Death Rate among 
Adults despite Rising  
Incidence, Sabah, 
Malaysia, 2010–2014

•  Risk Factors for Primary 
Middle East Respiratory 
Syndrome Coronavirus 
Illness in Humans, 
Saudi Arabia, 2014

•  Human Papillomavirus 
Prevalence and 
Herd Immunity 
after Introduction of 
Vaccination Program, 
Scotland, 2009–2013 

•  Autochthonous 
Nocardia cerradoensis 
Infection in Humans, 
Spain, 2011 and 2014

•  Porcine Epidemic 
Diarrhea Virus 
and Discovery of a 
Recombinant Swine 
Enteric Coronavirus, 
Italy

•  Increase in Sexually 
Transmitted Infections 
among Men Who  
Have Sex with Men, 
England, 2014 

•  Seroepidemiology of 
Human Enterovirus 
71 Infection among 
Children, Cambodia 

•   Asymptomatic 
Lymphogranuloma 
Venereum in Men who 
Have Sex with Men,  
United Kingdom 

•  New Clinical Strain of 
Neisseria gonorrhoeae 
with Decreased 
Susceptibility to 
Ceftriaxone, Japan

•  Outbreak of 
Panton-Valentine 
Leukocidin–Associated 
Methicillin-Susceptible 
Staphylococcus aureus 
Infection in a Rugby 
Team, France, 2010–11

http://wwwnc.cdc.gov/eid/articles/issue/22/1/table-of-contents

January 2016: Sexually Transmitted Infections



John R. Papp, A. Jeanine Abrams, Evelyn Nash, 
Alan R. Katz, Robert D. Kirkcaldy,  

Norman P. O’Connor, Pamela S. O’Brien,  
Derek H. Harauchi, Eloisa V. Maningas,  

Olusegun O. Soge, Ellen N. Kersh, Alan Komeya, 
Juval E. Tomas, Glenn M. Wasserman,  

Gail Y. Kunimoto, David L. Trees,  
A. Christian Whelen

During 2016, eight Neisseria gonorrhoeae isolates from 
7 patients in Hawaii were resistant to azithromycin; 5 had 
decreased in vitro susceptibility to ceftriaxone. Genomic 
analysis demonstrated a distinct phylogenetic clade when 
compared with local contemporary strains. Continued evo-
lution and widespread transmission of these strains might 
challenge the effectiveness of current therapeutic options.

Neisseria gonorrhoeae is a sexually transmitted patho-
gen that has progressively developed resistance to 

the antimicrobial agents recommended for treatment (1). 
Third-generation cephalosporins are among the last class 
of antimicrobial agents that are still effective, and ceftriax-
one is the foundation of treatment options recommended by 
the United States (2) and other countries. The diminished 
cache of drugs to treat gonorrhea has led most countries to 
recommend a combination of ceftriaxone and azithromy-
cin in an attempt to ensure effective therapy and slow the 
emergence of resistance by decreasing the likelihood that a 
N. gonorrhoeae isolate would survive concomitant expo-
sure to 2 antimicrobial agents with distinct mechanisms of 
action (2). However, sporadic treatment failures have been 
reported (2), and gonorrhea is considered a global health 
concern by the World Health Organization and the Centers 

for Disease Control and Prevention (CDC) because of the 
few remaining treatment options.

Surveillance for antimicrobial susceptibility of N. gon-
orrhoeae was established by the CDC in the United States 
in 1986 as penicillin and tetracycline resistance was becom-
ing widespread. The CDC Gonococcal Isolate Surveillance 
Project (GISP; Division of STD Prevention, National Center 
for HIV/AIDS, Viral Hepatitis, STD, and TB Prevention) 
collects ≈5,000 isolates per year from men with urethritis 
seeking care at sexually transmitted disease clinics across the 
United States and assesses the isolates for antimicrobial sus-
ceptibility (3). The findings are used by CDC to formulate na-
tional treatment recommendations and develop research and 
disease intervention priorities. Ceftriaxone remains highly 
effective in treating gonorrhea in the United States; 99.9% of 
isolates were inhibited by <0.125 µg/mL in 2014 (4). How-
ever, the percentage of isolates with decreased azithromycin 
susceptibility (azithromycin MIC >2 µg/mL) rose sharply 
from 0.6% in 2013 to 2.5% in 2014. Fortunately, none of the 
2014 isolates demonstrated clinical resistance or decreased 
susceptibility to both azithromycin and ceftriaxone.

The Hawaii Department of Health (HDOH) State 
Laboratories Division maintains nucleic acid amplifica-
tion, culture, and antimicrobial drug susceptibility testing 
by Etest for N. gonorrhoeae. During 2016, the HDOH and 
CDC became aware of several N. gonorrhoeae isolates 
with high-level resistance to azithromycin and decreased 
susceptibility to ceftriaxone in Hawaii as a result of routine 
laboratory testing and jointly initiated an enhanced labora-
tory investigation of the isolates.

The Study
The HDOH confirmed the identification of 61 isolates of N. 
gonorrhoeae, collected during February 2016–May 2016, and 
antimicrobial drug susceptibility testing was performed on all 
of them. Isolates were identified as N. gonorrhoeae by using 
the API NH test kit (bioMérieux, Marcy l’Etoile, France), and 
the MICs for azithromycin, ceftriaxone, and cefixime was 
assessed by Etest (bioMérieux) on GC II agar supplemented 
with 1% IsoVitaleX (bioMérieux). Etest carried out at the 
HDOH State Laboratories Division found that 8 N. gonor-
rhoeae isolates had extremely high MICs (>256 µg/mL) for 
azithromycin and MICs of 0.125–0.25 µg/mL for ceftriaxone 
and cefixime (online Technical Appendix, https://wwwnc.cdc.
gov/EID/article/23/5/17-0088-Techapp1.pdf). The 8 isolates, 
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 Neisseria gonorrhoeae, Hawaii

which were collected from 7 patients and included 2 isolates 
(urethral and urine) from the same patient (GCWGS_0182 
and GCWGS_0322), were sent to CDC for confirmatory test-
ing using agar plate dilution (5).

All 61 N. gonorrhoeae isolates were sequenced 
(paired-end; 2 × 250-bp read length) on an Illumina MiSeq 
sequencer (Illumina Denmark ApS, Copenhagen, Den-
mark) at the HDOH State Laboratories Division. De novo 
assembly was conducted at CDC by using SPAdes 2.5.1 
(http://www.cab.spbu.ru/software/spades), and the core 
genome single-nucleotide polymorphism alignment was 
generated by using Parsnp 1.2 (http://www.cbcb.umd.edu/
software/harvest), with the FA19 genome (GenBank acces-
sion no. CP012026) as the reference. The maximum-likeli-
hood phylogeny was reconstructed by using RAxML 8.0.0 
(http://sco.h-its.org/exelixis/web/software/raxml) with 
1,000 bootstrap replicates. Whole-genome sequencing data 
were also used to determine the multilocus sequence typing 
(MLST) and N. gonorrhoeae–multiantigen sequence typ-
ing (NG-MAST) allelic profiles for the targeted isolates.

Results of the phylogenetic analysis indicated that the 8 
isolates were closely related and formed a single clade (Fig-
ure) with 223 single-nucleotide polymorphism differences. 
MLST analysis revealed 1 unique profile, sequence type (ST) 
1901 (online Technical Appendix), which is a highly success-
ful lineage associated with multidrug resistance that prob-
ably originated in Japan (6). The results of the NG-MAST 
analysis indicated that all 8 isolates shared 1 novel profile, 
ST14121. Epidemiologic investigations did not associate 
sexual network transmission among the 7 patients, although 
2 patients reported sex with the same partner. However, the 
consistent MLST and NG-MAST profiles, in combination 
with the strongly supported clade, suggest the circulation of 
a single strain within the population.

To assess the contribution of known mutations to mac-
rolide and cephalosporin resistance, we examined muta-
tions in penA, ponA, mtrR, and 23S rRNA genes. Regard-
ing azithromycin resistance, a deletion in the mtrR promoter 
associated with low-level resistance (7) and 4 mutated 23S 
rRNA copies with the A2059G mutation that confers high-
level resistance (8) were identified in all 8 isolates. The ponA 
L421P mutation and mosaic penA alleles have been associ-
ated with reduced susceptibility to cephalosporins (7,9). The 
ponA L421P mutation was found in all 8 isolates; however, 
only the nonmosaic penA XVIII allele was detected.

The first N. gonorrhoeae isolate (H11S8) with high-
level azithromycin resistance (HL-AziR) in the United 
States was identified in Hawaii in 2011 (10). More recent-
ly, Public Health England characterized 7 N. gonorrhoeae 
HL-AziR isolates that were collected in northern England 
during November 2014–March 2015 (11). Isolate H11S8 
and those from England were more susceptible to ceftri-
axone (MIC range 0.004–0.03 µg/mL) than the cluster of 

N. gonorrhoeae HL-AziR isolates identified in Hawaii. 
Genetic comparisons of the 2011 Hawaii isolate placed it 
in a distinct clade on the phylogenetic tree (Figure). The 
NG-MAST of H11S8 was ST649, and those from England 
were ST9768. Three HL-AziR N. gonorrhoeae strains were 
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Figure. Maximum-likelihood phylogeny of Neisseria gonorrhoeae 
samples (N = 62) collected in Hawaii during February–May 2016, 
1 isolate collected in Hawaii in 2011, and 1 isolate collected in the 
United Kingdom in 2015. The clade denoted with the black vertical 
bar contains 8 samples that exhibited resistance to azithromycin (MIC 
>256 µg/mL by Etest) and reduced susceptibility to ceftriaxone (MIC 
range 0.094–0.125 µg/mL). The 2011 isolate from Hawaii (H11S8, 
bold) also exhibited resistance to azithromycin. The United Kingdom 
isolate (underlined) was associated with failed dual antimicrobial 
therapy of ceftriaxone and azithromycin. The phylogeny is based on 
the core genome single nucleotide polymorphism alignment of the 
62 genomes and the FA19 reference genome. Values on the nodes 
of the phylogeny (based on 1,000 bootstrap replicates) represent 
the support for each node and the corresponding clade. Scale bar 
indicates substitutions per site.
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isolated in 2011 and 2012 in Sweden with slightly higher 
ceftriaxone MICs (range 0.032–0.064 µg/mL) and were 
identified as either NG-MAST ST285 or ST8727 (12).

All patients infected with the HL-AziR isolates in our 
study were successfully treated with 250 mg ceftriaxone 
plus 1 g azithromycin. In contrast, a recent pharyngeal N. 
gonorrhoeae isolate, resistant to azithromycin and ceftriax-
one, was recovered from a patient in the United Kingdom 
following treatment with dual antimicrobial therapy of 500 
mg ceftriaxone plus 1 g azithromycin (13). Although the 
isolate was genetically distinct from the 8 isolates in Ha-
waii, it was more closely related to those 8 isolates than to 
the other 53 contemporary isolates from Hawaii.

Conclusions
The combination of ceftriaxone and azithromycin remains 
the hallmark for the treatment of gonorrhea worldwide on 
the basis of surveillance data that monitors antimicrobial 
susceptibility (2,14,15). Slight fluctuations have been ob-
served in ceftriaxone MICs, but rarely have isolates been 
recovered with a MIC >0.5 μg/mL. However, a growing 
body of evidence suggests that azithromycin is becoming 
less effective and should not be used as a monotherapeutic 
agent for gonorrhea. The observation of increased MICs 
for ceftriaxone and azithromycin in a cluster of strains from 
Hawaii might be the harbinger that the effectiveness of cur-
rent treatment options will be challenged. It is critical that 
countries expand systematic surveillance for drug-resistant 
N. gonorrhoeae and that laboratories maintain culture capac-
ity to support rapid response activities to confirm suspected 
treatment failures and mitigate transmission through contact 
tracing. Expansion of laboratory capacity to conduct genetic 
analysis in real time would further benefit clinicians and 
sexually transmitted disease public health programs by iden-
tifying novel mechanisms of resistance that could be used to 
develop nonculture antimicrobial resistance tests and rapidly 
identify resistant N. gonorrhoeae strains in sexual networks.
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To explore transmission patterns and genetic relationships 
of Salmonella enterica serovar Paratyphi A in China, we 
conducted a genome-wide single-nucleotide polymorphism 
analysis on the strains in the 4 provinces in which incidence 
was highest during 1998–2012. Markedly phylogeographic 
clustering suggested regional virus circulation after intro-
duction from areas in southeastern China.

In Asia, incidence of paratyphoid fever remains high (1). 
In the mid-1990s, the number of paratyphoid fever cases 

in Asia caused by Salmonella enterica serovar Paratyphi A 
started to increase (2–4). In 2000, an estimated 5.41 million 
cases occurred; areas where incidence was highest (i.e., 
>100 cases/100,000 population per year) included south-
central and Southeast Asia (5). Since 1998, the incidence 
of paratyphoid fever in Asia and the world has been highest 
in China, ranging from 0.08 to 192.5 cases/100,000 popula-
tion annually (6); the provinces in which incidence is high-
est are Guangxi, Guizhou, Yunnan, and Zhejiang (7).

Information about the transmission routes and risk 
factors for infection could be used to improve the control 
strategies and measures for paratyphoid fever. Laboratory-
based pathogen molecular subtyping, particularly genome-
wide single-nucleotide polymorphism (SNP) analysis, can 
markedly improve outbreak detection, source tracing, and 
understanding of the epidemic modes. In this study, we 
analyzed genome-wide SNP and epidemiologic data from 
Salmonella Paratyphi A strains isolated from the China 
provinces where incidence was highest over a long period 
(1998–2012) and detected region-limited clone expansion 
in the epidemic provinces.

The Study
In 1998, the incidence of typhoid/paratyphoid fever in 
China was 4.82 cases/100,000 population (60,146 cases 

reported); this measure has since decreased annually to 
0.88/100,000 (11,890 cases) in 2012 (China Information 
System for Disease Control and Prevention, unpub. data). 
Typhoid/paratyphoid fever cases in Guizhou, Yunnan, 
Zhejiang, and Guangxi Provinces accounted for 45.8% 
(in 1998) to 76.5% (in 2001) of all cases in China (online 
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/23/5/15-1539-Techapp1.pdf). 

To analyze the genomic epidemiology of paratyphoid 
fever in these provinces, we first selected 96 Salmonella 
Paratyphi A strains circulating in 15 provinces in China 
during 1998–2011 (online Technical Appendix Table 1). 
Strains were isolated from hospitalized patients suspected 
of having typhoid/paratyphoid fever and were maintained 
in the strain bank of the Chinese Center for Disease Con-
trol and Prevention. We then conducted genome-wide 
SNP genotyping by using the iPLEX Gold assay (Se-
quenom Inc., San Diego, CA, USA) with 2,343 SNPs 
obtained from 7 genomes sequenced in a previous study 
(8) and 17 genomes of Salmonella Paratyphi A strains se-
quenced in this study. We obtained 112 phylogenetically 
informative SNPs (including 57 nonsynonymous SNPs) 
(online Technical Appendix Table 2), which were further 
analyzed in 335 Salmonella Paratyphi A strains (online 
Technical Appendix Table 1) isolated from the provinces 
where incidence was highest (i.e., Guangxi, Guizhou, 
Yunnan, and Zhejiang) during 1998–2012 by using the 
iPLEX Gold assay. The population history of Salmonel-
la Paratyphi A was estimated by using BEAST version 
2.1.3 (http://beast.bio.ed.ac.uk/), and the maximum clade 
credibility tree was summarized by using TreeAnnota-
tor and visualized by using FigTree version 1.4.2 (both 
within BEAST). The consensus tree (Figure 1) showed 
that all strains fell into 2 main clades: clade 1 consisted of 
16 strains isolated from Yunnan, Guizhou, and Guangxi 
Provinces during 1998–2007; clade 2 consisted of the 
strains that were most common and widespread in these 
4 provinces during 1998–2012. In clade 2, at least 3 sub-
clades were formed, which were markedly characterized 
by geographic clustering according to province (Figure 
1), suggesting intraprovince transmission of the different 
clones. In addition, the earlier strains in the root of each 
major subbranch were isolated mainly from Zhejiang, and 
in the years before 2005, some strains from Guangxi were 
also mixed in the Guizhou branch.

On the basis of the trees, we further determined 
from/to transmission of Salmonella Paratyphi A by using  

Regional Transmission of  
Salmonella Paratyphi A, China, 1998–2012
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Circos (9) (Figure 1). The same SNP genotypes of Sal-
monella Paratyphi A strains were preferentially transmit-
ted within a single province from year to year, whereas 
the strains from Zhejiang were frequently transmitted to 
Guizhou and Guangxi, particularly during 1998–2002. 
The transmission between Guangxi and Guizhou was 
markedly more frequent before 2004 and decreased after 

2005. After 2005, we found no transmission from Yunnan 
to other provinces. 

We also extracted information for 112 SNPs from 
127 genomes of the worldwide Salmonella Paratyphi A 
isolates in GenBank (10) and constructed a phylogenet-
ic tree by combining these data with data from the 335 
strains from China obtained in this study (Figure 2). The 
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Figure 1. Phylogenetic tree of Salmonella enterica serovar Paratyphi A strains isolated from China, 1998–2012. The branches are 
colored according to inferred location. Inset: potential transmission of Salmonella Paratyphi A strains isolated from 4 provinces (Zhejiang 
Guangxi, Guizhou, and Yunnan). The flow bars indicate the source of transmission; 1 end of the bar directly touches the province of 
origin, and the other end of the bar exhibits a small gap before the province of destination.
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international strains fell into 2 clades, and the strains from 
Southeast and southern Asia were positioned much clos-
er to the root of the strains from China, suggesting that 
the potential source of Salmonella Paratyphi A in China 
might be India or Indonesia.

Conclusions
The genome-wide SNP phylogeny provided more accu-
rate insights into the variation of Salmonella Paratyphi 
A strains in China. In Guizhou, Guangxi, and Yunnan 
Provinces, which are geographically adjacent, Salmo-
nella Paratyphi A has existed for many years. Although 
we had speculated that the organism might show a mix-
ture of genetic patterns, the phylogenetic tree showed 
that epidemic strains from different provinces gradually 
accumulated their own mutations to evolve and form ob-
vious geographic branches. In earlier years of the study 
period (1998–2002), the epidemic strains from Guangxi 
and Guizhou Provinces might have originated from early 
epidemic strains from Zhejiang Province. The level of 
economic development in Zhejiang Province is high, 
whereas in Guangxi, Guizhou, and Yunnan Provinces 
it is lower; the rural population from these 3 provinces 

migrates frequently to work in the economically de-
veloped southeastern coastal areas in China, including  
Zhejiang (11), Jiangsu, and Guangdong Provinces. Ac-
cording to the fifth national census conducted in 2000 
(http://www.stats.gov.cn/tjsj/pcsj/rkpc/5rp/index.htm) 
and the sixth conducted in 2010 (http://www.stats.gov.
cn/tjsj/pcsj/rkpc/6rp/indexch.htm), the migration data 
within the 4 provinces showed this population move-
ment trend (online Technical Appendix Table 3). At ir-
regular intervals, migrant workers, mainly those who are 
young and middle-aged, return to their hometown for 
family reunions. 

In the mid-1990s, paratyphoid fever became an emerg-
ing problem in Zhejiang Province; during 1997–2005, in-
cidence was 8.61 cases/100,000 population (12). In those 
years, managing ex situ healthcare and medical treatments 
in China was problematic. When migrant workers got ill, 
they seldom sought medical treatment at the hospital in the 
city in which they worked; rather, they bought medicine at 
a chemist’s shop or returned to their hometown for treat-
ment (Zhang Q. The study on the health seeking behavior 
of migrant workers [master’s thesis]. China: Shaanxi Nor-
mal University; 2012).
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Figure 2. Phylogenetic tree of 
Salmonella enterica serovar 
Paratyphi A strains in China 
and worldwide. The branches 
are colored according to the 
inferred location. Scale bar 
indicates number of years.
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Because of lack of medical treatment in hospitals, 
migrant workers who become infected with Salmonella 
Paratyphi A easily become chronic carriers. Therefore, 
Salmonella Paratyphi A might be transmitted to Guangxi, 
Guizhou, and Yunnan Provinces via a migrating infected 
population, including patients and carriers. In addition, 
these 3 provinces are mainly mountainous, and the popula-
tion flow among these provinces is limited by their lower 
economic development and inaccessibility. Therefore, the 
transmission pattern in these regions could be closely as-
sociated with the southeastern coastal areas, where the 
level of economic development is higher, and transmission 
among these 3 provinces could be absent. Moreover, in 
these paratyphoid-epidemic provinces, most of the overall 
population lives in rural agricultural areas. Given the com-
bination of poor water and food hygiene with a hot and hu-
mid climate, the epidemic clones of Salmonella Paratyphi 
A could persist for a long time after being introduced into 
these areas.

In summary, we identified the evolution and trans-
mission mode of paratyphoid fever in the China provinc-
es where incidence is highest. Populations migrating to 
southeastern China probably mediated the transmission of 
Salmonella Paratyphi A. Considering the obvious region-
al clone expansion in these provinces, the local natural, 
social, and economic conditions need to be investigated 
for their potential roles in the spread of paratyphoid fever 
and for the development of intervention strategies.
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We conducted epidemiologic and genetic analyses of family 
clusters of Mycobacterium ulcerans (Buruli ulcer) disease in 
southeastern Australia. We found that the incidence of M. 
ulcerans disease in family members was increased. How-
ever, the risk for exposure appeared short-term and not re-
lated to human-human transmission.

Mycobacterium ulcerans is a slow-growing organism 
that causes necrotizing infections of skin and soft 

tissue, often requiring reconstructive surgery and result-
ing in long-term disability (1,2). Prevailing opinion is that 
humans are infected from the environment; insects, such 
as mosquitoes (3,4), and water-residing biting arthropods 
(5,6), have been proposed as vectors for transmission. In 
Victoria, Australia, there is evidence that native opossums 
might be involved in transmission (7). However, despite 
extensive research, the environmental reservoir of the or-
ganism and mode of transmission remain unknown.

We postulated that examination of M. ulcerans dis-
ease (Buruli ulcer) family clusters might provide useful 
new information about disease epidemiology. Theoreti-
cally, genetically related first-degree relatives have simi-
lar susceptibility to disease, and families share the same 
environment and therefore a similar exposure risk. Thus, 
we examined the epidemiology of M. ulcerans disease in 
family clusters managed in a large prospective observa-
tional cohort from the Bellarine Peninsula in southeastern 
Australia. We used data collected from all confirmed M. 
ulcerans cases managed during January 1, 1998–April 
12, 2016, at Barwon Health, a tertiary referral hospital in 
Geelong, Australia (8).

The Study
For this study, only initial M. ulcerans lesions were ana-
lyzed. A family cluster was defined as multiple family 
members independently given a diagnosis of M. ulcerans 
disease who were living at the same residence at the time of 
diagnosis. Data was collected by using Epi Info 6 (Centers 
for Disease Control and Prevention, Atlanta, GA, USA) 
and analyzed by using Stata 12 (StataCorp LLC, College 
Station, TX, USA).

