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RESEARCH

Chikungunya has had a substantial impact on public health 
because of the magnitude of its epidemics and its highly 
debilitating symptoms. We estimated the seroprevalence, 
proportion of symptomatic cases, and proportion of chron-
ic form of disease after introduction of chikungunya virus 
(CHIKV) in 2 cities in Brazil. We conducted the population-
based study through household interviews and serologic 
surveys during October–December 2015. In Feira de San-
tana, we conducted a serologic survey of 385 persons; 
57.1% were CHIKV-positive. Among them, 32.7% reported 
symptoms, and 68.1% contracted chronic chikungunya 
disease. A similar survey in Riachão do Jacuípe included 
446 persons; 45.7% were CHIKV-positive, 41.2% reported 
symptoms, and 75.0% contracted the chronic form. Our 
data confirm intense CHIKV transmission during the con-
tinuing epidemic. Chronic pain developed in a high propor-
tion of patients. We recommend training health profession-
als in management of chronic pain, which will improve the 
quality of life of chikungunya-affected persons.

Chikungunya is an emerging mosquitoborne disease 
caused by an alphavirus (chikungunya virus; CHIKV) 

from the Togaviridae family (1). Reports of outbreaks of 
chikungunya were not frequent until the beginning of the 
21st century; however, some serologic studies provided  

evidence that CHIKV had circulated in a sylvatic cycle in 
nonhuman primates (2). In 2004, an outbreak of chikungunya  
emerged in some Indian Ocean islands (Comoros, Sey-
chelles, and Mauritius) (2) and later spread to Reunion Is-
land; the 266,000 recorded cases represented an attack rate 
of 35% (3). In the following years, the disease circulated in 
Italy, France, and India (3), and in 2013 it was introduced in 
the Americas, causing an epidemic of nearly 2.6 million au-
tochthonous cases in >40 countries from the southern Unit-
ed States to Argentina through December 2017 (4). Along 
with Zika and dengue viruses, chikungunya virus has be-
come a substantial global public health threat, not only be-
cause of the high magnitude of the epidemics but also be-
cause it can produce highly debilitating clinical symptoms, 
including intense joint pain that can last for years (2). 

Brazil confirmed autochthonous cases of chikungunya 
in 2014 simultaneously in 2 regions: Northern, in Oiapoque/
Amazonas, caused by Asian genotype virus; and Northeast, 
in 2 cities (Feira de Santana and Riachão do Jacuípe-Bahia), 
caused by the East/Central/South African (ECSA) genotype 
(5,6). In 2015, there were 20,661 notified cases of this dis-
ease; 271,824 cases were notified in 2016 and 171,930 cases 
in 2017 through epidemiologic week 35. The disease has af-
fected >50% (2,829/5,570) of Brazilian municipalities (7).

In the Americas, scientific investigation on CHIKV 
seroprevalence is scarce; to date, only 6 studies have been 
published. Three of the published studies involved blood 
donors; 1 in Puerto Rico, with seroprevalence of 23.5% 
(8); 1 in Guadeloupe, with 48.1% seroprevalence; and 1 
in Martinique, with 41.9% seroprevalence (9). Another 
study used a convenience sample of a single laboratory of 
Saint Martin, whose seroprevalence was 16.9% (10), and 
the fifth used a sample from a small rural area population 
in Brazil, where seroprevalence was 20% (11). The only 
study in South America involving random sampling of ur-
ban population was in Nicaragua, where the seroprevalence 
was 32.8% (12). Thus, we consider it important to produce 
information on seroprevalence of CHIKV in urban areas 
of Brazil.

Seroprevalence of Chikungunya  
Virus in 2 Urban Areas of Brazil  

1 Year after Emergence 
Juarez P. Dias, Maria da Conceição N. Costa, Gubio Soares Campos, Enny S. Paixão,  

Marcio S. Natividade, Florisneide R. Barreto, Martha Suely C. Itaparica,  
Cristina de Souza Borges Goes, Francisca L.S. Oliveira, Eloisa B. Santana, Neuza S.J. Silva,  

Carlos A.A. Brito, Laura C. Rodrigues, Silvia Inez Sardi, Ramon C. Saavedra, Maria Glória Teixeira
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SYNOPSIS

We estimated the seroprevalence of CHIKV 1 year 
after the introduction of the virus in the population of 2 
urban areas in Brazil, Feira de Santana and Riachão do 
Jacuípe-Bahia, that are affected by the ECSA genotype. 
We further report the proportion of symptomatic cases of 
chikungunya and the proportion of patients that had the 
chronic form of disease.

Methods

Study Design and Participants
We conducted a cross-sectional population-based study 
through household interviews and serologic survey during 
November–December 2015, involving residents in delimited 
areas of 2 cities, Feira de Santana and Riachão do Jacuípe. 
These cities, which reported early epidemics of chikungu-
nya in Brazil caused by ECSA genotype (5,6), are situated 
in Bahia state in northeastern Brazil (Figure 1), which has a 
hot, semiarid climate. In 2014, Feira de Santana had 612,000 
inhabitants and a population density of 457.4 inhabitants/
km2; Riachão do Jacuípe had 35,322 inhabitants and a popu-
lation density of 28.5 inhabitants/km2 (13). These cities did 
not have Aedes albopictus mosquito infestations; the only 
vector present was Ae. aegypti. The mean of Premise Index 
(PI) of Ae. aegypti mosquitoes in 2014 was 1.1% in Feira 
de Santana and 2.0% in Riachão do Jacuípe, according to 
the records of the Vectors Control Program of the Health 
Department of Bahia State in Salvador, Bahia.

The study sampling frame was the general popula-
tion of the 2 cities living in the epicenter area of the early 
chikungunya epidemics. To identify these epicenters, we 
georeferenced the cases of chikungunya notified to the De-
partment of Health of the 2 municipalities, from epidemio-
logic week (EW) 32 of 2014 to EW 11 of 2015, using the 
geographic network of the cartographic base of each city. 
We then plotted the cases in the respective census tracts 
and estimated the kernel density (14) to delimit the census 
tracts that reported the highest number of cases (Figure 2).

Fieldworkers visited all households in the selected ar-
eas (areas with the highest density of cases, or hotspots). 
For the general population survey, we invited all house-
hold members who were >1 year of age to take part in the 
study and have a questionnaire answered if they had lived 
in the city for the last >6 months. We estimated the sample 
size for this survey as 296 persons in the delimited area of 
Feira de Santana and 295 in the delimited area in Riachão 
do Jacuípe, and estimated 30% seroprevalence, 95% con-
fidence, and 80% power. The Research Ethics Committee 
of the Institute of Collective Health/Federal University of 
Bahia approved this study (no. 986.229 of 03/03/2015).

Procedures
For the general population survey, we conducted interviews 
using a semistructured questionnaire installed on tablets to 
register demographics, socioeconomics, household charac-
teristics, and health status, especially self-reported chikun-
gunya infection. We trained undergraduate students of health 
to visit all households in the area, explain the project objec-
tives, and, when allowed, collect participants’ signatures in 
the Free and Informed Consent Form (FICF) and carry out 
the interviews. For participants <18 years of age, we used the 
Term of Assent and a responsible adult signed the document.

After interviewing all residents in each house, we ran-
domly selected 1 to participate in the serologic survey. This 
random sample was without