To determine the genetic relatedness of isolates de-
rived from family clusters, we performed whole-genome 
sequencing and single-nucleotide polymorphism (SNP) 
analysis for 6 isolates derived from 3 family cluster pairs 
(Tables 1, 2). We sequenced DNA as 300-bp paired-end 
reads by using an MiSeq Sequencer (Illumina, Inc., San 
Diego, CA, USA). Resulting reads were mapped against 
the M. ulcerans Agy99 genome (9), including plasmid 
pMUM001 (10), by using Bowtie2 (11). Raw sequence 
reads for the 6 isolates have been deposited in the Nation-
al Center for Biotechnology Information (Bethesda, MD, 
USA) Sequence Read Archive under BioProject accession 
no. PRJNA321660. We also performed whole-genome 
SNP analysis for 6 additional unrelated previously se-
quenced human M. ulcerans isolates (Sequence Read Ar-
chive accession no. SRP004497) obtained from the same 
disease-endemic region.

A total of 324 patients with M. ulcerans disease from 
the Bellarine Peninsula, Victoria, Australia, were managed 
in the Barwon Health observational cohort during January 
1, 1998–April 12, 2016. Median age was 57 years (IQR 
34–74 years), and 164 patients (50.6%) were men. For the 
whole cohort, a combined time of 1,968.5 years had elapsed 
from diagnosis of the initial M. ulcerans lesions until the 
time of study analysis (April 12, 2016). The median dura-
tion elapsed from initial diagnosis until study analysis was 
4.7 years (IQR 2.8–9.7 years).

Twenty-one (6.5%) patients were part of a family 
cluster (Table 1), 9 genetically related and 12 related by 
marriage. All family clusters were diagnosed after the be-
ginning of 2008. We found that significantly fewer family 
clusters were diagnosed during the first half of the study 
period (0 of 92 cases during 1998–2007) than in the sec-
ond half (21 of 232 cases during 2008–2016) (p<0.01). 
The median time between diagnoses of M. ulcerans lesions 
in an additional family member, after the initial family  
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member was given a diagnosis, was 2.8 months (IQR 1.1–
20.6 months). The rate of new diagnosis of an M. ulcerans 
lesion in another family member was 5.69/1,000 person-
years (95% CI 3.15–10.29/1,000 person-years). We deter-
mined the cumulative proportion of patients given a diag-
nosis who had an affected family (Figure 1).

Core SNPs based on common variable nucleotide po-
sitions were identified for the 6 examined family isolates by 
whole-genome sequencing. A total of 4,918 core SNPs as-
cribed to the African Agy99 reference genome were identi-
fied according to strict filtering criteria. Only 8 SNPs were 
specific to >1 of the 6 isolates (Table 2). Of the 8 SNPs that 
differed among the isolates, only 3 were nonsynonymous 

substitutions. The remaining 5 SNPs were either intergenic 
or synonymous mutations.

Pairwise comparisons of family cluster isolates showed 
that isolates from the 4a/4b pair were genetically identical. 
In contrast, isolates from the 2a/2b and 1a/1b pairs contained 
several isolate-specific SNPs (Table 2; Figure 2). SNP 
analysis of unrelated M. ulcerans isolates from the same 
disease-endemic area showed that 3 of the 6 isolates were 
also genetically identical (Figure 2), which demonstrated 
that unrelated isolates can share a common genotype. The re-
maining 3 isolates contained 1–3 unique SNPs. Thus, family 
cluster isolates were not any more closely genetically related 
than 6 random isolates from the same geographic region.
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Table 1. Characteristics of 21 patients associated with family clusters of Mycobacterium ulcerans disease, Bellarine Peninsula, 
Victoria, Australia, 1998–2016* 

Cluster Isolate 
Date of 

diagnosis 

Time 
between 

lesions, mo Location Relationship 

Patient age at 
diagnosis, 

y,/sex Site of lesion 
Type of 
lesion 

WHO 
stage 

1a mu179 2008 Jul 21 0.4 PTL Mother 54/F Right thigh Ulcer 1 
1b mu180 2008 Aug 4 PTL Daughter 26/F Left calf Ulcer 1 
2a mu248 2010 Oct 24 20.6 PTL Husband 84/M Right forearm Ulcer 1 
2b mu394 2012 Jul 4 PTL Wife 84/F Right forearm Ulcer 1 
3a NT 2011 Jul 25 0.1 QUE Husband 76/M Right ankle Ulcer 3 
3b NT 2011 Jul 28 QUE Wife 75/F Right elbow Ulcer 1 
4a mu294 2011 Aug 22 1.3 PTL Wife 65/F Right knee Ulcer 1 
4b mu308 2011 Sep 29 PTL Husband 65/M Left calf Ulcer 1 
5a NT 2011 Aug 25 1.1 BH Father 56/M Right leg Ulcer 1 
5b NT 2011 Sep 26 BH Son 26/M Right leg Ulcer 1 
6a  NT 2012 Jun 19 22.7 PTL Wife 34/F Left knee Ulcer 1 
6b NT 2014 Apr 30 PTL Husband 37/M Right ankle Ulcer 1 
7a NT 2012 Aug 14 22.9 QUE Wife 74/F Left ankle Ulcer 1 
7b NT 2014 Jul 3 QUE Husband 76/M Left leg Ulcer 1 
8a NT 2012 Oct 16 15.9 BH Sister 20/F Right foot Ulcer 1 
8b NT 2014 Feb 14 BH Brother 18/M Left leg Ulcer 1 
9a NT 2013 Apr 27 12.7 QUE Wife 85/F Right ankle Ulcer 1 
9b NT 2014 May 12 QUE Husband 90/M Left forearm Ulcer 1 
10a NT 2013 Dec 10 2.8 PTL Father 34/M Left hand Ulcer 1 
10b NT 2014 Mar 4 PTL Daughter 4/F Right knee Nodule 1 
10c NT 2014 Mar 5 0.0 PTL Son 7/M Right ankle Nodule 1 
*BH, Barwon Heads; NT, not tested; PTL, Point Lonsdale; QUE, Queenscliff; WHO, World Health Organization. 

 

 

 

 
Table 2. Description of 8 single-nucleotide polymorphisms specific to >1 of 6 family cluster isolates of Mycobacterium ulcerans 
disease, Bellarine Peninsula, Victoria, Australia, 1998–2016* 

Position Loci Protein Substitution 
Amino acid 

change Isolate Coverage statistics 
398430 Intergenic – G/A – mu179 T: 0, A: 35, G: 0, C: 1 
398430 Intergenic – G/A – mu180 T: 0, A: 67, G: 0, C: 0 
398430 Intergenic – G/A – mu248 T: 0, A: 100, G: 0, C: 1 
398430 Intergenic – G/A – mu294 T: 0, A: 75, G: 0, C: 0 
398430 Intergenic – G/A – mu308 T: 0, A: 58, G: 0, C: 0 
1758272 MUL_1618 Membrane protein C/T Synonymous mu248 T: 91, A: 1, G: 0, C: 0 
2153447 MUL_1947 Thiamine pyrophosphate A/G LysArg mu294 T: 0, A: 1, G: 58, C: 0 
2153447 MUL_1947 Thiamine pyrophosphate A/G LysArg mu308 T: 0, A: 0, G: 40, C: 0 
2462577 MUL_2205 Hypothetical protein T/C AspGly mu179 T: 1, A: 1, G: 0, C: 47 
4359638 MUL_3902 Membrane protein C/A AlaSer mu180 T: 0, A: 60, G: 1, C: 0 
4359638 MUL_3902 Membrane protein C/A AlaSer mu248 T: 0, A: 108, G: 0, C: 1 
5189291 Intergenic – G/T – mu248 T: 76, A: 0, G: 4, C: 0 
5354966 MUL_4830 Putative GTPase T/C Synonymous mu180 T: 2, A: 0, G: 1, C: 18 
5354966 MUL_4830 Putative GTPase T/C Synonymous mu248 T: 0, A: 0, G: 0, C: 20 
5577431 MUL_5032 Immunogenic protein mbt64 A/G Synonymous mu394 T: 0, A: 0, G: 28, C: 0 
*A total of 4,918 core single-nucleotide polymorphisms were identified for all 6 isolates compared with the African Agy99 reference genome. –, not 
applicable (mutations were not within a coding region). 
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Conclusions
Our examination of family clusters of M. ulcerans dis-
ease provides useful insights into the environmental res-
ervoir and mode of transmission of this organism. First, 
the median time to diagnosis between family members 
was short (2.8 months), and no family members were 
given a diagnosis of an M. ulcerans lesion >23 months 
apart in a cohort spanning 18 years and nearly 2,000 
combined years of elapsed time since diagnosis. This 
finding suggests that family members have been exposed 
to a source in the family’s environment that persists only 
for a short period.

Second, with an incubation period for M. ulcerans dis-
ease estimated to be a median of 4.5 months (12), the ob-
servation that the median time between diagnoses in family 
clusters was <3 months suggest that infections were not be-
ing transmitted between family members. Further evidence 
against human-to-human transmission is apparent from 
whole-genome SNP analysis, which showed that pairs of 
isolates from 2 (2a/2b and 1a/1b) of 3 family clusters were 
not genetically identical. These findings support previous 

suggestions that M. ulcerans is unlikely to be transmitted 
from person to person (13).

Unknown is the type of short-term exposure that leads 
to the close temporal relation of family clustered infections. 
Opossums have been proposed as a source, either through 
contamination of the environment by infected feces or by an 
intermediate vector, such as mosquitoes, which transfer the 
infection from infected opossums to humans by a bite (7). 
Infected opossum(s) in the family environment might cause 
cases of human infection, then subsequently die of the dis-
ease (14), removing the source of infection. Alternatively, 
transmission could be related to a short-term change in the 
environment involving soil or foliage as a result of such 
events as home construction and renovation, or planting 
and removing trees or grasses (13). Mosquitoes in the area 
might be transiently infected/contaminated with M. ulcer-
ans and infect humans through bites during this time (15).

In summary, the incidence rate of lesions in another 
family member (5.69/1,000 person-years) was higher than 
reported incidence rates during 2005–2009 in the general 
population of the Bellarine Peninsula (0.85–4.04 cases/
year/1,000 population) (7). This finding suggests that ge-
netic susceptibility or, more likely, localized exposure risk 
increases the likelihood of infection.

The incidence of M. ulcerans disease family clusters in 
an observational cohort in southeastern Australia was higher 
than in the general population of the disease-endemic area. 
However, when clusters occur, they are closely temporally 
related, which suggests a short-term risk for exposure and 
infection. Epidemiologic and genetic evidence suggests hu-
man-to-human transmission is not the source of infection.
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Figure 1. Cumulative proportion of patients with a family member 
affected by Mycobacterium ulcerans disease, Barwon Health 
cohort, Bellarine Peninsula, Victoria, Australia, 1998–2016.

Figure 2. Median joining network 
of 12 SNPs of 12 Mycobacterium 
ulcerans isolates from patients with 
Mycobacterium ulcerans disease, 
Barwon Health cohort, Bellarine 
Peninsula, Victoria, Australia, 
1998–2016. Node colors indicate 
clusters. Blue, cluster 4a/4b; red, 
cluster 1a/1b; green, cluster 2a/2b. 
Black nodes represent 6 unrelated 
isolates. The size of each node 
is proportional to the number 
of genetically identical isolates 
with identical genotypes. Values 
indicate number of SNPs between 
each node. SNP, single-nucleotide 
polymorphism.
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Information about the Zika virus disease incubation period 
can help identify risk periods and local virus transmission. 
In 2015–2016, data from 197 symptomatic travelers with 
recent Zika virus infection indicated an estimated incuba-
tion period of 3–14 days. For symptomatic persons with 
symptoms >2 weeks after travel, transmission might be 
not travel associated.

Zika virus is a mosquito-borne flavivirus transmitted 
primarily through the bite of infected Aedes spp.mos-

quitoes. Transmission can also occur through occupational 
laboratory exposure and by intrauterine, intrapartum, or 
sexual routes (1–3).

In May 2015, Zika virus disease cases were identi-
fied in Brazil, representing the first local transmission in 
the Americas (4). Subsequently, Zika virus spread rapidly, 
resulting in >463,000 suspected and laboratory-confirmed 
cases in the Americas as of June 30, 2016 (5). This rapid 
expansion highlighted key knowledge gaps, including incu-
bation period. Characterizing the incubation period for Zika 
virus is needed for defining periods of risk and identifying 
local virus transmission. To estimate the incubation period, 
we used data from symptomatic persons who had traveled 
to an area with ongoing Zika virus transmission and for 
whom laboratory evidence indicated recent infection.

The Study
We included in our analysis persons for whom samples test-
ed at the Centers for Disease Control and Prevention from 
January 1, 2015, through June 23, 2016, gave positive re-
sults, indicating recent Zika virus infection (defined as Zika 
virus RNA positivity by real-time reverse transcription or 
Zika or dengue virus positivity by IgM capture ELISA and 
confirmed by plaque reduction neutralization test with a Zika 
virus–specific neutralizing antibody titer >10 and Zika virus 
titer >4-fold higher than dengue virus titer) (6,7). We re-
stricted our analysis to persons who were symptomatic, had 
known symptom onset date (onset of first symptom), had 

known travel dates from/to the continental United States, 
and were probably infected through a mosquito bite. We ex-
cluded from analysis those for whom disease was congenital 
or sexually transmitted and those reporting illness onset >2 
months after travel (because of the typically shorter incuba-
tion periods for other flavivirus diseases).

To estimate the incubation period distribution, we first 
defined the exposure period as either the duration of travel 
if a person experienced illness after return from travel or 
the time from beginning of travel to the onset of illness if 
the traveler became ill during travel (Figure 1, panel A). 
We then fit various probability distributions in R (https://
cran.r-project.org/) by using the dic.fit function in the 
coarseDataTools package, which uses methods detailed by 
Reich et al. (8). We selected the best model by using the 
Akaike information criterion. In addition to reporting fitted 
cumulative distribution function and associated 95% CIs, 
we reported certain quantiles and means. All analyses were 
conducted by using R.

For our primary analysis, we used all persons with evi-
dence of a recent Zika virus infection (primary case set). 
We then performed a secondary analysis of persons with 
confirmed Zika virus infection and <2 weeks of travel (sec-
ondary case set), enabling evaluation of our estimates by 
using more stringent case definition requirements. A con-
firmed case of Zika virus disease was illness in a symptom-
atic person with a sample that was either Zika virus RNA 
positive or Zika or dengue virus IgM positive with neutral-
izing antibodies against Zika virus only.

From January 1, 2015, through June 23, 2016, we 
identified 337 persons with evidence of recent Zika virus 
infection. Of these, we excluded 140 (42%) because they 
did not meet the study criteria (Figure 2). Among the re-
maining 197 persons, median age was 42 (range 1–81) 
years, most (119/197; 60%) were female, and 11 (6%) were 
pregnant (Table). Median length of travel was 11 (range 
2–177) days. The diagnosis of recent Zika virus infection 
was made by serologic testing for 134 (68%) persons, by 
molecular testing for 57 (29%), and by molecular and sero-
logic testing for 6 (3%).

The Weibull distribution fit our data best (parameter 
estimates in online Technical Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/23/5/16-1715-Techapp1.pdf). 
For the primary case set, our estimates for incubation pe-
riod were median 6.2 (95% CI 5.7––6.6) days (Figure 1, 
panel B) and mean 6.4 (95% CI 5.7–7.0) days. We estimat-
ed that, among persons in whom symptoms would develop, 

Estimated Incubation Period for  
Zika Virus Disease 
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they would develop in 5% by 2.1 (95% CI 1.7–2.4) days 
and in 99% by 13.6 (95% CI 13.0–14.2) days (Figure 1, 
panel B; online Technical Appendix Table 2).

Of the 112 (57%) persons who had traveled for <2 
weeks, cases were confirmed for 79 (71%). The age and 
sex distributions for these patients did not differ significant-
ly from those of the primary case set (p = 0.67 and 0.44, 
respectively) (Table). The median length of travel was 8 
(range 3–13) days. Zika virus diagnosis was confirmed by 
serologic testing for 47 (59%) patients, by molecular test-
ing for 31 (39%), and by both methods for 1 (1%).

For patients with confirmed cases, we estimated the 
median incubation period to be 5.8 (95% CI 5.0–6.7) days 
(Figure 1, panel B; online Technical Appendix Table 2) and 
the mean to be 6.0 (95% CI 5.2–6.8) days. The quantile es-
timates (5%–95%) for these patients were similar to those 
for all travelers; however, among travelers with shorter 
travel durations and confirmed Zika virus infections, symp-
toms developed within 11.8 (95% CI 10.8 –12.9 days) days 
for 99%, compared with 13.6 days for all travelers.

On the basis of our analysis, we estimate that the in-
cubation period for Zika virus is 3–14 days. We expect 
symptoms to develop within 1 week of infection for 50% 
and within 2 weeks for 99%. Our estimates for Zika virus 
incubation period are similar to those reported for other fla-
viviruses (9–12). The incubation period for Zika virus has 
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Figure 1. Estimated distribution of incubation period in days since 
infection for persons with evidence of recent Zika virus disease. 
A) Representation of individual interval censored travel data 
based on time of exposure relative to symptom onset (n = 197). 
Horizontal lines represent exposure times relative to onset. Vertical 
black line indicates symptom onset; red indicates persons with 
confirmed Zika virus disease; blue indicates all persons with Zika 
virus diseases; pink indicates exposure durations after symptom 
onset; and light blue indicates that these times did not contribute 
to the analysis. Individual data are sorted from bottom to top by 
exposure duration; to ease visible interpretation, we truncated 
long durations. The black triangle marks the estimated median 
incubation period for all Zika virus disease cases; the white triangle 
marks the estimated 95th quantile. The top panel shows the fitted 
Weibull density function; the blue line represents the distribution 
for all Zika virus disease cases; and the red line represents only 
those with confirmed Zika virus disease. B) Estimated distribution 
of time from infection to symptom onset (incubation period) for 197 
persons with evidence of recent Zika virus infection (blue) and with 
confirmed Zika virus disease (red). The heavy line represents the 
estimated Weibull cumulative distribution function for the incubation 
period; 95% confidence bands are shown in red and blue shading. 
The 2 dotted lines represent the 50th and 99th quantiles; blue 
represents all cases; and red represents confirmed cases only. The 
solid horizontal line near the x-axis gives the point estimates and 
95% CIs for the quantiles. Additional quantiles and CIs are shown 
in online Technical Appendix Table 2 (https://wwwnc.cdc.gov/EID/
article/23/5/16-1715-Techapp1.pdf).

Figure 2. Persons with Zika virus–like symptoms and positive test 
results for Zika virus infection identified from samples received 
and tested for Zika virus infection at the Centers for Disease 
Control and Prevention. *Excluded for being asymptomatic, 
having congenital infection, having sexually transmitted infection, 
history of travel originating outside the United States, no date of 
symptom onset, symptom onset >2 months after travel return.
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been estimated by Lessler et al., who reported data from 25 
patients with variable exposure and laboratory evidence of 
infection (13). Their estimated median incubation period 
was similar to ours, 5.9 days, but the upper limit from that 
study was 18 days, which is 6 and 7 days longer than our 
estimates for the primary and secondary case sets, respec-
tively. The difference in the upper limit was probably the 
result of the lower number of cases and higher variability in 
travel durations for their cohort.

Our analysis has several limitations. First, samples 
were submitted to the Centers for Disease Control and 
Prevention for all patients in this analysis, although guid-
ance for testing recommended testing only persons with 
symptom onset <2 weeks after travel (14). Testing of all 
patients could have biased our sample population. Second, 
we included persons who were Zika virus IgM positive, 
considered as having recent infection. However, because 
the duration of IgM after Zika virus infection is not known, 
we might have included persons who had a prior infection 
unrelated to their most recent travel. Third, our analysis 
does not include other modes of transmission, such as sex-
ual or congenital, for which incubation periods might dif-
fer. Fourth, we cannot be sure that all cases included in the 
analysis were caused by vector transmission because sexu-
al transmission may have occurred during travel. Similarly, 
our primary case set included 11 pregnant women. Data 

suggest that the immunologic response to Zika virus infec-
tion might differ during pregnancy (15); however, in our 
analysis, the incubation periods of the pregnant women did 
not differ qualitatively from those of nonpregnant travelers.

Conclusions
According to our analysis, among Zika virus–infected 
travelers who will become symptomatic, 99% will expe-
rience symptoms within 2 weeks of exposure and 50% 
within 1 week. Persons for whom symptoms develop >2 
weeks after travel and test results for a recent Zika virus 
infection are positive should be evaluated for alternative 
modes of transmission (e.g., sexual transmission) or local 
vectorborne transmission.
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 >60 27 (14) 7 (9) 
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Sex 
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Pregnant 

  

 Yes 11 (6) 2 (3) 
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 Unknown 25 (13) 17 (22) 
Travel duration, d 

  

 <7  24 (12) 15 (19) 
 7–13  88 (45) 64 (81) 
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 ≥28  42 (21) 0 
*Persons with Zika virus–like symptoms and positive results for Zika  
virus RNA by real-time reverse transcription PCR or positive results for 
Zika or dengue virus IgM and Zika virus plaque reduction neutralization 
test (PRNT) results >10 and Zika virus titer >4-fold higher than dengue 
virus titer. 
†Persons who traveled <2 weeks, experienced Zika virus–like symptoms, 
and had positive Zika virus RNA results by real-time reverse transcription 
PCR or positive Zika or dengue virus IgM results and PRNT >10 and 
dengue PRNT <10. 
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After the deaths of 2 preterm neonates with Bacillus ce-
reus systemic infection in the same intensive care unit, 
we investigated the pathogenic potential of this bacterium. 
Genetic and virulence analysis indicated the neonates 
were infected with 2 different strains with a virulence po-
tential similar to environmental strains, indicating likely pa-
tient immune response failure. 

Bacillus cereus is a gram-positive, spore-forming bacte-
rium that is widespread in the environment. In adults, 

B. cereus is involved mainly in gastrointestinal infection 
and is the third most common cause of food poisoning (1). 
Rarely, this bacterium causes invasive or fatal infections in 
high-risk patients, such as immunocompromised adult pa-
tients and preterm neonates who have an immature immune 
system that is mostly restricted to innate immunity (2–4).

In 2013, two preterm infants with B. cereus infec-
tion died in the same intensive care unit. As part of the 
investigation of these deaths, we conducted genetic and 
virulence analyses of B. cereus strains from the patients 
and from the environment.

The Study
In September 2013, tracheobronchial aspiration and blood 
cultures positive for B. cereus were obtained from 2 prema-
ture newborns hospitalized in the same intensive care unit. 
An unfavorable outcome led to the infants’ deaths despite an 
appropriate treatment with wide-spectrum antibiotic drugs.

The first premature infant was female, born at 27 weeks 
and 2 days of gestation, and weighed 880 g. An emergency 

cesarean delivery was performed because of the mother’s 
preeclampsia. The Apgar score at birth was 1-2-10, with 
bagging ventilation and intubation at 5 min after birth. No 
evidence of maternal–fetal transmission of infection was 
retrieved. On day 4, signs of infection were noted in the 
newborn, including respiratory distress, tachycardia, and 
a gray skin complexion. Investigations revealed elevated 
inflammatory markers (C-reactive protein level 88 mg/L). 
Empirical intravenous antimicrobial drug therapy (cefotax-
ime, gentamicin, and vancomycin) was started.

Tracheobronchial aspiration was performed and, a 
sample grew 106 CFU/mL of B. cereus identified by ma-
trix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MicroFlex LT; Bruker Daltonics, Billerica, 
MA, USA) (log score value of 2.07 matching with B. ce-
reus reference strain DSM 31T, MALDI Biotyper v2.3). 
The blood culture remained sterile after 14 days. During 
her stay, the neonate had refractory hypoxemia due to a 
diffuse pulmonary lung parenchymal necrosis that required 
high-frequency ventilation and continuous thoracic drain. 
Despite an appropriate antimicrobial drug treatment (15 
days of vancomycin followed by fluoroquinolone), the 
neonate had chronic hypoxemia and died at 26 days of age.

The second premature neonate, born 2 days after the 
first, was male, born at 29 weeks and 4 days of gestation, 
and weighed 1,480 g. A cesarean section was performed to 
enable the mother to start chemotherapy for a maternal ma-
lignancy, diagnosed at 26 weeks of gestation. The Apgar 
score at birth was 10. Physical examination indicated no 
sign of maternal or neonatal infection. On day 4, signs of 
infection were observed in the newborn, along with respira-
tory distress. The infant was reintubated, and antimicrobial 
drug therapy (cefotaxime, gentamicin, and vancomycin) 
was started.

Blood cultures were positive after 9 hours, and sub-
cultures grew with B. cereus (log score 2.02). Catheter cul-
tures were positive and grew 106 CFU/mL of B. cereus (log 
score 2.1). On day 5, despite appropriate care and sepsis 
control, the newborn showed severe neurologic impair-
ment. Control cranial ultrasound revealed brain empyema, 
cerebral necrosis, and cranial hemorrhages (Figure 1). An 
unfavorable outcome led to the patient’s death at 8 days 
of age from multiple organ failure and cerebral abscesses.

The hospital’s infection control team looked for envi-
ronmental reservoirs as potential sources of contamination  
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of the 2 newborns. Therefore, ventilation equipment, bal-
loons used in manual ventilation, intravenous umbilical 
catheters, ultrasonic probes, linens (including towels and 
bedsheets), breast milk, and freeze-dried breast milk were 
collected and sent for microbiological analysis (Table 1). 
B. cereus cultures were positive for 5 environmental sam-
ples, including the surface of the incubator used for the 
first newborn (3 samples), ultrasonic probes (5 samples), 
and a bench surface used for bottle-feeding (5 samples). 
We compared all B. cereus strains, including those isolated 
from the 2 newborns, by using M13-PCR methods (5). This 
analysis revealed that the patients were infected by 2 differ-
ent strains and that the environmental strains were different 
from strains isolated from patients. These data excluded 

a clonal transmission between the 2 patients and the hy-
pothesis of a nosocomial outbreak caused by an emerging 
virulent strain (Figure 2, panel A). Nevertheless, a common 
source of infection for the 2 newborns by polyclonal strains 
cannot be excluded.

We screened the isolated strains for B. cereus main vir-
ulence factor genes hemolysin BL, nonhemolytic enterotox-
in, cytotoxin K, and hemolysin II (Table 2) by using PCR 
and toxin production assay methods (6–9). Both patient and 
environmental isolates produced toxins. We further assessed 
the virulence potential using an in vivo model of Drosoph-
ila melanogaster infection. To validate the capacity of this 
model to detect the virulence of various bacterial strains, 
we first infected wild-type flies with Escherichia coli CIP 
102181, Staphylococcus aureus CIP 110856, and B. cereus 
CIP 66.24T. We grew bacteria in Luria-Bertani broth over-
night at 37°C and subcultured them up to an optical density 
of 0.8 at 600 nm. We dipped a tungsten needle into an equal 
volume of bacterial suspension or phosphate-buffered saline 
(control) and used it to prick 20–30 adult male flies (10). All 
flies infected with S. aureus and B. cereus died after 20 and 
12 hours, respectively. Flies infected with E. coli displayed 
a survival rate similar to that of control flies, enabling us 
to validate D. melanogaster as a model for evaluating the 
strains’ virulence potential (Figure 2, panel B). 

We used the same protocol to compare all B. cereus 
strains. We found no statistical difference in survival be-
tween flies infected with the different B. cereus strains, in-
cluding B. cereus CIP 66.24T (Figure 2, panel C). These 
data correlate with the absence of a specific virulence sig-
nature for those strains (Table 2).

Conclusions 
Considering the fatal outcome of the 2 infections despite 
appropriate antimicrobial drug therapy, we addressed 
the question of a high virulence potential of the patients’  

846 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017

Figure 1. Standard echography cranial ultrasound of premature infant with Bacillus cereus sepsis, Nice, France, 2013. A) Left sagittal 
section showing large hemorrhagic hyperechogenic area of white material (white arrow). B) Frontal section showing right periventricular 
kystic hypoechogenic lesions (white arrow) with associated bilateral hemorrhagic hyperechogenic lesions (white star). 

 

 

 
Table 1. Microbiological results of environmental sampling after 
deaths of 2 preterm neonates with Bacillus cereus infection, Nice, 
France, 2013* 

Environmental site 
No. positive/no. 
samples tested 

Incubator, first newborn 3/7 
Incubator, second newborn 0/7 
Ultrasonographic probe 1/1 
Bench surface used for bottle feeding 1/1 
Control incubator 1 0/4 
Control incubator 2 0/4 
Control ultrasonographic probe 0/1 
Heated humidifier for 2 control incubators  0/2 
Wet bulb for 2 control incubators  0/2 
Heating ramp for control incubator 1 0/1 
Control incubator mattresses  0/2 
Babies’ sheets 0/1 
Towels 0/1 
Sterile field 0/1 
Ultrasound gel dispenser bottles 0/2 
Used ultrasound gel 0/1 
Air filtration/ventilation equipment 0/1 
Air flow sensor for ventilator 0/1 
Heating unit for ventilator 0/1 
Food refrigerator 0/1 
Various cutlery 0/2 
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B. cereus strains by testing for the presence of virulence 
factor genes and expression levels. We found a similar vir-
ulence factor profile in the patients and in the environmen-
tal strains. This profile suggested that the outcome of the 
infection was probably not linked to the virulence potential 
of the strains. 

We then used D. melanogaster as an infection model. 
We chose this model because flies rely only on innate im-
munity to survive infections, similar to preterm newborns, 
who have immature immune systems. We found that all iso-
lated B. cereus strains (patient and environmental strains) 
displayed a similar killing potential, suggesting that the fa-
tal outcome in both newborns was due not to the emergence 
of a hypervirulent strain but rather to a similar pathogenic 
potential for all B. cereus strains toward at-risk patients.

Given that B. cereus is ubiquitous in the environ-
ment and potentially fatal in preterm neonates, it appears 
critical to determine how these 2 neonates were infected 

and why they died, as well as why other preterm neonates 
hospitalized concurrently in the same room of the inten-
sive care unit remained uninfected. Further investigations 
would be necessary to determine whether the deaths were 
a consequence of an innate immune defect, a high bacte-
rial load at time of contamination, or a combination of 
both parameters.

Our study, along with previous ones (3,4,11–13), rein-
forces the idea that B. cereus is an underestimated emerging 
pathogen that can be involved in fatal healthcare-associated 
infections in premature newborns. Our results indicate that 
all B. cereus strains display potentially pathogenic proper-
ties toward at-risk patients. Considering that B. cereus is 
ubiquitous in the environment, it is essential to emphasize 
the necessity of strict hygiene measures and protocols to 
prevent bacterial transmission. Evaluating an immune re-
sponse capacity in at-risk patients must be considered to 
avoid a fatal outcome from B. cereus infection.
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Figure 2. Genetic and virulence analyses of Bacillus spp. strains isolated from 2 preterm neonates with B. cereus infection and 
environmental sampling from intensive care unit, Nice, France, 2013. A) Molecular typing using M13-PCR methods, as described by 
Guinebretiere et al. (5). Lane 1, DNA ladder; lane 2, tracheobronchial fluid, first newborn; lane 3, blood culture, second newborn; lane 
4, catheter, second newborn; lane 5, incubator surface, first newborn (Env1); lane 6, incubator surface, first newborn (Env2); lane 7, 
incubator surface, first newborn (Env3); lane 8, ultrasonographic probe (Env4); lane 9, bench surface used for bottle feeding (Env5); 
lane 10, incubator surface, second newborn (1); lane 11, incubator surface, second newborn (2); lane 12, negative control; lane 13, 
DNA ladder. B) Survival of flies infected with Escherichia coli CIP 102181, Staphylococcus aureus CIP 110856, and B. cereus CIP 66.24 
T, compared with survival of control flies injected with phosphate-buffered saline (PBS). *p <0.01; **p <0.001; ns, not significant (all by 
Gehan-Breslow-Wilcoxon χ2 test). C) Survival of flies infected with the different strains of B. cereus tested. Env, environmental; ns, not 
significant by Gehan-Breslow-Wilcoxon χ2 test.

 

 

 
 
Table 2. Virulence factor analysis of strain characteristics of bacteriologic samples obtained after deaths of 2 preterm neonates with 
Bacillus cereus infection, Nice, France, 2013* 

Tested strain Source of sample 

Gene 
Genotype 
group (%) 

Nhe 
production 

inde)† 

Hbl 
detection 

limit cytK1  cytK2  ces  hlyII  
First newborn Tracheobronchial aspiration –  + – – III (99.72) +++ – 
Second newborn Blood culture – + – – IV (100) + 1/64 
Second newborn Catheter – + – – IV (100) + 1/64 
Environmental isolate 1  Incubator surface, first 

newborn  
– – – – II (97.71) ++ – 

Environmental isolate 2  Incubator surface, first 
newborn  

– + – – III (99.72) +++ – 

Environmental isolate 3  Incubator surface, first 
newborn  

– + – + IV (100) +++ 1/64 

Environmental isolate 4  Ultrasonographic probe – + – – IV (100) +++ 1/32 
Environmental isolate 5  Bench surface used for 

bottle feeding 
– – – – III (100) +++ – 

*Hbl, hemolytic BL toxin; Nhe, nonhemolytic enterotoxin; +, positive; –, negative. 
†Nhe production level: +, low; ++ moderate; +++, high. 
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After just over 75 years of penicillin’s clinical use, the world 
can see that its impact was immediate and profound. In 
1928, a chance event in Alexander Fleming’s London labo-
ratory changed the course of medicine. However, the pu-
rification and first clinical use of penicillin would take more 
than a decade. Unprecedented United States/Great Britain 
cooperation to produce penicillin was incredibly successful 
by 1943. This success overshadowed efforts to produce 
penicillin during World War II in Europe, particularly in the 
Netherlands. Information about these efforts, available 
only in the last 10–15 years, provides new insights into 
the story of the first antibiotic. Researchers in the Nether-
lands produced penicillin using their own production meth-
ods and marketed it in 1946, which eventually increased 
the penicillin supply and decreased the price. The unusual 
serendipity involved in the discovery of penicillin demon-
strates the difficulties in finding new antibiotics and should 
remind health professionals to expertly manage these ex-
traordinary medicines.

According to British hematologist and biographer Gwyn 
Macfarlane, the discovery of penicillin was “a series 

of chance events of almost unbelievable improbability” (1). 
After just over 75 years of clinical use, it is clear that peni-
cillin’s initial impact was immediate and profound. Its de-
tection completely changed the process of drug discovery, 
its large-scale production transformed the pharmaceutical 
industry, and its clinical use changed forever the therapy 
for infectious diseases. The success of penicillin production 
in Great Britain and the United States overshadowed the 
serendipity of its production and the efforts of other nations 
to produce it. Information on penicillin production in Eu-
rope during World War II, available only in the last 10–15 
years, provides new insights into penicillin’s story.

Dawn of Chemotherapy and the “Magic Bullet”
At the beginning of the 20th century, Paul Ehrlich pio-
neered the search for a chemical that would kill a microor-
ganism and leave the host unaltered—the “magic bullet.” 
Ehrlich also coined the term chemotherapy: “There must 
be planned chemical synthesis: proceeding from a chemical 
substance with recognizable activity, making derivatives 
from it, and then trying each to discover the degree of its 
activity and effectiveness. This we call chemotherapy” (2).  

After extensive testing, he found a drug with activity 
against the bacterium Treponema pallidum, which causes 
syphilis. The introduction of this drug, arsphenamine 
(Salvarsan), and its chemical derivative neoarsphenamine 
(Neosalvarsan) in 1910 ushered in a complete transforma-
tion of syphilis therapy and the concept of chemotherapy. 
Unfortunately, despite exhaustive searches, the promise of 
more magic bullets for microbial therapy remained elusive. 
For 20 years, Salvarsan and Neosalvarsan were the only 
chemotherapy for bacterial infections.

Alexander Fleming’s Discovery 
A chance event in a London laboratory in 1928 changed the 
course of medicine. Alexander Fleming, a bacteriologist at 
St. Mary’s Hospital, had returned from a vacation when, 
while talking to a colleague, he noticed a zone around an 
invading fungus on an agar plate in which the bacteria did 
not grow. After isolating the mold and identifying it as 
belonging to the Penicillium genus, Fleming obtained an 
extract from the mold, naming its active agent penicillin. 
He determined that penicillin had an antibacterial effect on 
staphylococci and other gram-positive pathogens.

Fleming published his findings in 1929 (3). However, 
his efforts to purify the unstable compound from the extract 
proved beyond his capabilities. For a decade, no progress 
was made in isolating penicillin as a therapeutic compound. 
During that time, Fleming sent his Penicillium mold to any-
one who requested it in hopes that they might isolate peni-
cillin for clinical use. But by the early 1930s, interest had 
waned in bringing to life Paul Ehrlich’s vision of finding 
the magic bullet.

Discovery of Prontosil and Sulfa Drugs
This dismal outlook on chemotherapy began to change 
when Gerhard Domagk, a German pathologist and bacte-
riologist, found bacteriologic activity in a chemical deriva-
tive from oil dyes called sulfamidochrysoïdine (also known 
as Prontosil). This compound had bacteriologic activity in 
animals, but strangely, none in vitro. Prontosil had limited 
but definite success when used to treat patients with bacte-
rial infections, including Domagk’s own child. A German 
company patented the drug, and ultimately, Domagk won 
a Nobel Prize in 1939. The paradox of Prontosil’s in vivo 
success but lack of success in vitro was explained in 1935, 
when French scientists determined that only part of Pronto-
sil was active: sulfanilamide. In animals, Prontosil was me-
tabolized into sulfanilamide. Within 2 years, sulfanilamide 

The Discovery of Penicillin—New Insights  
After More Than 75 Years of Clinical Use

Robert Gaynes

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 849

Author affiliation: Emory University School of Medicine, Decatur, 
Georgia, USA

DOI: http://dx.doi.org/10.3201/eid2305.161556

ANOTHER DIMENSION



ANOTHER DIMENSION

and several derivative sulfa drugs were on the market. The 
success of sulfanilamide changed the cynicism about che-
motherapy of bacteria (1).

Isolation of Penicillin at Oxford University
The success of sulfa drugs sparked interest in finding 
other agents. At Oxford University, Ernst Chain found 
Fleming’s 1929 article on penicillin and proposed to his 
supervisor, Howard Florey, that he try to isolate the com-
pound. Florey’s predecessor, George Dreyer, had written 
Fleming earlier in the 1930s for a sample of his strain 
of Penicillium to test it for bacteriophages as a possible 
reason for antibacterial activity (it had none).  However, 
the strain had been saved at Oxford. In 1939, Howard 
Florey assembled a team, including a fungal expert, Nor-
man Heatley, who worked on growing Penicillium spp. 
in large amounts, and Chain, who successfully purified 
penicillin from an extract from the mold. Florey oversaw 
the animal experiments. On May 25, 1939, the group in-
jected 8 mice with a virulent strain of Streptococcus and 
then injected 4 of them with penicillin; the other 4 mice 
were kept as untreated controls. Early the next morning, 
all control mice were dead; all treated mice were still 
alive. Chain called the results “a miracle.” The research-
ers published their findings in The Lancet in August 1940, 
describing the production, purification, and experimental 
use of penicillin that had sufficient potency to protect ani-
mals infected with Streptococcus pyogenes, Staphylococ-
cus aureus, and Clostridium septique (4).

After the Oxford team had purified enough penicil-
lin, they began to test its clinical effectiveness. In Feb-
ruary 1941, the first person to receive penicillin was an 
Oxford policeman who was exhibiting a serious infec-
tion with abscesses throughout his body. The adminis-
tration of penicillin resulted in a startling improvement 
in his condition after 24 hours. The meager supply ran 
out before the policeman could be fully treated, howev-
er, and he died a few weeks later. Other patients received 
the drug with great success. The Oxford team then pub-
lished their clinical findings (5). At the time, however, 
pharmaceutical companies in Great Britain were unable 
to mass produce penicillin because of World War II 
commitments. Florey then turned to the United States 
for assistance.

Penicillin and US Involvement
In June 1941, Florey and Heatley traveled to the United 
States. Concerned about the security of taking a culture of 
the precious Penicillium mold in a vial that could be stolen, 
Heatley suggested that they smear their coats with the Peni-
cillium strain for safety on their journey. They eventually 
arrived in Peoria, Illinois, to meet with Charles Thom, the 
principal mycologist of the US Department of Agriculture, 

and Andrew Jackson Moyer, director of the department’s 
Northern Research Laboratory. Thom corrected the iden-
tification of Fleming’s mold to P. notatum; it was initially 
identified as P. rubrum (1).

Thom also recognized the rarity of this P. notatum 
strain because only 1 other strain in his collection of 
1,000 Penicillium strains produced penicillin. The strain 
that was eventually used in mass production was a third 
strain, P. chrysogenum, found in a moldy cantaloupe in 
a market, which produced 6 times more penicillin than 
Fleming’s strain. When a component of the media that 
Heatley used to grow the mold in England was unavail-
able, A.J. Moyer suggested using corn steep liquor, a 
waste product from the manufacture of cornstarch that 
was available in large quantities in the midwestern Unit-
ed States. With corn steep liquor, the investigators pro-
duced exponentially greater amounts of penicillin in the 
filtrate of the mold than the Oxford team had ever pro-
duced. Heatley remained in Peoria for 6 months to work 
on methods of growing Penicillium strains in large quan-
tities. Florey headed east to interest the US government 
and multiple drug companies in penicillin production. 
The US government took over all penicillin production 
when the United States entered World War II. Research-
ers at drug companies developed a new technique for 
producing enormous quantities of penicillin-producing 
Penicillium spp.: deep-tank fermentation. This process 
adapted a fermentation process performed in swallow 
dishes to deep tanks by bubbling air through the tank 
while agitating it with an electric stirrer to aerate and 
stimulate the growth of tremendous quantities of the 
mold. Unprecedented United States/Great Britain co-
operation for penicillin production was incredibly suc-
cessful. In 1941 the United States did not have sufficient 
stock of penicillin to treat a single patient. At the end 
of 1942, enough penicillin was available to treat fewer 
than 100 patients. By September 1943, however, the 
stock was sufficient to satisfy the demands of the Allied 
Armed Forces (6).

Public Awareness: The Fleming Myth
Early in 1942, Florey and Heatley went back to England. 
Because of the shortage of penicillin supplies coming from 
the United States, the Oxford group still had to produce 
most of the penicillin they tested and used. In August 1942, 
Fleming obtained some of the Oxford group’s supply and 
successfully treated a patient who was dying of streptococ-
cal meningitis. When the patient recovered, the cure was 
the subject of a major article in The Times newspaper in 
Great Britain, which named Oxford as the source of the 
penicillin. However, neither Florey nor Fleming was ac-
knowledged in the article, an oversight quickly corrected 
by Fleming’s boss, Sir Almroth Wright. He wrote a letter to 
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The Times expounding on Fleming’s work and suggested 
that Fleming deserved a “laurel wreath.” Fleming happily 
talked to the press. Florey not only did not speak with the 
press but prohibited any member of the Oxford team from 
giving interviews, leading many to erroneously believe that 
Fleming alone was responsible for penicillin.

Secrecy in Wartime England
The British government went to great lengths to prevent 
the means for producing penicillin from falling into en-
emy hands. However, news about penicillin leaked out. 
A Swiss company (CIBA, Basal, Switzerland) wrote to 
Florey requesting P. notatum. Concerned about respond-
ing, Florey contacted the British government. Agents at-
tempted to track down where Fleming’s Penicillium cul-
tures had been distributed. Fleming wrote, “During the 
past 10 years I have sent out a very large number of cul-
tures of Penicillium to all sorts of places, but as far as I 
can remember NONE have gone to Germany” (7). Florey 
believed that, without the mold, no one in Germany could 
produce penicillin even though his publication had pro-
vided a “blueprint” for its small scale manufacture. Florey 
was wrong, and so was Fleming.

Fleming had sent a culture of Penicillium strains to 
“Dr. H. Schmidt” in Germany in the 1930s. Schmidt was 
unable to get strain to grow, but even though the Germans 
did not have a viable strain, other Europeans did.

Production during World War II

France
Someone at Institut Pasteur in France, had Fleming’s 
strain. In 1942, efforts began at Institut Pasteur and Rhone-
Poulenc to produce penicillin. Eventually, German officials 
found out and, in early 1944, the Germans asked the French 
for their P. notatum. They were given a false strain that did 
not produce penicillin. With limited supplies, the French 
produced only enough penicillin to treat ≈30 patients be-
fore the wars end.

The Netherlands 
The situation in the Netherlands was different. The Cen-
traalbureau voor Schimmelcultures (CBS) near Utrecht 
had the largest fungal collection in the world. A published 
list of their strains in 1937 included P. notatum. A letter 
found at CBS shows that in February 1942 the Nazis asked 
CBS to send their strain of P. notatum to Dr. Schmidt in 
Germany, mentioning penicillin in the letter. CBS told the 
Germans they did not have Fleming’s strain of P. notatum. 
In fact, they did. In the 1930s, Fleming had sent his strain 
to Johanna Westerdijk, the CBS director. Westerdijk could 
not refuse the German request for their strain of P. notatum 
but sent them the one that did not produce penicillin.

Efforts to produce penicillin in the Netherlands went 
underground at a company in Delft, the Nederladsche 
Gist-en Spiritusfabriek (the Netherlands Yeast and Spirit 
Factory, NG&SF). After the German occupation in 1940, 
NG&SF was still allowed to function. Because Delft was 
not bombed in the war, NG&SF’s efforts were unaffected. 
In early 1943, NG&SF’s executive officer, F.G. Waller, 
secretly wrote to Westerdijk at CBS, asking for any Peni-
cillium strains that produced penicillin. In January 1944, 
Westerdijk sent all of CBS’ Penicillium strains to NG&SF.

Four reports in NG&SF records detailed their ef-
forts (8). In the first report, NG&SF scientists tested 18 
Penicillium strains from CBS; they found 1 strain with 
the greatest antibacterial activity, which was coded P-6 
and was identified as P. baculatum. The second report 
discussed how NG&SF scientists then isolated an extract 
from P-6. They gave the substance in the extract the code 
name Bacinol after the species from which it was derived 
and to keep the Germans unaware of what they were do-
ing (Figure). As Waller wrote, “When we first started 
looking, in 1943, only one publication was available, that 
of Fleming in 1929. It was on that basis we started our 
research” (6). NG&SF researchers then had help from 
an unanticipated source. In 1939, Andries Querido was 
employed by NG&SF as a part-time advisor. By January 
1943, however, his Jewish background limited his vis-
its. On his last visit in the summer of 1944, Querido met 
someone in Amsterdam‘s Central Train Station who gave 
him a copy of the latest Schweizerische Medizinische 
Wochenschrift (Swiss Medical Journal), which he passed 
on to the NG&SF scientists. The June 1944 issue con-
tained an article entirely devoted to penicillin, showing 
the results that the Allies had achieved, including details 
of penicillin growth in corn steep extract, the scaling up 
of penicillin production, the measurement of strength by 
the Oxford unit, results of animal and human studies, and 
identification of the bacteria known to be susceptible to 
penicillin. The third report described how NG&SF scien-
tists isolated Bacinol from the extract using the informa-
tion supplied secretly by Querido.

Large-scale production would be difficult to do and to 
keep secret from the Germans, especially with a German 
guard on site. However, NG&SF scientists used an obvi-
ous ploy to keep the German guard, who knew nothing 
about microbiology, at bay: they kept him drunk. “We did 
have a German guard whose job it was to keep us under 
surveillance, but he liked gin, so we made sure he got 
a lot. He slept most afternoons” (6). NG&SF scientists 
used milk bottles for growing large quantities of Penicil-
lium mold. From July 1944 until March 1945, production 
of Bacinol continued, as detailed in the fourth report. At 
the end of the war, the NG&SF team still did not know 
if Bacinol was actually penicillin until they tested it 
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against some penicillin from England, proving it to be the 
same compound. NG&SF began marketing the penicil-
lin they produced in January 1946. Although the original 
building where Bacinol was produced was demolished, 
NG&SF named a new building in honor of their WWII  
efforts (Figure). 

The Nazis eventually succeeded in making penicillin 
by October 1944. However, Allied air raids crippled mass 
production of the drug (9).

Patents
The issue of a patent for penicillin was a controversial 
problem from the beginning. Chain believed that obtaining 
a patent was essential. Florey and others viewed patents 
as unethical for such a life-saving drug. Indeed, penicillin 
challenged the basic notion of a patent, considering it was 
a natural product produced by another living microorgan-
ism. The prevailing view Great Britain at the time was that 
a process could be patented, but the chemical could not. 
Merck (New York, NY, USA) and Andrew Jackson Moyer 
each filed patents on the process of penicillin production 
with no opposition. Eventually, at war’s end, British scien-
tists were faced with paying royalties for a discovery made 
in England. The penicillin production at NG&SF turned 
out to be more than of historical interest. Because NG&SF 
had researched and developed their own penicillin using 
their own mold culture, P. baculatum, and used their own 
production methods, they were not embroiled in any patent 
clash; the marketing of their penicillin eventually increased 
penicillin supply and decreased prices.

Nobel Prize in 1945
Penicillin’s colossal effects led to the awarding of the No-
bel Prize in Medicine and Physiology in 1945 to Fleming, 
Chain, and Florey. Penicillin was isolated from other mi-
croorganisms, which led to a new term, antibiotics. Using 
similar discovery and production techniques, researchers 
discovered many other antibiotics in the 1940s and 1950s: 
streptomycin, chloramphenicol, erythromycin, vancomy-
cin, and others.

Conclusions
Lessons can be learned from the circumstances sur-
rounding the discovery of penicillin. The US govern-
ment’s successful takeover of penicillin’s production 
and the unprecedented cooperation among drug com-
panies (and nations) should strongly encourage public/
private partnerships as we search for additional effective 
antimicrobial drugs. In addition, despite their essential 
value in modern medicine, antibiotics are also the only 
class of drugs that lose their efficacy with large-scale 
use as bacteria develop antibiotic resistance. We now are 
struggling with resistant bacteria that cause infections 
that are virtually untreatable. Infections such as those 
occurring after transplantation and surgical procedures, 
caused by these highly antibiotic-resistant pathogens, 
are threatening all progress in medicine. Yet, drug com-
panies, some of the same companies that helped develop 
penicillin, have nearly abandoned efforts to discover 
new antibiotics, finding them no longer economically 
worthwhile. The dry pipeline for new antibiotics has led 
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Figure. Bacinol 2, building named 
in honor of the site of efforts in the 
Netherlands to produce penicillin 
during World War II and the drug 
produced by the Netherlands 
Yeast and Spirit Factory in Delft. 
Bacinol was a code  
name for penicillin. Source: 
https://commons.wikimedia.
org/wiki/File:Delft_-_Gevel_
Bacinol_2.jpg 
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the Infectious Diseases Society of America and others to 
call for a global commitment to the development of new 
agents (10). We also must expertly manage the drugs 
that are currently available. The noteworthy serendipity 
involved in the discovery of penicillin should remind us 
that new antibiotics are difficult to find and, more impor-
tant, should make us mindful when using these limited 
medical treasures.
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In 1974, Lewis Thom-
as (1913–1993), physi-
cian, professor, and dean, 
published The Lives of A 
Cell, the first of 2 books 
subtitled Notes of a Biol-
ogy Watcher. The phrase 
“lives of a cell” refers to 
the independent yet inter-
related parts of a human 
cell—including mitochon-
dria, centrioles, and basal  
bodies—that once led in-
dependent lives. With-

out these previously independent lives working to-
gether, we would not have the capacity for thought, 
communication, and movement. Dr. Thomas wrote, 
“Our membranes hold against equilibrium, maintain 
imbalance, bank against entropy…. We are shared, 
rented and occupied.”

Our human lives do not depend just on the lives 
in our individual cells. Our lives depend fully on the 
earth, including the atmosphere, and the many oth-
er human and nonhuman lives that occupy it. In ex-
plaining this complex interdependence, Dr. Thomas 
observed that the earth is “most like a cell.” This 
second interpretation of lives of a cell refers to the 
many interrelated earthly entities, such as plants, 
whales, humans, and even viruses, that “dart rather 
like bees from organism to organism, from plant to 
insect to mammal to me and back again,” all pro-
tected by the sky—a membrane that “works, and for 
what it is designed to accomplish it is as infallible as 
anything in nature.”

EID Podcast:  
Lives of a Cell:  
40 Years Later,  

A Third Interpretation

Visit our website to listen: 
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We detected Zika virus in breast milk of a woman in Brazil 
infected with the virus during the 36th week of pregnancy. 
Virus was detected 33 days after onset of signs and symp-
toms and 9 days after delivery. No abnormalities were found 
during fetal assessment or after birth of the infant.

Zika virus belongs to the family Flaviviridae and was 
first described in 1947. The first outbreak of infection 

with this virus was on Yap Island, Micronesia, in 2007 (1). 
The largest outbreak was in French Polynesia in 2013 (2).

The first cases of infection in Brazil were reported in 
Bahia State in 2015. Zika virus has since spread to >14 
states in Brazil. Recently, the World Health Organization 
concluded that Zika virus is a cause of congenital brain 
abnormalities, including microcephaly; growth restriction 
and other damage, such as ophthalmologic alterations, also 
have been observed in neonates (3–7). We report a case of 
Zika virus infection in Brazil in an advanced stage of preg-
nancy and persistence of virus in breast milk 33 days after 
onset of signs and symptoms and 9 days after delivery.

A 28-year-old pregnant woman in the 36th week of 
gestation and living in Manaus, Brazil, reported mosquito 
bites and local infestation by Aedes aegypti mosquitoes in 
her neighborhood. She became ill and had a low-grade fe-
ver (temperature 38°C), rash (Figure), myalgia, and joint 
pain in the hands and wrists. PCR of blood samples showed 
a positive result for Zika virus (8). On the 4th day after ill-
ness onset, her clinical symptoms worsened, and she went 

to São Paulo, Brazil, for clinical evaluation. A timeline of 
symptoms and results of radiographic and laboratory stud-
ies is shown in the Figure.

General examinations were requested, and a PCR for 
Zika virus was repeated for blood and urine samples. Virus 
was detected only in urine. Serologic analysis detected den-
gue virus IgM and IgG; no antibodies against nonstructural 
protein 1 of this virus were detected. Results of reverse 
transcription PCR (RT-PCR) were negative for chikungu-
nya virus. These findings were compatible with acute or 
recent Zika virus infection.

Fetal assessment was performed by using morphologic 
ultrasound at 35, 36, 37, and 38 weeks of gestation. We found 
no evidence of growth restriction, microcephaly, or cerebral 
calcifications. On the 22nd day after illness onset, blood and 
urine samples were tested by RT-PCR for Zika virus; results 
were negative. However, a colostrum sample was tested by 
RT-PCR and contained Zika virus (244 × 104 copies/mL) (8).

The baby was delivered during the 38th gestational 
week and had Apgar scores of 9 at 1 minute and 10 at 5 
minutes. Birthweight was 2,860 g, and the newborn had a 
normal cranial circumference. RT-PCR for Zika virus was 
performed for amniotic fluid, umbilical cord blood, and 
placenta samples; results were negative. A urine sample 
from the newborn also showed a negative result for virus. 
However, breast milk remained positive for Zika virus.

Analysis of the placenta showed maturation compat-
ible with the third trimester of gestation, preservation of 
chorioamniotic membranes, and no signs of infection or 
malignancy. No viral inclusions were observed. After birth, 
the mother and baby remained in good clinical condition 
and showed no signs or symptoms of infection. Breast-
feeding was not recommended because of persistence of 
virus detected by PCR in breast milk. The mother and baby 
were discharged 2 days after birth.

We performed viral culture on Vero cells of breast 
milk and colostrum samples (Figure). A cytopathic effect 
was observed, which demonstrated viability and infectiv-
ity of the virus.

The most recent RT-PCR for Zika virus was performed 
for breast milk 33 days after onset of signs and symp-
toms and 9 days after delivery. RT-PCR results remained 
positive, and a high virus load (216,000 copies/mL) was 
observed. The mother and the medical team supported a 
decision to avoid breast-feeding once RT-PCR confirmed 
presence of the virus.

No studies have confirmed Zika virus transmission 
by breast-feeding or provided knowledge about the patho-
physiology of infection. Our report describes a case of Zika 
virus infection in a patient at 36 weeks of pregnancy. The 
patient and baby remained well after delivery, with no evi-
dence of transmission of Zika virus to the newborn. How-
ever, we detected persistence of virus by RT-PCR in breast 
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milk from samples during the pregnancy (in colostrum) 33 
days after onset of signs and symptoms (in breast milk).

Two studies have reported Zika virus in breast-feeding−
related fluids. One study reported a virus load of 2.9 × 104 
copies/mL by RT-PCR but no replicative virus in culture (9). 
A second study reported a virus load of 8.5 × 104 copies/mL 
and infective viral particles 3 days after birth (10).

We detected Zika virus in colostrum (2.44 × 106 cop-
ies/mL) and breast milk 9 days after birth (216,000 copies/
mL) by PCR. We also observed cytopathic effect in virus 
culture, which showed infectivity of the virus. Our data 
provide evidence that Zika virus can persist in some tissues 
for a long period. Moreover, viral culture showed potential 
infectivity of the virus.

The World Health Organization does not recommend 
that mothers avoid breast-feeding in cases such as the one 
mentioned in this report. However, with indications that 

virus might be present and persistent in breast milk, fur-
ther studies should be performed to elucidate the potential 
transmission of Zika virus to the newborn.
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Figure. Timeline and clinical findings for a 28-year-old woman in the 36th week of pregnancy who had persistence of Zika virus in 
breast milk after infection in late stage of pregnancy and for her newborn, Manaus, Brazil. Top: ultrasound result for mother, fetus, 
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(bottom) rashes on the mother at the time of illness onset. Middle panels: Vero cell culture of breast milk and colostrum. A) Cells not 
infected with Zika virus. Original magnification ×10. B) Cells infected with Zika virus. Original magnification ×10. AF, amniotic fluid; 
CHIKV, chikungunya virus; CP, cranial perimeter; USG, ultrasound guidance.
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Modern diagnostic methods enable clinicians to look be-
yond a diagnosis of chronic Q fever and discern whether 
patients instead have persistent focalized Coxiella burnetii 
infection(s). Use of these methods and development of cri-
teria to define and treat such infections, especially cardio-
vascular infections, will improve the prognosis for patients 
previously thought to have chronic Q fever.

We read with interest the article by Kampschreur et 
al. (1), which in our opinion conveys a perspective 

that is incorrect concerning the diagnostic algorithm and 
treatment of Q fever. Kampschreur et al.’s article character-
izes the understanding and management of Q fever by the 
Dutch Q Fever Consensus Group. However, this consensus 
opinion may be erroneous if developed without input from 
disease experts with long clinical experience.

Kampschreur et al.’s use of the term chronic Q fever is 
misleading because it may lead to inadequate treatment of per-
sistent focalized Coxiella burnetii infection(s). The obsolete 
term chronic Q fever should be abandoned to prevent confu-
sion between endocarditis, vascular infections, osteoarticular 
infections, lymphadenitis, genital infection, and pericarditis, 
which occurred in 68%, 20%, 7%, 6%, 3%, and 1%, respec-
tively, of 494 patients with persistent focalized infection(s) 
who we followed during 2007–2015 at the French National 
Referral Center for Q Fever in Marseille, France (unpub. data).

Another example of the deleterious effect of the Dutch Q 
Fever Consensus Group guidelines is the absence of screen-
ing echocardiography in the standard work-up for patients 
with Q fever in the Netherlands (2). Because endocarditis 
has been reported in patients with clinically silent, undiag-
nosed valvulopathies (3), we recommend systematic echo-
cardiography for all persons with acute Q fever. Endocarditis 
develops in most untreated Q fever patients who have exten-
sive valvulopathy; however, Million et al. (4) showed that it 
did not develop in patients who received prophylaxis. This 
finding led us to recommend prophylaxis for acute Q fever 
patients with valvulopathy at the French National Referral 
Center for Q Fever; over the past 10 years, this strategy has 
reduced the incidence of Q fever endocarditis in patients at 
the center (5). Despite these observations, which were con-
firmed in the Netherlands in 2015 (6), the standard work-up 
for Q fever patients in that country has not included screen-
ing echocardiography since 2010 (2), leaving patients with 
clinically silent valvulopathy untreated.

Specific defining criteria for endocarditis (7) are needed 
to enable comparison of clinical series. Use of the term chron-
ic to define cardiovascular infections in patients with Q fever 
is misleading. Indeed, valvular vegetations were recently re-
ported in acute Q fever (8). Q fever vascular infections must 
be distinguished in the context of mycotic aneurisms, small 
saccular and embolic consequences of endocarditis that may 
go unnoticed, and underlying vascular disease. Positron emis-
sion tomography (PET) scanning has been used effectively 
in the Netherlands to systematically detect the localization of 
infection in patients with elevated serologic test results (9). 
PET scanning dramatically improves the diagnosis of cardio-
vascular infections (10). However, because the Dutch criteria 
lack clinical relevance (7), many cases of endocarditis were 
missed, and diagnoses of vascular infection were retained 
in the presence of mycotic aneurysms. These misdiagnoses  
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explain the low proportion of endocarditis cases compared 
with vascular infections in the Dutch series (15% vs. 36%, as 
reported by Kampschreur et al. (1)) compared with the series 
in our center (68% vs. 20%; unpub. data).

Endocarditis and vascular infections, whose first symp-
toms may be fatal decompensation or stroke, can be prevented 
in Q fever patients by implementing systematic screening 
echocardiography, phase I IgG monitoring, and PET scanning 
of patients with vascular disease (10). In our experience, only 
1 patient with uncontrolled Q fever endocarditis has died since 
2006, when we began following this protocol (3). The patient 
had a cardiac valve replacement 1 year before dying, but his 
phase I IgG titer was low (1:200), and C. burnetii PCR for his 
valve was negative, so no treatment was prescribed.

Reanalysis of the Q fever literature by different teams 
has brought challenging concepts to light (7). In a series from 
the Netherlands (1), 4 patients were shown to have died from 
endocarditis and 2 from vascular infections. These patients 
may have had better outcomes if the methods we propose 
here had been followed. Conversely, high serologic titers are 
not definite proof of persistent focalized infection, as illus-
trated in an outbreak in French Guiana, where exceptionally 
high serologic titers have been observed, but persistent focal-
ized infections have rarely been diagnosed (10).

Accurate identification of persistent focalized C. bur-
netii infections will improve patient outcomes by preventing 
long-term, organ-specific, lethal complications (e.g., vascu-
lar infections are a risk for vascular rupture, lymphadenitis 
is a risk for lymphoma) and by avoiding drug side effects in 
patients with isolated elevated serologic test results. Clini-
cians should look beyond a diagnosis of chronic Q fever to 
determine whether a patient might have persistent focalized 
infection(s). The term fever in Q fever has evolved from a 
pathologic picture per se to a clinical epiphenomenon; it is 
now time to evolve from the concept of chronic Q fever to 
one of persistent focalized C. burnetii infection(s) (10).
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Among 42 gram-negative bloodstream isolates from inpa-
tients in 3 hospitals in Yangon, Myanmar, admitted during 
July–December 2014, 16 (38%) were extended-spectrum 
β-lactamase–producing Enterobacteriaceae and 6 (14%) 
produced carbapenemase. The high prevalence of multi-
drug-resistant gram-negative bacteria raises concerns about 
the empiric treatment of patients with sepsis in Yangon.

Infections with extended-spectrum β-lactamase (ESBL)–
producing gram-negative bacteria and carbapenem-resis-

tant Enterobacteriaceae (CRE) have been reported worldwide 
(1). Little is known about the occurrence of ESBL-producing 
and CRE bacteria in Yangon, Myanmar. Therefore, we char-
acterized 42 gram-negative organisms isolated from routine 
blood cultures from adult inpatients in Yangon.

All bacteria had been isolated at the microbiology 
laboratories of 3 hospitals in Yangon during July–Decem-
ber 2014. During the study period, 592 blood cultures were 
processed, 536 from Yangon General Hospital (YGH) and 
56 from 2 private hospitals. YGH is a 2,000-bed tertiary re-
ferral and teaching hospital in Yangon, providing free hos-
pital care to civilians. The 2 private hospitals have 350 and 
100 beds and provide secondary-level medical and surgical 
services to paying patients. 

Of the 592 blood cultures, 42 (7.8%) yielded gram-
negative bacteria, 28 (67%) from YGH and 14 (33%) 
from the 2 private hospitals. No clinical information was 
available about the patients from whom the cultures were 
taken. The identity and antimicrobial drug susceptibility 

of isolates were confirmed at Southern Community Labo-
ratories (Dunedin, New Zealand) by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(Microflex LT; Bruker Daltonics, Billerica, MA, USA), 
disc diffusion testing using the Clinical and Laboratory 
Standards Institute  method (2), and the Phoenix Auto-
mated Microbiology System (Bruker Daltonics) (panel 
NMIC/ID-95).

We conducted phenotypic confirmation of ESBL pro-
duction on cefpodoxime-resistant isolates using cefotaxi-
me and ceftazidime with and without clavulanic acid and 
that of carbapenmase production on meropenem-resistant 
isolates by modified Hodge test according to Clinical and 
Laboratory Standards Institute criteria (2). We performed 
PCR for β-lactamase genes on all ESBL- and potential 
carbapenemase-producing organisms (3,4). We conducted 
bidirectional Sanger sequencing of amplicons and identi-
fied DNA sequences by BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) and by comparison with known β-lactamase 
gene sequences.

Of the 42 isolates, 34 (81%) were Enterobacteriaceae 
(20 Escherichia coli, 7 Klebsiella pneumoniae, 6 Salmonella 
enterica, and 1 Enterobacter cloacae) and 8 (19.0%) were 
nonfermenting gram-negative bacilli. Of the Enterobacteria-
ceae, 20 (59%) were multidrug resistant (MDR), with resis-
tance to >3 classes of antimicrobial drugs, and 7 (21%) were 
extensively drug resistant, with susceptibility to <2 classes 
of antimicrobial drugs (5). All MDR Enterobacteriaceae 
were susceptible to polymyxin (Table). Phenotypic testing  
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Table. Antimicrobial drug susceptibility of Enterobacteriaceae and Acinetobacter spp. isolated from blood cultures of inpatients from 3 
hospitals in Yangon, Myanmar, 2014* 

Agent 

Organism, no. (%) susceptible 
Escherichia coli, 

n = 20 
Klebsiella 

pneumoniae, n = 7 
Salmonella 

enterica, n = 6 
Enterobacter cloacae, 

n = 1 
Acinetobacter spp., 

n = 3 
Ampicillin 2 (10) 0 6 (100) 0 NT 
Amoxicillin/clavulanic acid 5 (25) 1 (14) 6 (100) 0 NT 
Piperacillin/tazobactam 13 (65) 2 (29) 6 (100) 0 2 (67) 
Cefuroxime 5 (25) 1 (14) NT 0 NT 
Ceftriaxone 6 (30) 1 (14) 6 (100) 0 1 (33) 
Ceftazidime 6 (30) 1 (14) 6 (100) 0 0 
Cefipime 7 (35) 1 (14) 6 (100) 0 2 (67) 
Cefoxitin 11 (55) 4 (57) NT 0 NT 
Aztreonam 6 (30) 1 (14) 6 (100) 0 NT 
Ertapenem 17 (85) 4 (57) 6 (100) 1 (100) NT 
Imipenem 17 (85) 4 (57) 6 (100) 1 (100) 3 (100) 
Meropenem 17 (85) 4 (57) 6 (100) 1 (100) 3 (100) 
Gentamicin 14 (70) 2 (29) NT 1 (100) 2 (67) 
Tobramycin 9 (45) 1 (14) NT 0 3 (100) 
Ciprofloxacin 1 (5) 1 (14) 3 (43) 0 2 (67) 
Chloramphenicol 11 (55) 2 (29) 6 (100) 0 NT 
Colistin† 20 (100) 7 (100) 6 (100) 1 (100) 3 (100) 
Nitrofurantoin 16 (80) 1 (14) NT 0 NT 
Trimethoprim/ 
sulfamethoxazole 

2 (10) 2 (29) 6 (100) 0 2 (67) 

*NT, not tested. 
†Because there are no Clinical and Laboratory Standards Institute for susceptibility testing criteria for colistin for Enterobaceriaceae, European Committee 
on Antimicrobial Susceptibility Testing (EUCAST) criteria were used (susceptible if MIC <2 mg/L, per EUCAST criteria version 6.0, 2016; 
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf). 

 



suggested the presence of an ESBL in 16 (38%) and a car-
bapenemase in 6 (14%) of all gram-negative isolates. Mo-
lecular analysis showed that 13 (81%) ESBL-producing iso-
lates contained a group 1 CTX-M gene; all were confirmed 
as CTX-M-15 by sequencing. Carbapenemase-producing 
isolates, including 3 E. coli and 3 K. pneumoniae, contained 
the New Delhi metallo-β-lactamase (NDM) gene, sequenced 
as NDM-4 in 5 (83%) and NDM-7 in 1 (17%).

Our study revealed a high proportion of ESBL- and 
carbapenemase-producing organisms among gram-nega-
tive bloodstream isolates during the study period from hos-
pital inpatients in Yangon. Half of E. coli isolates and 43% 
of K. pneumoniae isolates produced ESBLs. This finding 
is consistent with the high proportion of ESBL production 
reported in isolates from India (>80%), China (>60%), 
and other Asia and Southeast Asia countries (>30%) (6). 
Carbapenemase production (15% in E. coli and 43% in K. 
pneumoniae) in this study was comparable to those previ-
ously reported from clinical isolates in India (7).

CTX-M-15 ESBL and NDM carbapenemase were the 
most prevalent mechanisms of resistance to β-lactams in 
our study. This finding is consistent with the current global 
dissemination of CTX-M-15 among E. coli isolates (8). All 
CRE isolates were NDM-4 or NDM-7. Two previous case 
reports have indicated the presence of NDM-producing En-
terobacteriaceae from travelers to Myanmar: 1 NDM-7 (9) 
and 1 NDM-4 (10).

Two thirds of all isolates included in this study origi-
nated from YGH, the largest public hospital in Myanmar. 
All CRE isolates and 14 (88%) of 16 ESBL producers were 
isolated from YGH; this may reflect a higher prevalence 
of colonization with MDR organisms among patients in 
YGH or they may be healthcare-associated infections. Of 
concern, at YGH 11 (73%) of 15 E. coli and 6 (100%) of  
6 K. pneumoniae isolates produced either an ESBL or car-
bapenemase; among these, 3 (20%) of 15 E. coli and 3 
(50%) of 6 K. pneumoniae isolates were NDM producers.

Whereas all 23 (100%) of the Enterobacteriaceae at 
YGH were susceptible to treatment with colistin, an empiric 
treatment regimen of meropenem plus gentamicin would 
have covered only 18 (78%) isolates. This finding highlights 
the difficulties with designing an effective empiric antimi-
crobial regimen for patients with suspected gram-negative 
sepsis in a setting of a high prevalence of antimicrobial re-
sistance, without providing further selective pressure for the 
spread of CRE and the emergence of colistin resistance.

Our study has limitations. First, clinical data were not 
prospectively collected, and it was not possible to obtain 
data retrospectively because of poor recording systems. 
Second, we cannot be certain that study isolates represent 
the population of organisms causing gram-negative sepsis 
in Yangon. However, the high proportion of ESBL- and 
carbapenemase-producing gram-negative bacteria among 

bloodstream isolates from hospitalized patients in Yangon 
raises concern for the treatment of patients with gram- 
negative sepsis and suggests a need to reduce selective 
pressure and control the spread of resistant organisms.

This study was supported in part by a grant from the University 
of Otago Development Office, New Zealand.

Dr. Myat completed this work while she was working as a 
lecturer at the Department of Microbiology, University of 
Medicine 1 in Yangon, Myanmar. Currently, she is undertaking 
doctoral study from the University of Otago, New Zealand. Her 
research focuses on bacterial causes of febrile illness in Yangon.
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Zimbabwe is the only country in southern Africa with no  
reported African swine fever (ASF) outbreaks during 1993–
2014. However, the 2015 discovery of genotype II ASF virus 
in Zimbabwe indicates the reemergence of ASF in this coun-
try and suggests that this viral genotype may be spreading 
through eastern and southern Africa.

In many countries in Africa, pig farm production is re-
strained by outbreaks of African swine fever (ASF), a 

highly contagious and rapidly spreading disease that causes 
high rates of death among infected pigs and for which there 
is no vaccine (1). In southern Africa, the epidemiology of 
the causative agent, ASF virus (ASFV), is further compli-
cated by the presence of sylvatic and domestic transmis-
sion cycles. The sylvatic cycle has been implicated in most 
outbreaks reported near national parks where infected wart-
hogs (Phacochoerus africanus) and soft tick (Ornithodoros 
spp.) vectors are present (1). The virus can be horizontally 
transmitted between pigs via the uncontrolled movement 
of virus-contaminated pig products and the feeding of swill 
containing infectious pig meat; transmission is also facili-
tated by the lack of adequate biosecurity measures (2).

Genotyping is used to determine relationships between 
ASFV strains (3). ASF became endemic in Eurasia after 
the spread of a genotype II ASFV from eastern Africa to 
Georgia in 2007 (4,5). The virus has continued to spread in 
Eurasia, and in 2014, it was detected in Lithuania and Po-
land, putting the European Union at risk (6). In eastern and 
southern Africa, genotype II ASFV has been described in 
Tanzania, Mauritius, and Mozambique (7). Zimbabwe had 
outbreaks caused by ASFV genotype I in 1990 and 1992 
and by genotype VIII in 1961. No further outbreaks were 
reported in Zimbabwe until July 2015, when ASF was de-
tected in domestic pigs in Mashonaland Central Province 
in northern Zimbabwe, where it was confined to the area 
along the border with Mozambique. The virus spread lo-
cally because of the salvage slaughter of infected pigs, the 

selling of infected pig meat at discounted prices, the move-
ment of pigs between villages, and the inappropriate dis-
posal of infectious carcasses.

During the 2015 outbreak in Zimbabwe, pigs with 
ASF exhibited fever (temperature 41°–42°C), dullness, an-
orexia, and swaying gait. Light-colored pigs also showed 
reddening of the skin on the ears and abdomen, but red-
ness was not evident on the indigenous black breed of pigs. 
Postmortem examinations revealed bloody discharge from 
the anus and nostrils; edema of the lungs; and hemorrhages 
in the mesenteric lymph nodes, kidney, and heart.

We pooled the organs from 3 infected pigs from 3 sepa-
rate villages in the outbreak area and extracted DNA. We  
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Figure. Neighbor-joining phylogenetic tree based on the partial 
B646L (p72) gene sequences of African swine fever virus (ASFV) 
isolates from a 2015 outbreak in Zimbabwe. The outbreak strains 
(ZIM/1/15, ZIM/2/15, and ZIM/3/15 [GenBank accession nos. 
KX090921–KX090923]) grouped with genotype II ASFV strains 
isolated in Mozambique (MOZ), Tanzania (TAN), Malawi (MAL), 
Mauritius (MAU), and Georgia, sharing 100% nucleotide identity 
with those strains. Phylogeny was inferred after 1,000 bootstrap 
replications; values at nodes indicate the percentage of bootstrap 
support. Scale bar indicates nucleotide substitutions per site.



amplified the variable 3′ end of the B646L (p72) gene by using 
2 oligonucleotide primers, p72-U and p72-D (3). To amplify 
the entire E183L gene (p54), we used primers described by 
Oviedo et al. (8), and to amplify the tetramer amino acid re-
peats within the hypervariable central variable region of the 
B602L gene, we used primers described by Gallardo et al. 
(5). Our results showed that sequences for all ASFV isolates 
from this outbreak and those for isolates previously collected 
in eastern Europe and eastern Africa were 100% homologous 
over the p72, p54, and central variable region gene-coding re-
gions. The p72 sequences clustered in genotype II (Figure).

During the 2015 ASFV outbreak in Zimbabwe, a total of 
3,427 pigs were at risk for infection in the affected area. Of 
those, 2,836 (≈83%) became infected, and all infected pigs 
died. The 591 pigs that did not become infected had been 
confined in pens and did not have exposure to infected pigs 
or their products. A follow-up study is under way in the re-
gion to genetically characterize the viruses in this outbreak, 
focusing on the p54, p30 and, central variable region genes.

All villages affected during the 2015 outbreak in Zim-
babwe were along the northern border with Mozambique, 
where genotype II has been found before. It is essential that 
more of the ASFVs circulating in eastern and southern Afri-
ca be sequenced so that their relatedness can be determined. 
This knowledge will enable the establishment of an epidemi-
ologic link between outbreaks in the region and underscore 
the need for adequate quarantine measures to prevent ASF 
from becoming endemic in southern and eastern Africa.
Dr. van Heerden is a senior researcher in the Transboundary 
Animal Diseases Program at the Agricultural Research Council–
Onderstepoort Veterinary Institute. Her research work mainly 
focuses on molecular characterization and epidemiology of 
African swine fever.
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Two cases of Bartonella prosthetic valve endocarditis were 
cured when treated for 2 weeks with gentamicin and 3 
months with doxycycline. Clinical cure correlated with de-
creased Bartonella antibody titers. This report suggests a 
strategy to monitor, treat, and cure Bartonella prosthetic 
valve endocarditis.

Bartonella, a causative agent of blood culture–negative 
endocarditis (BCNE) that usually requires valve sur-

gery, was first attributed to endocarditis over 20 years ago 
(1–4). We report 2 cases of Bartonella prosthetic valve en-
docarditis that were successfully treated with antimicrobial 
drugs alone.
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Case 1 involved a 62-year-old man admitted to the 
hospital in 2011 with left-flank pain and a 3-year history 
of anorexia, weight loss, night sweats, and recent diagno-
sis of anemia. He kept pet cats. He underwent mechanical 
aortic valve replacement and patent foramen ovale closure 
in 1992 and a repeat aortic valve replacement and an aortic 
root replacement for a chronic type A dissection in 1996. 

On physical examination, he was afebrile and had sub-
conjunctival hemorrhages, normal prosthetic heart sounds, 
and 10-cm splenomegaly. Blood tests showed a hemoglobin 
concentration of 9 g/dL (reference range 14.0–17.5 g/dL), 
serum creatinine of 2.76 mg/dL (reference range 0.6–1.2 
mg/dL), C-reactive protein of 48 mg/L (reference range 
0.08–3.1 mg/L), rheumatoid factor of 742 U/mL (reference 
range 0–30 U/mL), and c-ANCA (cytoplasmic antineutrophil 
cytoplasmic antibody) positivity (proteinase 3 autoantibody 
concentration, 18.3 U/mL). Urine dipstick (Combur 7 Test; 
Roche Diagnostics Ltd, Basel, Switzerland) revealed the 
presence of blood (4+), and renal biopsy demonstrated nec-
rotizing crescentic glomerulonephritis. Five blood cultures 
were sterile. Transesophageal echocardiography showed no 
evidence of endocarditis. Bartonella serologic testing was 
conducted with an indirect immunofluorescence assay by 
using the manufacturer’s instructions (MRL, Cypress, CA, 
USA); results showed high IgG titers to both B. henselae and 
B. quintana (Table), but the infecting species could not be 
determined. The patient was treated for 2 weeks with intra-
venous gentamicin (2 mg/kg/d) and for 3 months with oral 
doxycycline (100 mg 2×/d). Nine months after completing 
treatment, he was well: splenomegaly had resolved, and he-
moglobin (15.6 g/dL) and creatinine (1.31 mg/dL) concen-
trations approached normal levels. He was well when last 
reviewed in 2014.

Case 2 involved a 29-year-old woman with inflamma-
tory bowel disease and primary sclerosing cholangitis. Her 
symptoms began in 2011 with fever, rigors, night sweats, 
and anorexia for 2 weeks. She had no pets but recalled 
contact with a kitten 8 months previously. In 2002, BCNE 
developed, requiring mechanical aortic and mitral valve 
replacements. In 2003, BCNE was again diagnosed but 
was complicated by an ascending aorta to left atrial fistula, 

requiring an aortic root replacement, a homograft, and a 
repeat mechanical mitral valve replacement. 

Physical examination revealed fever, a splinter hem-
orrhage, and an ejection systolic murmur. Blood tests re-
vealed a low hemoglobin concentration (10.9 g/dL), a high 
C-reactive protein concentration (26 mg/L), normal renal 
function, and positivity for rheumatoid factor (114 U/mL). 
Transesophageal echocardiograms revealed no evidence of 
endocarditis. One of 20 blood culture tests grew B. hense-
lae after a 19-day incubation (Public Health England, iden-
tified by partial sequencing of 16S rDNA). A serologic test 
for Bartonella was strongly positive (Table). Three days af-
ter starting treatment with oral doxycycline (100 mg 2×/d) 
and intravenous gentamicin (3 mg/kg/d), she became afe-
brile; she received 14 days of gentamicin and 3 months of 
doxycycline in total. Two months later, she remained well, 
and her C-reactive protein concentration was <5 mg/L. 
Because of symptomatic stenosis caused by structural de-
terioration of the replacement aortic valve, she underwent 
another aortic valve and root replacement 19 months after 
completing antimicrobial drugs. No evidence of active en-
docarditis was found during surgery. 

Bartonella antibody titers dropped slowly over a peri-
od of 3 years in both patients (Table). Only case 1 had defi-
nite infective endocarditis when using the modified Duke 
diagnostic criteria. However, because the Duke criteria are 
insensitive for BCNE diagnosis, it has been proposed that 
a Bartonella IgG titer of >1:800 and a positive Western 
blot or PCR analysis when using valve or blood specimens 
should be considered major Duke criteria (5). 

Most reported cases of Bartonella endocarditis involve 
native valves; the first prosthetic valve infection was report-
ed in 2002 (6). Although >80% of patients require valve re-
placement, infection with Bartonella is not in itself a recog-
nized indication for surgery. Because our patients responded 
to medication, we did not need to consider cardiac surgery. 
The optimal antimicrobial drug therapy and duration for 
Bartonella endocarditis is undetermined. The recommended 
regimen of gentamicin for 14 days and doxycycline for 4 
weeks (7) has limited evidence supporting its use (8,9). We 
found only 1 case of Bartonella prosthetic valve endocarditis 
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Table. Bartonella antibody titers in cases 1 and 2 by month after diagnosis* 
Month after diagnosis B. henselae IgM B. henselae IgG B. quintana IgM B. quintana IgG 
Case 1 
 0 40 32,768 <20 1,024 
 8 <20 16,385 <20 512 
 11 20 8,096 <20 512 
 16 <20 8,096 <20 256 
 25 <20 4,096 <20 64 
 43 <20 2,048 <20 64 
Case 2 
 0 <20 8,192 <20 512 
 16 <20 ≥512 <20 64 
 41 <20 64 <20 <64 
*All time points were assayed in parallel. Antibody titers are the inverse of the greatest dilution that exhibited a reaction. 

 
 



cured without valve surgery; it was cured with a 30-month 
antimicrobial drug regimen (10). 

The role for serial serologic testing in assessing cure 
of Bartonella endocarditis is unknown. In our cases, as in 
a previous report (10), a drop in Bartonella titers occurred 
over a 3-year period in those who were cured, suggesting 
follow-up serologic testing might be useful to assess Bar-
tonella endocarditis clinical cure.

Our findings suggest that a simple, inexpensive drug 
regimen is optimal therapy for Bartonella endocarditis and 
that serial serologic testing can confirm adequate treatment 
and cure. Further research is needed to validate this ap-
proach to managing Bartonella endocarditis.
Dr. Papineni is a Specialist Registrar in Infectious Diseases and 
General Medicine in the London Deanery. She is currently a 
clinical research fellow at the National University of Singapore 
with a research interest in shortening treatment of tuberculosis.
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We tested whole-blood and plasma samples from immuno-
competent patients who had had benign Zika virus infec-
tions and found that Zika virus RNA persisted in whole blood 
substantially longer than in plasma. This finding may have 
implications for diagnosis of acute symptomatic and asymp-
tomatic infections and for testing of blood donations.

Since cases of severe neurologic disorders among adults 
(1) and fetal abnormalities (2) linked to Zika virus 

infections were initially reported, the World Health Or-
ganization has deemed the Zika virus outbreak a “public 
health emergency of international concern” and has raised 
Zika virus to the same level of concern as Ebola virus. In 
response, medical authorities from many countries have 
released advice and guidelines regarding prevention and 
diagnosis to contain the spread of this virus and guidelines 
regarding safety of whole blood and blood components. 
In August 2016, the Food and Drug Administration an-
nounced universal testing for Zika virus RNA in donated 
whole blood and blood components taken in the United 
States and its territories using a qualitative molecular assay 
on plasma specimens (3).

In Europe, advice on Zika virus regarding the safety of 
substances of human origin (4) has been applied in France 
since February 15, 2016. A qualitative individual molecu-
lar test for Zika virus RNA in plasma specimens is being 
used on whole-blood specimens from blood donors living 
in Guadeloupe and Martinique, 2 overseas administrative 
areas where Zika virus is autochthonous. Furthermore, in 
mainland France and in French overseas areas where no 
active Zika virus transmission exists, and since the begin-
ning of the Zika virus outbreak in 2015, blood donors who 
have recently visited areas or countries with ongoing Zika 
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virus transmission are subject to a 28-day temporary defer-
ral after their departure from these areas, a period twice the 
assumed maximum incubation period for Zika virus. Simi-
larly, temporary deferral applies to blood donors who have 
a sex partner who has been recently infected or potentially 
exposed to a confirmed or suspected Zika virus infection 
within the previous 3 months.

We report results from a 2016 longitudinal follow-up 
of Zika virus RNA quantification in EDTA whole-blood and 
plasma samples taken from 5 immunocompetent patients (2 
men, 33 and 70 years of age, and 3 women, 55, 58, and 67 
years of age) and results from a point-to-point comparison 
of Zika viral loads on both EDTA whole-blood and cor-
responding plasma samples (27 pairs). We extracted RNA 
by using the MagNA Pure 96 instrument with the DNA and 
Viral NA Small Volume Kit (Roche Diagnostics, Meylan, 
France) (input and output volumes 200 and 100 µL). We 
quantified RNA by using the RealStar Zika RNA RT-PCR 
kit 1.0 (Altona Diagnostics GmbH, Hamburg, Germany) 
(limit of selection 2.48 log copies/mL). We always suc-
cessfully detected the manufacturer’s internal control. All 
samples were collected from patients who had returned 
from the Caribbean or South and Central America and had 
had a benign form of Zika virus infection.

Results from the follow-up (18 whole-blood and 
21 plasma samples) showed that the median duration of 
Zika virus was 22 (range 14–100) days in whole blood 
and 10 (range 7–37) days in plasma (p = 0.058). Mean 
viral loads of positive samples were 3.39 log copies/mL 
in whole blood (n = 13) and 2.52 log copies/mL in plasma 

(n = 6; p = 0.001). Viral loads in the last positive samples 
varied from 2.7 to 3.9 log copies/mL in whole blood and 
2.2  to 2.8 log copies/mL in plasma (p = 0.06). Whole-
blood samples from 2 patients remained positive at 14 and 
63 days after their plasma samples had become negative 
(Figure, panel A).

The point-to-point comparison (18 pairs from the 
follow-up and 9 additional pairs) showed that Zika virus 
RNA was quantifiable in 23 whole-blood specimens but in 
only 10 plasma samples. Mean viral load was 3.50 (range 
2.75–4.17) log copies/mL in whole blood and 3.01 (range 
2.21–4.10) log copies/mL in plasma (p< = 0.018) (Figure, 
panel B).

These data show that Zika virus RNA persisted in 
whole blood after it disappeared in plasma. Similar results 
have been reported previously for West Nile virus, also a 
member of the Flaviviridae family (5,6), and for Zika virus 
with a qualitative in-house PCR (7).

Our data have 3 main consequences. First, for acute 
symptomatic infection, the use of whole blood extends the 
period of diagnosis. Second, for asymptomatic infections 
with a high likelihood of low viral load, virus detection 
in plasma might be less sensitive than detection in whole-
blood specimens. Third, according to our data that show 
that viremia can persist for >28 days after symptom on-
set, recommendations used to reduce the risk for Zika virus 
transmission through blood or blood components should be 
modified. Potential options such as extending the deferral 
period or testing blood donations for Zika virus RNA in 
whole blood should be considered.
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Figure. A) Zika virus viremia in whole blood and plasma from 5 immunocompetent patients in France (identified by sex and age, y) who 
had traveled to Central or South America or the Caribbean. B) Zika viral load in whole-blood (n = 23) and plasma (n = 10) samples from a 
point-to-point comparison of positive samples. Horizontal lines indicate mean ± SE. LOD, limit of detection; PL, plasma; WB, whole blood.



Overall, our data show that use of whole-blood speci-
mens is much more sensitive than use of plasma samples to 
detect Zika virus RNA. These data could be useful in rec-
ommending the use of whole blood instead of plasma for 
the molecular diagnosis of acute symptomatic and asymp-
tomatic Zika virus infections and for the safety of whole 
blood and blood components from donors, as well as for 
the safety of organs, tissues, and cells from deceased and 
living donors.
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We describe a case of methicillin-resistant Staphylococcus 
aureus (MRSA) enterocolitis in a healthy adult with previous 
antibiotic exposure. Colonoscopy revealed diffuse colitis 
and mild ileitis without ulceration. Stool cultures demon-
strated abundant growth of MRSA and absent normal flora. 
Oral vancomycin treatment was effective and seems to be 
the consensus choice for therapy.

Staphylococcus aureus was recognized as a cause of an-
tibiotic-associated colitis (AAC) in the mid-20th cen-

tury (1,2). Clostridium difficile was later identified as the 
primary cause of AAC, and appreciation of S. aureus as a 
potential etiology declined (2). Methicillin-resistant S. au-
reus (MRSA) has also been implicated as a cause of AAC, 
with most reports coming from Japan. We report a case of 
MRSA enterocolitis in Canada caused by a strain harboring 
multiple enterotoxins.

In 2014, a 22-year-old woman sought care after 10 
days of acute and profuse diarrhea, abdominal cramping, 
nausea, and weight loss of 5 lbs. She had 10–30 bowel 
movements a day and had observed blood-tainted stool. 
The patient reported a history of migraine and depression 
but was otherwise healthy. She worked in a pet store and 
had not been hospitalized. In the previous 2 months, she 
had been treated for chlamydia with a single course of 
azithromycin and cefixime. Subsequently, she received 
a 10-day course of azithromycin followed by 10 days of 
moxifloxacin for bronchopneumonia. Her family history 
revealed Crohn’s colitis in her father.

The patient was afebrile; blood pressure was 104/58 
mm Hg and pulse 91 bpm. Her abdomen was soft with-
out rebound tenderness. Laboratory test results revealed a 
normal leukocyte count but a C-reactive protein level of 
76 mg/L. Her initial diagnosis was with bacterial enteritis, 
and she was sent home with an order for stool cultures and 
oral ciprofloxacin to be started after stool collection. On  
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follow-up 3 days later, she felt better but was still having 
6 bowel movements a day and bloody stool. She remained 
afebrile, but her blood pressure was 86/57 mm Hg and pulse 
104 bpm. Colonoscopy with ileoscopy was performed to 
explore the possibility of inflammatory bowel disease; re-
sults revealed diffuse acute colitis with an inhomogeneous 
pattern (Figure, panels A–D) and minimal focal erythema 
in the terminal ileum. C. difficile testing was negative for 
glutamate dehydrogenase antigen and toxins by Quik-Chek 
Complete (Alere, San Diego, CA, USA). Testing of the 3 
stool cultures demonstrated absent normal flora and abun-
dant growth of MRSA. Eight days after initial consultation, 
she was seen by an infectious disease specialist and pre-
scribed oral vancomycin (125 mg 4×/d for 10 d). She had 
an excellent and rapid clinical response to treatment, and 
her symptoms did not recur. The patient was found to have 
nasal colonization with MRSA.

Colonic biopsy confirmed colitis without chronic-
ity (Figure, panel E), and ileal biopsy revealed focal ac-
tive ileitis. Because MRSA colitis is rare, the strain was 
sent to the Laboratoire de Santé Publique du Québec for 
identification and further characterization (online Techni-
cal Appendix, https://wwwnc.cdc.gov/EID/article/23/5/ 
16-1644-Techapp1.pdf). Genetic typing was positive for 
nuc and mecA genes, confirming MRSA. The strain was 
negative for Panton–Valentine leukocidin, toxic shock 
syndrome toxin 1, enterotoxins A, B, C, E, and H, and 

exfoliative toxins A and B, but it harbored genes for 
enterotoxins D, G, and I. The spa type was t067, corre-
sponding to the epidemic type in Canada, CMRSA2 (also 
known as USA100/800, New York, sequence type 5). This 
strain was resistant to levofloxacin, erythromycin, and 
clindamycin but susceptible to all remaining antibiotics 
(online Technical Appendix).

S. aureus enterocolitis has been recognized as a cause 
of AAC since 1948, and MRSA colitis is a variant of this 
disease. Most cases were reported from Japan (1); the va-
lidity of these reports has been questioned because of in-
sufficient effort to rule out C. difficile, but recent reviews 
support the existence of the syndrome (3). In North Amer-
ica, few cases of MRSA colitis have been identified; how-
ever, this cause of enteritis might be underreported be-
cause few physicians order stool cultures for hospitalized 
patients with AAC (1,4). Cases of staphylococcal enteri-
tis might occur when dysbiosis permits Staphylococcus 
overgrowth and toxin secretion causes bowel inflamma-
tion (1). The multiple antibiotics that had been taken by 
this patient presumably induced dysbiosis, MRSA over-
growth, and toxin-mediated enterocolitis. The relative 
contribution of the different toxins to the syndrome are 
unknown. Gut colonization is believed to originate from 
the upper respiratory tract of colonized persons (5).

In previous reported cases of MRSA enterocolitis, 
few authors reported the presence of Staphylococcus  
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Figure. Endoscopic imagery of the distal sigmoid colon (A), proximal sigmoid colon (B), descending colon (C), and base of cecum (D), 
revealing diffuse colitis with mucosal erythema, edema, and mucopurulent exudate without ulceration. Colonic biopsy (E) demonstrating 
neutrophilic infiltrates (indicated with arrows) in the epithelial lining of the colic glands and the mucosal stroma compatible with mild active 
colitis without signs of chronicity. 



toxins, mainly enterotoxin A. Although enterotoxin A 
is the most common toxin in Staphylococcus-related 
food poisoning, the enterotoxin D we found is reported 
to be the second most common, supporting its role in 
this patient’s enterocolitis (6). Enterotoxins G and I are 
not as well-studied but were associated with a food poi-
soning outbreak in Taiwan (7). Staphylococcal entero-
toxins G and I induce enterocolitis by a combination of 
direct enterocyte cytopathy mediated by epidermal cell 
differentiation inhibitor toxins (disrupting the epithelial 
barrier) and enterotoxin superantigen-induced mucosal  
T-cell activation (8).

The risk factors for S. aureus enterocolitis include 
age, hospitalization, abdominal surgery, immunosuppres-
sion, gastric acid suppression, MRSA colonization, and 
previous antibiotic therapy. Fluoroquinolone use seems 
to be particularly associated with this complication (1). 
MRSA enterocolitis might be an underrecognized cause 
of AAC because stool culture in patients hospitalized for 
>72 hours has been discouraged (9). MRSA enterocolitis 
should be considered once C. difficile colitis and Klebsi-
ella oxytoca colitis have been ruled out (10). Physicians 
should consider stool cultures for severe or prolonged 
AAC, and microbiology laboratories should report S. 
aureus overgrowth in stool. Oral vancomycin was effec-
tive in this case and seems to be the consensus choice for 
therapy based on previous reports.
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In response to a university-based serogroup B meningo-
coccal disease outbreak, the serogroup B meningococcal 
vaccine Trumenba was recommended for students, a rare 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 867

RESEARCH LETTERS



instance in which a specific vaccine brand was recommend-
ed. This outbreak highlights the challenges of using molecu-
lar and immunologic data to inform real-time response.

In 2016, two undergraduate students at a large state uni-
versity in New Jersey were hospitalized for suspected 

meningitis. The New Jersey State Public Health Labora-
tory (Trenton, NJ, USA) identified serogroup B Neisseria 
meningitidis in cerebrospinal fluid specimens from both 
patients by culture and slide agglutination. Both patients 
recovered without sequelae.

The isolates were sent to the Centers for Disease Con-
trol and Prevention (CDC) Bacterial Meningitis Laboratory 
for species and serogroup confirmation and whole-genome 
sequencing. Isolates were confirmed by real-time PCR as 
serogroup B N. meningitidis and were classified by multi-
locus sequence typing as clonal complex 11, sequence type 
11, which is typically associated with serogroups C and W. 
Whole-genome sequencing revealed that the isolates were 
genetically indistinguishable from one another but different 
from all previously characterized meningococcal isolates 
in the United States.

Two serogroup B meningococcal (MenB) vaccines  
are licensed in the United States: MenB-4C (Bexsero,  

GlaxoSmithKline Biologicals, Inc., Philadelphia, PA, USA 
[1]), licensed as a 2-dose series; and MenB-FHbp (Tru-
menba, Pfizer, Inc., New York, NY, USA [2]), licensed as 
a 2- or 3-dose series. Either Bexsero or the 3-dose series of 
Trumenba is preferred for outbreak response (3). Both MenB 
vaccines are expected to help protect against most circulat-
ing serogroup B meningococcal strains, and in general, no 
brand preference exists (3). However, because the vaccines 
target different antigens (Table), they are not interchange-
able; the same brand must be used for all doses (5). The vac-
cines might also have different effectiveness against specific 
N. meningitidis strains (5).

Whole-genome sequencing identified a mismatch be-
tween the antigens in the outbreak strain and those target-
ed by Bexsero (Table), prompting concern that Bexsero 
might not provide optimal protection against the outbreak 
strain. Although the outbreak strain antigens also did not 
exactly match those included in Trumenba, cross-protec-
tion with Trumenba was expected based on prior testing 
by the manufacturer (Table) (2). The outbreak isolates 
were sent to an independent laboratory for flow cytometry 
to measure antigen expression and serum bactericidal ac-
tivity testing using human complement (hSBA) to evalu-
ate whether stored serum from healthy adults previously 
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Table. Molecular profile and flow cytometry analysis of the university outbreak strain with reference to MenB vaccine antigens, New 
Jersey, 2016* 

Antigen 
Outbreak 

strain 

MenB-4C 
vaccine 

(Bexsero) 

MenB-FHbp 
vaccine 

(Trumenba) Interpretation 
FHbp A22†/2.19‡ B24†/1.1‡ A05†, B01† The 2 FHbp subfamilies (A and B) are not expected to be cross-reactive. 

The outbreak strain has a subfamily A FHbp. MenB-FHbp contains FHbp 
from subfamilies A and B. Although the subfamily A FHbp contained in 
MenB-FHbp (A05) is not the same peptide allele as that in the outbreak 
strain (A22), some level of cross-reactivity is expected based on prior 
testing by the manufacturer (2). However, based on flow cytometry, the 
strain had relatively low expression of FHbp, which would be expected to 
decrease susceptibility to anti-FHbp bactericidal activity (4). MenB-4C 
contains a subfamily B FHbp, which is not expected to provide protection 
against the outbreak strain FHbp. 

PorA P1.5–1,10–1 P1.7–2.4 Not included The PorA present in MenB-4C and in the outbreak strain are 2 different 
PorA variable region sequence types and are not expected to be cross-
reactive; therefore, no protection based on PorA is expected for either 
vaccine. 

NHba p0020 p0002 Not included The NHba present in MenB-4C and in the outbreak strain are 2 different 
peptide alleles. The extent of cross-reactivity is not known. By flow 
cytometry, low binding to the outbreak strain was observed by using 
antisera against NHba p0002, but it is unclear whether this low binding is 
attributable to the difference in sequence between p0020 and p0002, low 
NHba expression in the outbreak strain, or both. Low binding with NHba 
p0002 antisera is consistent with decreased susceptibility to anti-NHba 
bactericidal activity in persons vaccinated with MenB-4C, but the 
correlation between flow cytometric binding and hSBA response has not 
been established. No protection based on NHba is expected for MenB-
FHbp. 

NadA Negative 2/3.8 Not included The outbreak strain does not contain NadA; therefore, no protection based 
on NadA is expected for either vaccine. 

*FHbp, factor H binding protein; hSBA, serum bactericidal activity testing using human complement; MenB, serogroup B meningococcal; NadA, Neisserial 
adhesion A; NHba, Neisserial heparin binding antigen.  
†Pfizer classification scheme. 
‡GlaxoSmithKline classification scheme. 

 



vaccinated with Bexsero or Trumenba could kill the out-
break strain bacteria (6).

By flow cytometry, the outbreak strain had low ex-
pression of factor H binding protein and low binding with 
antisera to the Neisserial heparin binding antigen included 
in Bexsero (Table) (7). Nevertheless, preliminary hSBA 
results suggested that 2 doses of either Bexsero or Tru-
menba would provide some short-term protection against 
the outbreak strain. Among persons with preimmunization 
titers of <1:4, most had hSBA titers of >1:4 at 1 month 
after the second dose (13/13 for Bexsero [7] and 9/10 for 
Trumenba). However, by 4 months after the second dose, 
hSBA titers fell back to <1:4 for some persons vaccinated 
with Bexsero (4/8) and Trumenba (4/5). The third dose of 
Trumenba, administered at 6 months after the first dose and 
4 months after the second, boosted hSBA titers against out-
break strain bacteria to >1:4 for 9/9 persons 1 month after 
completion of the 3-dose series. On the basis of consid-
eration of the laboratory data, the best and longest-lasting 
protection against the outbreak strain was expected with 
the 3-dose series of Trumenba. Accordingly, the New Jer-
sey Department of Health and the university, with support 
from CDC, recommended vaccination with 3 doses of Tru-
menba for ≈35,000 persons at the university.

Serum bactericidal antibodies are used as a serologic 
correlate of protection for meningococcal vaccines (8) 
and have been correlated with clinical efficacy for sero-
group C (9). For the purposes of US licensure, the effec-
tiveness of MenB vaccines was inferred by using hSBA. 
Although hSBA titers probably correlate with protection 
against serogroup B meningococcal disease, this link has 
yet to be directly demonstrated through postlicensure ef-
fectiveness data.

Although hSBA results informed the vaccination strat-
egy in this outbreak response, this experience underlines the 
challenges in obtaining hSBA testing and interpreting mo-
lecular and immunologic data on meningococcal outbreak 
strains. The hSBA results for this outbreak strain show that, 
because of variable protein expression and unknown cross-
protection, using the molecular profile of a serogroup B 
meningococcal strain to reliably predict hSBA response in 
vaccinated persons is difficult. Additionally, to what extent 
hSBA results from a limited number of test subjects corre-
spond to real-life protection in a different population is not 
clear. Furthermore, hSBA testing is time-consuming, a lim-
ited amount of serum from immunized humans is available 
for hSBA testing, and few laboratories are able to routinely 
perform this testing. These challenges make it difficult to 
routinely use either molecular typing or hSBA results to 
guide real-time outbreak response.

This recommendation for a specific brand of MenB 
vaccine was a rare exception to the general recommenda-
tion that either brand of MenB vaccine can help protect  

persons at increased risk during a serogroup B meningo-
coccal disease outbreak. The use of molecular and immu-
nologic data as potential tools to inform meningococcal 
outbreak response requires further investigation before be-
ing routinely implemented.
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Four cases of infection with serogroup X meningococci 
(MenX) (1 in 2015 and 3 in 2016) occurred in migrants li-
ving in refugee camps or reception centers in Italy. All MenX 
isolates were identified as clonal complex 181. Our report 
suggests that serogroup X represents an emerging health 
threat for persons arriving from African countries. 

Outbreaks of Neisseria meningitidis serogroup X menin-
gococcal (MenX) infections in the African meningitis 

belt caused by isolates of clonal complex (CC) 181, includ-
ing an outbreak in 2006 in Niger and one during 2007–2010 
in Togo and Burkina Faso (1,2), were characterized by high 
rates of illness and death. Sporadic infections caused by 
MenX of different CCs have also been identified in Italy 
(3), Spain (4), and China (5).

Moreover, serogroup X invasive isolates from other 
European countries reported and available in the PubMLST 
database (http://pubmlst.org/neisseria/) showed high het-
erogeneity among themselves and with the MenX isolates 
of the African meningitis belt. Because of the lack of a spe-
cific herd immunity against this serogroup in Europe, non-
African MenX isolates may be associated with increased 
host susceptibility (4).

Recently, the Italian Reference Laboratory for Invasive 
Meningococcal Disease (IMD) surveillance of the Istituto 
Superiore di Sanità, Rome, Italy, received samples from 4 

unlinked case-patients with serogroup X IMD that occurred 
among migrants living in refugee camps or reception cen-
ters. The first case was reported in 2015 in a 15-year-old 
girl from Eritrea (ID2683) who had arrived in a refugee 
camp in Lombardy, Italy, 3 days before onset of disease, 
which manifested as septicemia. The other 3 cases were 
reported in 2016, two in Lombardy (in a 20-year-old man 
from Mali, ID2820, and a 31-year-old man from Niger, 
ID2849) and another in a Tuscany camp (in a 24-year-man 
from Bangladesh, ID2805). These cases were characterized 
by meningitis with fever >40°C and loss of consciousness. 
All patients were treated with ceftriaxone and survived. 
Chemoprophylaxis with rifampin or ciprofloxacin was ad-
ministered to all persons directly exposed to the index case-
patients. The man from Bangladesh lived in a camp with 
other Africa refugees for several months before disease on-
set, but symptoms developed in the other 3 patients shortly 
after their arrival in Italy.

Sample ID2849 was culture negative and characterized 
only by finetype (online Technical Appendix Table, http://
wwwnc.cdc.gov/EID/article/23/5/16-1713-Techapp1.pdf).
We performed whole-genome sequencing and assembly on 
the other 3 isolates by using an Illumina MiSeq sequencer 
(Illumina, San Diego, CA, USA) (6). Genomes are avail-
able through the PubMLST database, which runs on the 
Bacterial Isolate Genome Sequence Database platform (7). 

The 4 isolates were further analyzed by core genome 
multilocus sequence typing (cgMLST) and compared with 
all serogroup X genomes (n = 36) in the PubMLST data-
base (as of December 28, 2016) (7). The isolates bifurcated 
into 2 main groups, of which CC181 genomes clustered in a 
single branch (Figure, panel A). Of 18 CC181 genomes, 17 
were resolved in 3 main groups (Figure, panel B), according 
to 3 main finetypes: group 1, finetype X:P1.5–1,10–1:F1–
31:ST181 (CC181); group 2, finetype X:P1.5–1,10–1:F4–
23:ST5789 (CC181); group 3, finetype X:P1.5–1,10–1:F4–
23:ST181 (CC181). One CC181 genome (ID LNP13407) 
was positioned in a branch far from the 3 main groups. 
Two of the strains identified in Italy in 2016 (ID2805 and 
ID2820) clustered in group 1 with 7 MenX strains isolated 
from 2005 and 2016 in Niger, Burkina Faso, Benin, and the 
United Kingdom (mean distance 3 loci). Notably, the UK 
MenX CC181 strain (ID M16_240550) clustered close to 
the Italy strains (mean distance 24 loci). The strain diag-
nosed in Italy in 2015 (ID2683) clustered in group 2 with 
3 strains isolated in 2006 in Niger (mean distance 36 loci). 
Group 2 was strictly related to group 3, comprising 4 me-
ningococci strains isolated during 1996–2002 in Niger. 

As described by Agnememel et al. (8), MenX iso-
lates from Africa were genetically related: they belonged 
to CC181and formed a single main lineage. Our genome 
analyses confirmed the presence of MenX strains with sim-
ilar characteristics to those already described.  In particular, 
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these isolates harbored lpt3 allele 45, previously described 
as a high virulence marker in the mouse model (8).

The analysis of meningococcal serogroup B vac-
cines antigens (PorA, fHbp, NadA and NHBA) identified 
the variants PorA VR2 10–1, fHbp-1.74 (Pfizer family 
B, variant B49), and NHBA-359 for samples ID2805, 
ID2820, and ID2849 and fHbp-1.391 (Pfizer family B) 
and NHBA-358 for isolate ID2683. fHbp and NHBA 
variant patterns had been associated with MenX CC181 
isolated in Africa. NadA was absent in all analyzed MenX 
CC181 meningococci.

The probability of a migrant developing an infectious 
disease, such as IMD, after arriving in the country of desti-
nation may depend on a series of factors, such as the preva-
lence and incidence of the infectious diseases in the coun-
try of origin, the specific characteristics of the infectious 
diseases (incubation period), the number of contacts that 
the migrant had during the journey, and the duration of the 
journey. These factors should be taken into account when 
assessing the risk of developing specific infectious diseas-
es, such as IMD. Our report suggests that MenX represents 
an emerging health threat for persons arriving in Italy from 
Africa. Early diagnosis, treatment, and prophylaxis should 
be ensured to protect vulnerable populations, including mi-
grants, refugees, and the host community.
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Figure. Analysis of Neisseria meningitidis serotype X (MenX) isolates from 3 refugees in Italy and comparison isolates from the 
Neisseria PubMLST database (http://pubmlst.org/neisseria/), as of December 28, 2016). A) Neighbor-net phylogenetic network 
based on a comparison of core genome loci of all MenX genomes (n = 36) available in PubMLST database. For each strain, the 
available designation by clonal complex (CC) or sequence type (ST) is indicated. B) Neighbor-net phylogenetic network  
showing 3 isolates from Italy (stars) compared with core genome loci (MenX CC181 genomes (n = 18) available in the Neisseria  
PubMLST database. Source locations for comparison isolates are indicated. Scale bars indicate number of differences among the 
loci compared. 
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An investigation in Panama found that Punta Toro virus 
species complex (PTVs) may contribute to febrile illnesses 
with symptoms mirroring those of dengue fever. However, 
further studies are needed to determine if PTV infection 
causes only a mild disease or if it can have more serious 
manifestations in some patients.

Acute febrile illness in the New World tropics has a 
broad differential diagnosis largely dependent on lo-

cale and seasonal outbreaks. In Central America, most fe-
brile illnesses have historically been attributed to dengue 
or malaria. However, recent evidence from Panama sug-
gests varied differential diagnoses, including hantavirus, 
chikungunya virus, and Zika virus infection (1,2). In 2009, 
a dengue outbreak was reported in Panama City, Panama. 
The Gorgas Memorial Institute in Panama City tested den-
gue-negative samples from this outbreak for alphaviruses, 
flaviviruses, and phleboviruses and detected Punta Toro vi-
rus species complex (PTVs) in some samples. PTV (genus 
Phlebovirus, family Bunyaviridae), a member of the sand 
fly fever group, was initially described in humans in 1966 
after being isolated from a soldier in Panama who had fever, 
headache, myalgia, and leukopenia (3). The phylogenetics 
of PTV have been thoroughly characterized (4–6), but our 
search of the literature did not reveal reports of other PTV 
cases in humans.

The signs and symptoms of sand fly–associated 
phlebovirus infection vary, but most infections cause a 
mild febrile illness characterized by retroorbital headache, 
weakness, back pain, and leukopenia. However, infection 
with 2 other phleboviruses, mosquitoborne Rift Valley fe-
ver virus and tick-associated severe fever with thrombo-
cytopenia syndrome virus, causes severe disease. Little is 
known regarding the signs, symptoms, and clinical course 
of PTV infection in humans.

During the 2009 investigation, the Gorgas Memorial 
Institute analyzed 4,852 samples from persons in Panama 
with suspected acute dengue; 1,667 (34.4%) of the sam-
ples were dengue-negative. We further analyzed 201 of 
these samples for phlebovirus (online Technical Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/23/5/16-1925-
Techapp1.pdf). In brief, we extracted viral RNA from the 
samples and evaluated it by using Phlebovirus genus–spe-
cific reverse transcription PCR (RT-PCR) based on the 
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highly conserved L (large) gene that detects Toscana, Na-
ples, Sicilian, Aguacate, Punta Toro, and Rift Valley fever 
viruses (7). We also screened samples using panflavivirus 
and panalphavirus RT-PCRs. 

Of the 201 samples, 27 (13.4%) were RT-PCR–posi-
tive for phlebovirus. BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) nucleotide sequence comparison suggested 
all were PTVs; 1 was previously described as Cocle vi-
rus (4). We conducted phylogenetic analyses on 11 of the 
phlebovirus-positive samples, using a 482-nt sequence and 
MEGA7 software (8). An optimal maximum-likelihood 
tree confirmed the samples were PTVs; all samples from 
2009 (GenBank accession nos. KY43355–KY435365) 
clustered together close to Cocle virus (online Technical 
Appendix Table 2) (4). Our attempts to isolate virus were 
unsuccessful. To determine if PTV had been previously de-
tected, we tested 202 randomly selected dengue virus–neg-
ative samples from 2008; none was phlebovirus-positive.

Clinical data sheets were available for 92.6% (25/27) 
of the PTV-positive samples. After de-identifying the data, 
we entered it into a dataset. A control group consisted of 
90 dengue virus–positive patients from 2009 who were fre-
quency matched by age and randomly selected from avail-
able records. The PTV-positive case-patients were largely 
located in the Panama City metropolitan area (Figure). 
Case-patients and controls were compared primarily with 
regard to reported symptoms (online Technical Appendix 
Table 3). Case-patients were significantly less likely than 
controls to have exanthema (22% vs. 54%; odds ratio 0.23, 
95% CI 0.08–0.66; p = 0.01). We found no major clinical 
differences between case-patients and controls with regard 

to other symptoms. No patients in either group had shock 
or hemorrhagic syndrome.

Febrile syndromes in the tropics are often treated em-
pirically; clinical decisions are often made on the basis 
of epidemiologic information and concurrent outbreaks. 
In Central America, dengue fever and malaria are treated 
without confirmatory testing because testing is costly and 
time-consuming. However, an increasing number of agents 
responsible for causing febrile illnesses have been identi-
fied in recent years. The variety of clinical outcomes ob-
served with hantavirus and dengue, chikungunya, and 
Zika virus infections underscores the need for more accu-
rate diagnostics to differentiate between causative agents. 
Clinical decisions must rely on accurate diagnoses because 
symptomatology is not an accurate predictor of the true eti-
ology of a febrile illness.

Our findings suggest that, in Panama, PTVs may be a 
major contributor to febrile illnesses with symptoms mir-
roring those of dengue fever. However, the clinical course 
and range of disease caused by PTVs are unknown. Pro-
spective studies are needed to determine if PTV infection 
causes only mild disease or if it can have serious manifesta-
tions in some patients. 

PTVs are assumed to be sand fly–borne, and sand flies 
are usually present in rural or forested areas (9). However, 
most cases of PTVs infection in Panama in 2009 were in 
urban and periurban areas, raising questions about the vec-
tor, the vector’s habitat, and the mode of virus transmission. 
Panama City, however, is home to two thirds of the coun-
try’s population and has improved healthcare infrastruc-
ture, which may explain the higher number of confirmatory 
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Figure. Distribution of confirmed 
Punta Toro species complex 
infections, Panama, 2009. Dots 
indicate cases. Inset shows 
enlargement of Panama City area. 



tests from Panama City versus other areas of Panama and 
might result in a sampling bias. Despite these limitations, 
the recent Zika outbreak has shown the speed at which vec-
torborne diseases can spread and highlights the importance 
of detecting emerging viruses like PTVs.
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We report intestinal carriage of an extended-spectrum 
β-lactamase−producing Klebsiella pneumoniae strain 
with high-level resistance to colistin (MIC 24 mg/L) in a 
patient in France who had been hospitalized for fungal 
meningitis. The strain had the mcr-1 plasmid gene and 
an inactivated mgrB gene, which are associated with  
colistin resistance.
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Resistance to colistin in gram-negative bacteria stems 
mainly from structural modifications of bacterial li-

popolysaccharide. These modifications include addition 
of 4-amino-4-deoxy-l-arabinose or phosphoethanolamine 
caused by chromosomal mutations in genes encoding the 
2-component systems PhoPQ and PmrAB, or mutations in 
the mgrB gene, a negative regulator of PhoPQ (1).

The recent discovery of a horizontally transferable 
plasmid-mediated mcr-1 gene encoding a phosphoetha-
nolamine transferase is a cause for concern, but few mcr-
1−positive clinical strains of Klebsiella pneumoniae have 
been reported so far in Europe (2). Colocalization of car-
bapenemases or extended-spectrum β-lactamase (ESBL) 
genes and the mcr-1 gene on the same plasmids is of con-
cern because it might lead to pandrug resistance (1,3). We 
report mcr-1 colistin resistance in ESBL-producing K. 
pneumoniae isolated from a patient in France.

The patient was a 38-year-old man who had chronic 
granulomatous disease that was diagnosed when he was 
8 months old. Since then, he has had several minor and 
major diseases and conditions, including primitive fem-
oral osteitis, hepatic abscesses, disseminated candidia-
sis, and bacteremia, which required several treatments 
with antimicrobial drugs. However, the patient was nev-
er given colistin.

In April 2016, he was hospitalized for surgical removal 
of a thyroid abscess. Fungal cultures of the abscess grew 
Aspergillus fumigatus. Despite antifungal treatment with 
amphotericin B and flucytosine, fungal meningitis, cerebral 
arterial vasospasm at the Willis polygon, and hydrocepha-
lus developed. The patient also received immunosuppres-
sive therapy (methylprednisolone and anakinra) and em-
piric antimicrobial drug therapy, including cotrimoxazole, 
clindamycin, meropenem, and vancomycin successively.

In August 2016, systematic culture of a rectal swab 
specimen showed an ESBL-producing strain of K. pneu-
moniae; 2 previous rectal screenings showed negative re-
sults. The strain was resistant to colistin (MIC >4 mg/L). 
Resistance was determined by using a broth microdilution 
assay (BD Phoenix Instrument; Becton Dickinson, Frank-
lin Lakes, NJ, USA) (online Technical Appendix, https://
wwwnc.cdc.gov/EID/article/23/5/16-1942-Techapp1.pdf). 
An MIC of 24 mg/L was found for polymyxin B by using 

the E-test method (Polymyxin B E-test strip; bioMérieux, 
Marcy L’Etoile, France).

The strain was sent to the French National Reference 
Center for Antibiotic Resistance in Enterobacteriaceae (Hôpi-
tal Gabriel Montpied, Clermont-Ferrand, France), which con-
firmed phenotypic resistance to colistin and identified the mcr-
1 gene by using PCR and previously described primers (2). 
Whole-genome sequencing showed that the K. pneumoniae 
strain had genotype ST15 and confirmed the presence of the 
mcr-1 gene on a 33,303-kb transferable plasmid of incompati-
bility group IncX4 (online Technical Appendix). This plasmid 
differed by only 4 mutations from mcr-1.2−encoding plasmid 
pMCR-1.2.IT (GenBank accession no. KX236309) previ-
ously characterized in Italy (4). Conjugation of the plasmid 
into Escherichia coli K12 conferred colistin resistance (MIC 
increased from 0.25 mg/L to 4 mg/L) to the E. coli strain.

Other resistance genes were also identified (Table), in-
cluding the ESBL-encoding gene blaSHV106 (online Techni-
cal Appendix). None of them were localized with the mcr-1 
gene on the IncX4 plasmid. Moreover, insertion of mobile 
element IS5 in the mgrB gene was detected, which is also 
associated with colistin resistance (5). No mutations were 
found in the prmA, prmB, phoP, and phoQ genes.

There is currently no commercial medium to screen 
gram-negative bacteria harboring the mcr-1 gene. Nor-
dmann et al. (6) described an in-house SuperPolymyxin 
medium composed of eosin methylene blue agar, 3.5 mg/L 
of colistin sulfate, 10 mg/L of daptomycin, and 5 mg/L am-
photericin B, which showed excellent sensitivity and speci-
ficity. Colistin resistance can be confirmed within 2 h by us-
ing an in-house rapid polymyxin Nordmann-Poirel test (7). 
The mcr-1 gene can be rapidly detected by real-time PCR 
of DNA extracts obtained from bacterial strains or directly 
from stool samples (2,8,9).

We obtained subcultures of the strain from the patient 
on Columbia CNA agar containing 10 mg/L of colistin and 
15 mg/L of nalidixic acid and 5% sheep blood (CNA+; bio-
Mérieux) but not on Thayer-Martin agar medium contain-
ing unknown concentrations of vancomycin, colistin, am-
photericin B, and trimethoprim (VCA3; bioMérieux). Lack 
of growth on this medium might be related to a high colis-
tin concentration or the presence of vancomycin, which can 
potentiate colistin activity (6). Further investigations using 
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Table. Resistance genes identified by whole-genome sequencing of an ESBL-producing mcr-1positive Klebsiella pneumoniae strain 
isolated from a 38-year-old man, France* 
Resistance gene Target antimicrobial drug 
mcr-1 and inactivation of mgrB by IS5 insertion Colistin 
blaSHV-106 β-lactams 
aac(3)-IId and aadA16-like Aminoglycoside 
aac(6)Ib-cr Quinolone and aminoglycoside 
fosA5 Fosfomycin 
sulI and folP Sulfonamide 
dfrA27 Trimethoprim 
tetD Tetracycline 
*ESBL, extended-spectrum β-lactamase. 

 



CNA+ medium did not identify intestinal carriage of ES-
BL-negative but mcr-1−positive enterobacteria in the index 
case-patient. On the basis of these results, rectal screening 
of 39 contacts was performed by using an ESBL-screening 
medium (BLSE agar [MacConkey agar and Drigalski agar]; 
bioMérieux). All of the tests showed negative results.

The origin of the mcr-1 strain remains unknown. Nos-
ocomial acquisition cannot be ruled out because colistin-
resistant strains harboring the mcr-1 gene might have been 
isolated in the hospital but not identified because this resis-
tance mechanism was initially reported in February 2016. 
Food might also be incriminated (1); one study identified a 
21% mcr-1 prevalence among ESBL-producing E. coli in 
calves in France (10).

Multiple antimicrobial drug therapy for this patient 
might have selected for this multidrug-resistant bacte-
ria. The presence of a plasmid containing the mcr-1 and 
ESBL or other resistance genes in the same strain might 
be involved in selection of colistin-resistant strains dur-
ing administration of any ineffective antimicrobial drug 
(3). Development of efficient tools for rapid detection of  
mcr-1−harboring strains should be a priority to prevent dis-
semination of these strains in hospital settings.
Dr. Caspar is a clinical microbiologist in the Bacteriology 
Laboratory, Grenoble-Alpes University Hospital, and a 
probationary lecturer in the Medicine Faculty, Grenoble-Alpes 
University, Grenoble, France. His primary research interests 
are bacterial resistance or treatment failures for tularemia and 
evaluation of novel antimicrobial compounds.
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We identified rmtE1, an uncommon 16S ribosomal methyl-
transferase gene, in an aminoglycoside- and cephalospo-
rin-resistant Escherichia coli sequence type 448 clinical 
strain co-harboring blaCMY-2. Long-read sequencing re-
vealed insertion of a 101,257-bp fragment carrying both 
resistance genes to the chromosome. Our findings under-
score E. coli sequence type 448 as a potential high-risk 
multidrug-resistant clone.

RmtE (RmtE1 and its variant RmtE2) is an uncommon 
plasmid-mediated 16S rRNA methyltransferase (16S 

RMTase) found in gram-negative bacteria; only 4 strains 
have been reported to produce RmtE, all Escherichia coli, 
including 1 from the University of Pittsburgh Medical 
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Center (Pittsburgh, PA, USA) (1–3). We report the genetic 
context of rmtE (rmtE1) in another E. coli clinical strain 
identified at this hospital.

E. coli YDC774 was identified in 2016 in the urine 
of a local elderly man with a history of bladder cancer 
for which he had undergone transurethral resection of the 
bladder and completed chemotherapy. He had E. coli uri-
nary tract infection treated with ciprofloxacin 3 months 
earlier; further details were unavailable. E. coli YDC774 
was resistant to cefotaxime, levofloxacin, ciprofloxacin, 
and trimethoprim/sulfamethoxazole and susceptible to 
ceftazidime, cefepime, piperacillin/tazobactam, imipen-
em, meropenem, minocycline, and colistin. The strain was 
highly resistant to amikacin (MIC >32 µg/mL), gentamy-
cin (MIC >16 µg/mL), and tobramycin (MIC >8 µg/mL). 
Because the positive culture was believed to represent as-
ymptomatic bacteriuria, the patient was not treated with 
antimicrobial drugs.

We aimed to elucidate the genetic context of rmtE in 
E. coli YDC774. Although rmtE has been identified ex-
clusively on plasmids, neither broth conjugation with E. 
coli J53 nor transformation of E. coli TOP10 with puri-
fied plasmids mobilized rmtE, leading us to speculate the 
gene might be located on the chromosome. We therefore 
sequenced the YDC774 genome with PacBio RS II se-
quencing instrument (Pacific Biosciences, Menlo Park, 
CA, USA) as described (4). Sequencing with a single 
SMRT cell yielded 64,878 reads averaging 10,991 bp. De 
novo assembly generated 8 contigs; the largest was ≈4.3 
Mbp, which had ≈122× coverage and was consistent with 
a large portion of the E. coli chromosome.

E. coli YDC774 belonged to sequence type (ST) 448 
by in silico multilocus sequence typing. E. coli ST448 
has been reported in recent years among extended-
spectrum β-lactamase– and New Delhi–type metallo-
β-lactamase–producing strains (5,6). The chromosomal 
contig contained rmtE (rmtE1 allele), blaCMY-2, aac(3)-
VIa, aadA, strA/B, floR, sul1, sul2, tet(A), and dfrA7 
as determined by ResFinder (https://cge.cbs.dtu.dk/ser-
vices/ResFinder/). We identified no resistance genes on 
the other contigs, including those representing a 96-kb 
IncY plasmid resembling p12579_1 (GenBank acces-
sion no. CP003110.1) in enteropathogenic E. coli strain 
RM12579 (99% identity over 83% coverage). Several 
other 16S RMTase genes, such as rmtB, rmtC, and rmtF, 
have been found on the chromosome of gram-negative 
bacteria (7,8).

The region surrounding rmtE1 was annotated with 
Rapid Annotations by using Subsystem Technology serv-
er (http://rast.nmpdr.org) and curated manually by using 
blastn and blastp (http://blast.ncbi.nlm.nih.gov/blast) 
to elucidate the context of its chromosomal integration. 
Using E. coli ATCC 25922 as the reference genome, we 

determined that a 101,257-bp sequence was inserted in 
an intergenic region between the 4′-phosphopantetheinyl 
transferase gene and the NAD(P)H nitroreductase gene on 
the E. coli chromosome.

This inserted sequence can be divided into 2 regions. 
The first comprises several inserted sequences, such as 
IS186, ISCR1, and 1 antimicrobial resistance gene, aadA. 
Downstream of this first region, the inserted fragment is 
similar to that in pYDC637, an IncA/C plasmid carrying 
rmtE1 also found at the University of Pittsburgh Medical 
Center in 2012 (online Technical Appendix Figure, https://
wwwnc.cdc.gov/EID/article/23/5/16-2000-Techapp1.pdf) 
(2). However, the second region comprises 3 small frag-
ments. The first contains aadA1-bx, 4 mobile elements, 
and several other genes and is in reverse orientation from 
that of pYDC637. The second small fragment harboring 
blaCMY-2 is identical to that found in the core region in 
pYDC637 (online Technical Appendix Figure) and also 
is in reverse orientation from the corresponding region 
of pYDC637. The third small fragment harboring rmtE is 
located in the acquired region of pYDC637. This finding 
suggests that, on mobilization into the chromosome, gene 
rearrangements occurred among these fragments. The 
region between 2 hypothetical proteins appears to have 
been deleted at or after integration, which includes genes 
involved in plasmid replication and conjugative transfer 
(online Technical Appendix Figure).

rmtE1 is bound by an ISCR20-like element and an 
IS1294-like insertion sequence. This immediate unit is 
identical to that found in pYDC637. ISCR20 and IS1294 
belong to IS91 family, which is considered related to some 
antimicrobial drug resistance genes, including 16S RMTase 
genes, which appears to have been the case in the mobiliza-
tion of rmtE1 as well. We could not identify direct repeats 
upstream and downstream of the unit that would define 
the exact boundary of this unit. In comparing the genetic 
context of rmtE1 and rmtE2, ISCR20-like transposase is 
located upstream of rmtE1 and rmtE2 (GenBank accession 
nos. KT428293 and NZ_LRIX01000127). However, the 
transposase genes located downstream of the 2 16S RM-
Tase genes are distinct. The genetic environment of rmtE2 
is identical between the 2 plasmids from China (GenBank 
accession no. KT428293) and Canada (GenBank accession 
no. NZ_LRIX01000127).

In summary, we identified chromosomal integration 
of rmtE1, an unusual 16S RMTase, and blaCMY-2, a com-
monly observed acquired AmpC β-lactamase, in an E. coli 
ST448 clinical strain, an event that generated stable co-
resistance to aminoglycosides and oxyiminocephalospo-
rins. We found no evidence of further spread of this strain 
in the hospital. Nonetheless, the findings underscore E. 
coli ST448 as a potential high-risk multidrug-resistant E. 
coli clone.
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We analyzed carbapenem-resistant Enterobacteriaceae 
(CRE) trends among patients from the US Veterans Health 
Administration (VHA). After the emergence of CRE in the 
eastern United States, resistance rates remained stable in 
Klebsiella pneumoniae but increased in Enterobacter cloa-
cae complex, suggesting a “second epidemic.” VHA offers a 
vantage point for monitoring nationwide CRE trends.

Carbapenem-resistant Enterobacteriaceae (CRE) have 
become a global public health threat. The epidemic of 

CRE began in the early 2000s with an outbreak of carbape-
nem-resistant Klebsiella pneumoniae harboring K. pneu-
moniae carbapenemase (KPC) in the eastern United States. 
Since then, KPC-producing K. pneumoniae have emerged 
in various communities across the country (1). Carbapenem 
resistance also occurs in other Enterobacteriaceae species 
and can be mediated by other enzymes, such as OXA-48 
and metallo-β-lactamases, especially New Delhi metallo-
β-lactamase and Verona integron–encoded metallo-β-
lactamase (1). Carbapenem-resistant Escherichia coli oc-
curs infrequently, but recent outbreaks of KPC-producing 
Enterobacter cloacae raise concerns about the emergence 
of carbapenem resistance in the E. cloacae complex (1–4).

The Veterans Health Administration (VHA) is the larg-
est integrated healthcare system in the United States. Clini-
cal and microbiologic data for the entire VHA network are 
accessible through its informatics platforms (5). We used 
this infrastructure to observe national trends of carbapenem 
resistance and nonsusceptibility in K. pneumoniae and E. 
cloacae complex during the past decade.

We identified 224,651 K. pneumoniae and 71,462  
E. cloacae complex (E. cloacae, E. asburiae, E. kobei,  
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E. hormaechei, E. xiafangensis) isolates from patients hos-
pitalized during 2006–2015. To minimize bias introduced 
by variability in susceptiblity reporting, we excluded iso-
lates obtained within 30 days of another isolate from the 
same patient and isolates from facilities with nonstandard 
reporting, facilitites that identified <30 isolates in a 2-year 
period, and facilities that reported carbapenem susceptibili-
ties for <90% of isolates. After these exclusions, 128,431 
K. pneumoniae and 38,219 E. cloacae complex isolates 
from 140 facilities in 40 states, District of Columbia, and 
Puerto Rico remained for study. We obtained carbapenem 
(i.e., meropenem, imipenem, ertapenem, doripenem) sus-
ceptibility test results (i.e., susceptible, intermediate, or 
resistant) and calculated rates of resistance and nonsuscep-
tibility to any carbapenem over time, looking at 2-year win-
dows and grouping facilities into 10 regions designated by 
the US Department of Health and Human Services (https://
www.hhs.gov/about/agencies/regional-offices/index.html).

Our data capture the chronologic and geographic 
spread of carbapenem-resistant K. pneumoniae and E. cloa-
cae complex within VHA (Figure). Before 2010, carbapen-
em-resistant K. pneumoniae was observed primarily in the 
eastern United States, but by 2014–2015, the rate of car-
bapenem resistance detected in K. pneumoniae was >1% in 
all regions except Regions 8 (South Dakota, North Dakota, 
Montana, Wyoming, Colorado, Utah) and 10 (Washington, 
Oregon, Idaho, Alaska). In 2006–2007, carbapenem-resis-
tant E. cloacae complex also had a focus in the East, but 
in 2008–2009, it was also observed in Region 8. By 2014–
2015, carbapenem-resistant E. cloacae complex was cen-
tered in the Southwest and Pacific Coast. These regions also 

had higher rates of carbapenem-nonsusceptible E. cloacae 
complex, although this phenotype was present in all regions.

The carbapenem-nonsusceptibility rate among K. 
pneumoniae isolates remained at 3%–4% throughout 
2006–2015; however, as with a 2016 study (6), we detected 
a recent decrease in the rate of carbapenem resistance in 
K. pneumoniae in Region 2, which includes New York. In 
contrast, the rates of carbapenem resistance and nonsuscep-
tibility in E. cloacae complex increased nationwide during 
the last decade, reaching >4% nonsusceptibility and 2.5% 
resistance in 2014–2015. Also, the proportion of intermedi-
ate carbapenem-nonsusceptible isolates was higher for E. 
cloacae complex (46%) than K. pneumoniae (9%) isolates.

CRE trends during 2006–2015 in the VHA recapitu-
late the epidemic of carbapenem-resistant K. pneumoniae 
in the United States and indicate that a “second epidemic” 
of carbapenem-resistant E. cloacae complex appears to be 
unfolding. In the United States, the predominant carbape-
nem-resistant K. pneumoniae genotype is sequence type 
(ST) 258, which is associated with Tn4401, a mobile ge-
netic element containing blaKPC (7). In contrast, the genetic 
background of carbapenem-resistant E. cloacae complex 
is not well defined. Analysis of carbapenem-resistant E. 
cloacae from the US Midwest and New York, NY, demon-
strated dissemination of E. cloacae complex ST171 harbor-
ing the blaKPC-3 gene (2,3,8). Further analysis demonstrated 
that ST171 was associated with a Tn4401 variant within a 
pBK30683-like plasmid; however, various other plasmids 
in Enterobacter spp. also harbor blaKPC-3 (4). Of note, in a 
northeastern US hospital, one third of carbapenem-resistant 
E. cloacae contained carbapenemases and the rest harbored 
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Figure. Geographic and temporal trends of carbapenem nonsusceptibility and resistance in Enterobacteriaceae seen at Veterans 
Health Administration facilities, United States, 2006–2015. A) Dissemination of carbapenem-resistant Klebsiella pneumoniae 
after an initial focus in the eastern United States. B) Nationwide percentage of carbapenem nonsusceptibility and resistance in K. 
pneumoniae. C) Emergence and dissemination (“second epidemic”) of carbapenem-nonsusceptible and -resistant Enterobacter 
cloacae complex. D) Nationwide percentage of carbapenem nonsusceptibility and resistance in E. cloacae complex. Isolates from 
patients in Puerto Rico were not included in the maps. 



cephalosporinases, usually only AmpC (9). Nevertheless, 
we hypothesize that E. cloacae complex contains geno-
types with epidemic potential associated with increasing 
rates of carbapenem resistance observed in the VHA.

The scope of this study did not include molecular char-
acterization, so we could not determine emerging geno-
types or detect outbreaks at individual facilities. Also, non-
uniform susceptibility testing and interpretation throughout 
the VHA may affect reporting of CRE. Although criteria for 
interpretation of carbapenem susceptibility changed during 
the past decade, the revised breakpoints do not appear to 
have a major effect on resistance rates in Klebsiella and En-
terobacter spp., according to other surveillance data (10). 
Despite these limitations, the VHA may serve as a vantage 
point for detecting nationwide trends in antimicrobial drug 
resistance. Integration of susceptibility testing with mo-
lecular characterization at the VHA may help elucidate the 
changing epidemiology of CRE in the United States.
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To determine the potential role of vertical transmission in 
Zika virus expansion, we evaluated larval pools of perorally 
infected Aedes aegypti and Ae. albopictus adult female 
mosquitoes; ≈1/84 larvae tested were Zika virus–posi-
tive; and rates varied among mosquito populations. Thus, 
vertical transmission may play a role in Zika virus spread  
and maintenance.
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Following the 2007 outbreak in Micronesia, Zika virus 
(Flaviviridae, Flavivirus) has continued to expand its 

distribution throughout the Pacific region and, since 2014, 
the Americas (1,2). The virus is primarily maintained by 
horizontal transmission between Aedes aegypti mosquitoes 
and humans, yet other Aedes spp. are also competent vec-
tors (3). The extent to which Zika virus can utilize vertical 
transmission between mosquitoes (i.e., transmission from an 
infected adult female mosquito to her progeny) has not been 
adequately assessed after peroral infection. Such studies are 
required to accurately determine the potential role of vertical 
transmission in Zika virus expansion and maintenance.

Although previous studies have found that other fla-
viviruses, including West Nile (4), dengue (5), yellow fe-
ver (6), and St. Louis encephalitis (7), can undergo verti-
cal transmission, such transmission is generally relatively 
inefficient, with filial infection rate (FIR) estimates ranging 
from 1/36 to 1/6,400 (8). A previous study estimated rates 
for Zika virus vertical transmission in Ae. aegypti mosqui-
toes to be 1/290, yet a reliable estimate for transmission in 
Ae. albopictus mosquitoes was not achieved (8). In addi-
tion, these estimates were based on intrathoracic inocula-
tion of Zika virus rather than on assessment after infectious 
blood meal acquisition.

We exposed laboratory colonies of Ae. aegypti mos-
quitoes (collected in Posadas, Argentina, or Poza Rica, 
Mexico) and Ae. albopictus mosquitoes (obtained from 
Suffolk County, New York) to Zika virus through infec-
tious blood meals and evaluated the mosquitoes’ capacity 
to transmit the virus to progeny. For this study, we used the 
Zika virus strain ZIKV HND (Honduras 2016, GenBank 
accession no. KX906952), passaged once on C6/36 cells, 
and Zika virus PR (Puerto Rico 2015, GenBank accession 
no. KX087101.3), passaged 4 times on Vero cells and twice 
on C6/36 cells. Zika virus was propagated on C6/36 cells 
for 4 days, and freshly harvested supernatant was mixed 
1:1 with sheep blood (Colorado Serum Company, Denver, 
CO, USA) and 2.5% sucrose.

Infectious blood meals were offered to 4- to 7-day-old 
female mosquitoes, and weekly noninfectious blood meals 
were offered after the first oviposition. Eggs laid during the 
second oviposition and beyond were collected and hatched 
for subsequent testing. Third- to fourth-instar larvae were 
collected in pools of 5 and processed by homogenization 
and centrifugation. After RNA extraction, we used Zika vi-
rus–specific quantitative reverse transcription PCR (9) to 
determine adult infection (indicated by positive bodies), 
dissemination (indicated by positive legs), viral load, and 
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Table. Vertical transmission of Zika virus in Aedes spp. mosquitoes* 

Species/ 
population 

Zika virus 
strain Cycle 

Blood meal 
titer, log10 
PFU/mL 

% Infected 
(diss)† 

Mean body 
titer, log10 
PFU/mL 

Total 
no. 

pools 

No. 
individual 

mosquitoes dpi 

Zika 
virus 

positive 
FIR‡ 

(95% CI) 
Ae. aegypti 

          

 Mexico ZIKV HND All§ 8.9 90.9 (95.0) 7.6 26 130 11–18 1 7.7 
(0.5–36.9) 

 Argentina ZIKV HND All§ 9.3 100 (100) 6.6 28 136 11–38 2 14.9 
(2.7–8.3) 

 Combined¶ ZIKV HND OV2 
   

29 141 11–22 1 7.1 
(0.4–4.0)   

OV3 
   

23 115 18–38 2 17.7 
(3.2–57.2)   

OV4 
   

2 10 38 0 <94.6 
(6.6–495.8) 

 Combined¶ ZIKV HND All§ 9.1# 95.5 (97.5) 7.4 54 266 11–38 3 11.5 
(3.0–30.8) 

 Argentina ZIKV PR OV1 
   

24 120 36–38 2 17.0 
(3.1–54.8)   

OV2 
   

15 75 43–52 0 <13.3 
(0.8–63.6)   

OV3 
   

4 18 60–62 0 <55.8 
(3.4–262.5)   

OV4 
   

7 35 63 1 28.5 
(1.7–34.8)  

ZIKV PR All§ 9.1 100 (100) 7.7 50 248 36–63 3 12.3 
(3.3–33) 

 Combined Combined** All§ 9.1# 96.9 (98.3) 7.5 104 514 11–63 6 11.9 
(4.9–4.6) 

Ae. albopictus           
 New York ZIKV HND All§ 8.9 100 (93.3) 7.1 17 85 11–63 1 11.8 

(0.7–56.2) 
*Diss, disseminated; dpi, days post infection; FIR, filial infection rate; ZIKV HND, Zika virus Honduras 2016; OV, oviposition; ZIKV PR, Zika virus Puerto 
Rico. 
†Percentage of infected with Zika virus–positive legs. 
‡No. Zika virus positive/1,000 larvae. 
§Combines data from all hatched eggs. 
¶Data for both mosquito populations are combined. 
#Mean titer. 
**Data for both virus strains are combined. 

 

 



FIR, which was calculated by using a maximum-likelihood 
estimate (PoolInfRate 4.0; Centers for Disease Control and 
Prevention, Atlanta, GA, USA).

We tested 104 Ae. aegypti pools; 6 were Zika virus–
positive, indicating a FIR of 11.9 (range 4.9–24.6; Table). 
This value equates to a ratio of ≈1:84, which is substantially 
higher than that found by Thangamani et al., as well as ra-
tios historically measured for flaviviruses (4–8). Although 
just 17 pools of Ae. albopictus were tested, 1 pool was posi-
tive, which equates to a similar FIR (11.8 [range 1.7–134.8]; 
Table) and establishes that Ae. albopictus mosquitoes are ca-
pable of vertical transmission of Zika virus in the laboratory.

Although the bypassing of the midgut during inocula-
tion generally results in higher levels of vertical transmission, 
we fed mosquitoes high virus doses (8.9–9.3 log10 PFU/mL), 
resulting in >93% of disseminated infections and develop-
ment of high viral titers in individual mosquitoes, averaging 
7.1 (Ae. albopictus) to 7.5 (Ae. aegypti) log10 PFU/mosquito 
(Table). Although the likelihood that eggs were derived from 
mosquitoes with disseminated infections is high, the rate of 
vertical transmission (proportion of infected mosquitoes trans-
mitting to progeny) could not be determined. Future studies 
assessing infection status and FIR of individual mosquitoes 
will help clarify the extent of individual variability in verti-
cal transmission efficiency. In addition, we tested larvae rather 
than adults, and it is likely that transtadial transmission is not 
completely efficient, so further studies are required to fully 
evaluate transmission potential of adults infected via verti-
cal transmission. We observed a trend of increasing vertical 
transmission with time and additional egg laying, similar to 
what has been reported for West Nile virus (10). This find-
ing suggests that survival and gonotropic cycles could be key 
determinants of success of vertical transmission in nature. Fi-
nally, our results demonstrate population-specific differences, 
with the FIR of the population from Argentina more than 
twice that of the population from Mexico (Table), suggesting 
that particular populations may have increased capacity for 
maintenance through vertical transmission. Although we did 
not measure differences between ZIKV HND and ZIKV PR, 
evaluating additional strains could help clarify the influence of 
viral genotype on vertical transmission efficiency.

Together, these results indicate that Zika virus has a 
relatively high capacity for being transmitted vertically by 
both Ae. aegypti and Ae. albopictus mosquitoes. Although 
the mechanism of vertical transmission with flaviviruses is 
generally thought to be infection of eggs during oviposi-
tion, rather than transovarial transmission (5), these rates 
suggest that further investigation into Zika virus tropism in 
mosquitoes is warranted.
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In August 2015, a soldier returned from field exercises in 
Texas, USA, with nonspecific febrile illness. Culture and se-
quencing of spirochetes from peripheral blood diagnosed 
Borrelia turicatae infection. The patient recovered after re-
ceiving doxycycline. No illness occurred in asymptomatic 
soldiers potentially exposed to the vector tick and prophy-
lactically given treatment.

Tickborne relapsing fever (TBRF) was first reported in 
the United States >100 years ago but is often difficult 

to identify, given its rarity and variety of clinical presenta-
tions (1,2). We describe a case of culture-confirmed TBRF 
caused by Borrelia turicatae acquired by an Army soldier 
during a military training exercise in Texas, USA.

The patient was a 31-year-old white man with no rel-
evant medical history. In August 2015, he sought care at the 
Eglin Air Force Base Hospital (Valparaiso, Florida, USA) 
with a 5-day history of fever (102°F), chills, and myalgias. 
He reported headache and nausea but no vomiting or diar-
rhea. He denied localized joint pain, redness, or swelling 
but had discomfort in both popliteal fossae.

The patient had recently returned to Florida after a 
30-day Army exercise under austere conditions in west-
ern Texas (online Technical Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/23/5/16-2069-Techapp1.
pdf). Potential exposures included sleeping nude in a 
sleeping bag on the floor of an abandoned barn that had 
been cleared of infestation with rabbits, rodents, birds, 
and bats; having eaten boar that had been slaughtered, 
dressed, and cooked over an open flame; and consuming 
water procured from a well, bottled sources, and at times 
through a LifeStraw (http://lifestraw.com/). Approxi-
mately 1 week before admission, he had noted multiple 
skin lesions, including scattered, presumed insect bites 

along his left leg and a small lesion at his urethral me-
atus. He denied any history of genital lesions and had not 
seen any biting insects. After 6 days, the lesions sponta-
neously resolved.

In a Texas emergency department, the initial diagnosis 
was viral syndrome, and a rapid influenza test result was 
negative. The fever persisted despite administration of an-
tipyretics. After 2 days, the patient returned to the hospital, 
where he received only symptomatic treatment. No tests 
were ordered. After another 2 days, he sought care from his 
unit physician. Laboratory tests showed marked thrombo-
cytopenia with 16 × 109 platelets/L (reference range 150–
400 × 109 platelets/L). Spirochetes were seen on peripheral 
blood smear (online Technical Appendix Figure 2). He was 
referred for hospital admission. Physical examination find-
ings were unremarkable: no splenomegaly, hepatomegaly, 
or rash. Blood cultures and serologic testing for rickettsiae, 
HIV, dengue virus, Treponema pallidum, and plasmodia 
produced negative results. Erythrocyte sedimentation rate 
(58 mm/h) and C-reactive protein level (>19 mg/L) were 
elevated. Electrolytes and transaminase levels were within 
reference ranges.

Serum samples collected at admission and 3 weeks lat-
er (≈5 and 26 days after illness onset, S1 and S2, respective-
ly) were tested in parallel at the Centers for Disease Control 
and Prevention, National Center for Emerging and Zoonot-
ic Infectious Diseases, Division of Vector-Borne Infectious 
Diseases (Fort Collins, CO, USA) by enzyme immunoas-
say and Western blot (IgM and IgG) for TBRF antibody 
reactivity. Seroconversion was demonstrated by rising en-
zyme immunoassay values (S1 = 0.79, S2 = 2.41; equivocal 
range 0.64–0.91) and separate IgM and IgG Western blots 
(online Technical Appendix Figure 3). In addition, the sam-
ples demonstrated seroconversion (S1 = 0.91, S2 = 3.23; 
equivocal range 0.90–1.09) against C6, an immunogenic 
antigen conserved among Borrelia spp. (Borrelia burgdor-
feri ELISA; Immunetics, Inc., Boston, MA, USA).

Spirochetes were successfully cultured, and genomic 
sequencing determined that B. turicatae was the causative 
agent (3). The patient improved rapidly with doxycycline, 
and platelet count normalized within 2 weeks. Ten asymp-
tomatic soldiers with similar exposure were identified and 
prophylactically given doxycycline; 24 asymptomatic sol-
diers who had been in the area but not in the same barn as 
the patient were monitored closely. No additional illnesses 
were detected.

TBRF is a neglected and probably underdiagnosed 
disease. The vector, the Ornithodoros turicata tick, is en-
demic to Texas and Florida (4); but although published 
cases in Texas have been supported by serology for the 
TBRF group, exposure location, and tick collections (4,5), 
to the best of our knowledge, successful identification of 
B. turicatae in a human has not been reported. Previously,  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 5, May 2017 883

RESEARCH LETTERS



B. turicatae has been isolated only from ticks and canids in 
several areas of Texas (4–6).

The ecologic setting of the military exercises was pre-
dictable for high-risk exposure to the tick vector. TBRF 
attack rates >22% have been reported for group settings 
with sequelae severe enough to warrant hospitalization 
(7,8). Military training groups in Israel have declared cer-
tain caves off limits because of heavy tick presence (9) 
and have prophylactically administered doxycycline to 
those suspected to have been exposed (7). There has not 
been an association of Jarisch-Herxheimer reaction in as-
ymptomatic patients receiving doxycycline (7), although 
this reaction is common during treatment of patients with 
active illness (9).

We identified several difficulties in epidemiologic 
awareness and diagnosis. There is overlap of bacterial, 
viral, and parasitic pathogens in location and nonspecific 
symptom presentations. The O. turicata tick bite is rarely 
noticed or reported because the vectors are rapid noctur-
nal feeders, attachment is painless, and often no lesions or 
ticks are discovered (10). This case report with success-
ful isolation and genetic characterization of B. turicatae 
from the soldier (3) confirms that this spirochete species is 
a zoonotic pathogen. The initial misdiagnosis further indi-
cates the neglected nature of this disease, especially in the  
military population. 
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Correction
Vol. 16 No. 1

The name of author Emerald Stewart was omitted from Rapid Displacement of Dengue Virus Type 1 by Type 4,  
Pacific Region, 2007–2009 (D. Li et al.). The article has been corrected online (https://wwwnc.cdc.gov/EID/article/ 
16/1/09-1275_article).
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To the Editor: We read with great interest the 
Matsumura et al. paper describing extended-spectrum 
β-lactamase (ESBL) CTX-M-27–producing Escherichia 
coli of sequence type (ST) 131 clonal group, an emerging 
clade called C1-M27 (1). ST131 E. coli having blaCTX-M-27 
has been described in several countries. We observed an 
alarming increase of this clonal group in the fecal carriage 
of children in France (0% in 2010 to 65% in 2015 among 
ESBL-producing ST131 E. coli) (2). 

We wondered whether this clonal group’s expansion 
in France was attributable to the same clade (C1-M27). For 
that, we designed primers (M27PP1-B-F, 5′-TTACTCC-
GACTATGCGTTCAC-3′; M27PP1-B-R, 5′-CAAACTT-
GCCCCTGATAGCG-3′; amplicon length, 1.5 kb) to amplify 
the insertion site of the structure comprising the direct repeat 
and prophage-like genomic island of E. coli PCN033, as pre-
viously described (1). PCR was performed on our recently 
described collection of 39 ESBL-producing ST131 E. coli, 
including 16 CTX-M-27–producing E. coli: 13 of subgroup 
O25b with fimH30 allele and 3 of O16 subgroup with fimH41 
allele (2). Results showed that 81% (13/16) of the CTX-M-27–
producing E. coli ST131 had the M27PP1 structure, similar to 
strain PCN033, and thus belong to the C1-M27 clade. There-
fore, the C1-M27 clade found in Asia and America is also 
present in Europe in the fecal flora of young children. The 3 
isolates belonging to the O16 subgroup with fimH41 lacked 
M27PP1, suggesting that blaCTX-M-27 might diffuse among non-
H30 ST131 E. coli without this prophage-like genomic island. 
Finally, the non–CTX-M-27–producing ST131 E. coli of our 
collection were negative for M27PP1 elements.

Our results show that CTX-M-27–producing E. coli 
ST131 subgroup O25b with fimH30 allele (one third of the 

ESBL-producing ST131 carriage isolates) isolated from 
children in France belong to C1-M27 and that CTX-M-27–
producing O16 strains display distinct genetic characteris-
tics. Altogether, our data confirm the worldwide distribution 
of C1-M27 and its high prevalence in children in France.
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To the Editor: The Kassem et al. article regarding 
high rates of multidrug-resistant (MDR) bacteria coloniz-
ing Syrian children highlights the challenge of choosing 
empiric antimicrobial drugs to treat war-injured refugees 
from Syria (1). The findings mirror other reports (2,3) and 
our own experience in a charitable hospital in Amman, 
Jordan, which manages war-injured refugees from Syria. 
As part of a program of antimicrobial drug stewardship 
and infection prevention and control, empiric antimicro-
bial drug protocols were introduced. For antimicrobial 
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drug–naive patients, the first-line choice for prophylaxis 
and treatment of skin and soft-tissue infections, including 
those involving open fractures, was a narrow-spectrum 
cephalosporin, as recommended by the Infectious Diseas-
es Society of America guidelines (4); however, clinical 
failure was common.

We retrospectively reviewed the clinical microbiology 
data of 75 patients admitted in January 2015 with a history 
of suspected post-trauma infection. All these patients were 
first treated in field hospitals in Syria; 82.7% were male, 
and 33% were <16 years old. Twenty-four percent had mul-
tiple injuries, 20% had osteomyelitis, and 53% had metal 
prosthetic implants.

Thirty bacterial isolates were identified, mostly from 
deep wound swabs of 21 (28%) injured patients; 9/21 were 
infected with 2 isolates. Twenty-nine (97%) isolates were 
gram-negative bacteria: 10 Proteus spp., 10 Escherichia 
coli, 5 Pseudomonas spp., and 4 Klebsiella spp. Disk dif-
fusion susceptibility testing showed that 20 (66%) isolates 
were MDR and 11 (36.7%) were carbapenem resistant. 

The hospital laboratory did not have the capacity 
to perform further testing and confirmation of the resis-
tant strains in line with international quality standards 
because they lacked suitable equipment and financial 
resources. Preventing further dissemination of MDR 
organisms among war-injured refugees from Syria at 
hosting healthcare facilities requires an effective sur-
veillance system, investment in infection prevention and 
control, appropriate antimicrobial drug stewardship, and 
urgent laboratory capacity building inside Syria and in 
the refugee-host countries.
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Frederic Remington was an American  
painter, sculptor, illustrator, and writer 
whose works frequently featured cowboys,  
Native Americans, soldiers, horses, bison, 
and other iconic features of the rapidly  
vanishing American West. This issue's cover 
painting, commonly known as The Cigarette,  
was discovered in Remington’s studio after 
his death. In this painting, four cowboys re-
lax around a small outside a cabin. A plume 
of smoke rises toward the clear blue-green 
night sky flecked with a few stars, past a 
large skin hanging on the side of the cabin. 
The cabin does not overwhelm the painting 
but details such as the shadow under the 
roofline, the seams between logs, the soft-
ened edges of the structure, and the tautly 
stretched skin reveal Remington’s deftness 
at rendering textures. His use of subdued 
colors punctuated by the reflected firelight  
underscores the quiet of the evening’s  
respite following a long day’s work.
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Quiet Moment  
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Visit our website to listen:
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Florentine painter Jacopo Pontormo, who took his sur-
name from the village of his birth, was considered sec-

ond only to Michelangelo among his 16th century peers. In 
Italy, Pontormo was among the first exponents of Manner-
ism, a style of painting that stressed artifice over realism. 
The National Gallery of Art offers this view: “Mannerism’s 
artificiality—its bizarre, sometimes acid color, its illogi-
cal compression of space, the elongated proportions and 

exaggerated anatomy of figures in convoluted, serpentine 
poses—frequently creates a feeling of anxiety.”

“Portrait of a Halberdier,” this month’s cover image, is 
considered Pontormo’s masterpiece. The artist completed 
this painting during the tumultuous 10-month siege of the 
Florence Republic from October 1529 through August 1530. 
The J. Paul Getty Museum, which purchased this work in 
June 1989 notes that as a portraitist, Pontormo “was re-
nowned for his subtle, complex psychological studies; here 
he conveyed the naïve arrogance and vulnerability of youth.” 

In the painting, Pontormo positions this young foot 
soldier, holding a combination spear and battle-ax called 
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Pontormo (Jacopo Carucci) (1494–1557), Portrait of a Halberdier (ca. 1528–1530) (detail). Oil (or oil and tempera) on panel 
transferred to canvas, 37 1/2 in × 28 3/4 in/95.3 cm × 73 cm. Digital image courtesy of the Getty’s Open Content Program,  
The J. Paul Getty Museum, Los Angeles, CA, USA.
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a halberd, before a bastion. “His direct stare and swag-
gering pose are strikingly poignant, given the smooth un-
lined face and slim body that betray him as no more than 
a teenager,” according to the Getty. The painting conveys 
ambivalence and tension, for the young man’s display of 
physical confidence clashes with his anxious countenance 
and delicate features.

The authors of Masterpieces of Painting in the J. Paul 
Getty Museum state, “Our unbloodied fighter stares into the 
unknown, his expression suggesting he has just become 
aware of the myth of the immortality of youth.” This ambiv-
alent message is reinforced by his attire. This young foot sol-
dier casually wears a vivid crimson cap and breech-hose and 
a fine white padded doublet, replete with a gold chain and 
cap badge, which depicts Hercules besting the giant Antaeus.

According to art history professor Elizabeth Cropper, 
this young soldier1 displays “none of the brutal qualities 
that made it worth paying a man to fight, and his elegant 
costume conveys none of the exaggerated panache of the 
mismatched gear of a ruffian far from home, a type with 
which Pontormo was all too familiar in both his life and 
art.” It is clear that despite having the trappings of strength, 
this defenseman lacks combat experience and remains 
quite vulnerable. With this image, Pontormo foreshadows 
the eventual capture of Florence.

Despite valiant, innovative, and creative tactics, the 
city of Florence, considered the birthplace of the Renais-
sance, was outmatched by the large show of force from 
Spain and the Holy Roman Empire and surrendered after a 
10-month siege. Nearly 36,000 of the residents of Florence, 
about a third of the city’s population, died during the siege, 
including many young people pressed to defend the city. 
Florence’s citizens sustained other losses as well, including 
the ruin of their various export businesses and confiscation 
of their wealth and possessions.

It is tempting to view the issue of antimicrobial re-
sistance—the ability of a microorganism to stop an anti-
microbial from working against it—in terms of a siege. 
Standard treatments become ineffective over time, infec-
tions persist, and organisms mutate and propagate. An-
timicrobials are armed with the ability to interfere with 
bacterial cell wall synthesis, to prevent pathogenic protein 
formation, or to alter bacterial metabolic processes. Those 

mechanisms of action are akin to the armaments of our 
stalwart halberdier.

However, whether by the naïve arrogance of overuse 
and misuse or by evolutionary bad luck, such weapons in 
the fight against infections are losing their effectiveness, 
potentially leaving us as vulnerable as Florence. To with-
stand the siege of antibiotic resistance, innovative strategies 
for preserving the effectiveness of our existing antimicrobi-
als and for developing new drugs with novel mechanisms 
of action are needed.

A besieged city that finds its resources dwindling, al-
lies absent, and enemies undeterred will eventually fall. 
In public health, putting on a brave face will not save the 
day. Public health must have the capacity to detect, re-
spond to, and prevent antibiotic-resistance threats from a 
host of bacteria, fungi, viruses, parasites, and other micro-
organisms. Mounting effective responses across health-
care settings and communities across the world requires 
investments, infrastructure, and collaboration, including 
a One Health strategy, which involves partners represent-
ing the human, animal, and environmental determinants 
of health.
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Pontormo: Portrait of a Halberdier.
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Article Title
Exposure Characteristics of Hantavirus Pulmonary Syndrome Patients,  

United States, 1993–2015

CME Questions
1. You are seeing a 40-year-old man for his second 
clinic visit in 3 days because of symptoms of fever, 
myalgia, and nausea with vomiting. He was diagnosed 
with a nonspecific viral infection 2 days ago, and 
further questioning today reveals that he has been 
working on repairing an old, rat-infested barn for the 
past several weeks. You consider whether he has 
infection with hantavirus. What should you consider 
regarding the epidemiology and clinical presentation 
of infection with hantavirus?
A. Hantavirus illness is limited to the cardiopulmonary 

system
B. Hantavirus is found in North America, Asia, and 

Europe
C. The usual mode of transmission of hantavirus is fecal-

oral
D. Hantavirus infection in deer mice is highest in the 

winter

2. Which of the following hantavirus subtypes is 
responsible for most infections in the United States?
A. Sin Nombre virus
B. New York/Monongahela virus
C. Black Creek Canal virus
D. Bayou virus

3. You assess this patient's risk factors for hantavirus 
infection. Which of the following statements regarding 
the epidemiology and outcome of hantavirus 
pulmonary syndrome (HPS) in the current study is 
most accurate?
A. American Indians were disproportionately represented 

among cases of infection
B. Most cases of HPS were fatal
C. There were no differences in mortality rates of HPS 

based on race or ethnicity
D. More than 90% of cases were among individuals with 

occupations judged to be at high risk for exposure  
to rodents

4. You question the patient further about exposure to 
rodents. What was the most common exposure setting 
to hantavirus in the current study?
A. Home
B. Recreational setting
C. Work
D. Cars, trailers, or mobile homes
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Article Title
Increased Neurotropic Threat from Burkholderia pseudomallei  

Strains with a B. mallei–Like Variation in the bimA Motility Gene, Australia

CME Questions
1. Based on the mouse model of neurologic 
melioidosis studied by Morris and colleagues, which 
of the following statements about differences in 
virulence among Burkholderia pseudomallei bimBm 
sequence variants is most accurate?
A.  Virulence of bimBm variants was similar to that  

of isolates with typical bimA alleles when delivered 
intranasally

B.  Virulence of bimBm variants was similar to that of 
isolates with typical bimA alleles when delivered 
subcutaneously

C.  Central nervous system (CNS) infection occurred with 
increased frequency and at lower inoculating doses 
after infection of mice with bimBm than with bimBp 
strains of B. pseudomallei

D.  Virulence defined by 50% infectious dose (ID50) 
values was significantly greater for bimBp strains 
than for bimBm strains when delivered intranasally to 
BALB/c mice

2.  Based on the mouse model of neurologic 
melioidosis studied by Morris and colleagues, which 
of the following statements about differences in 
progression among B. pseudomallei bimBm sequence 
variants is correct?
A.  Compared with isolates with typical bimA alleles, 

those with the B. mallei–like variation had more rapid 
systemic dissemination and replication within brain, 
spinal cord, and other tissues

B.  bimBm vs bimBp strains had greater bacterial 
colonization of the brain, but without meningeal 
involvement

C.  Sites of abscessation within the CNS were consistent 
among infected animals

D.  Phagocytic cells are not involved in rapid systemic 
dissemination of B. pseudomallei to the CNS and 
other distant sites

3. Based on the mouse model studied by Morris and 
colleagues, which of the following statements about 
implications for clinical disease of these differences 
among B. pseudomallei bimBm sequence variants 
in the progression and severity of experimental 
melioidosis is correct? 
A.  Route of infection, infecting dose, and host risk factors 

for melioidosis are the only predictors of melioidosis 
occurrence, manifestations, and severity

B.  bimBm variation is a predictor for severe forms of 
melioidosis, including neurologic involvement

C.  The study proves that bimA is the only gene that has a 
strong association with neurologic melioidosis

D.  The study proves that B. pseudomallei uses only 1 
mechanism to enter the CNS
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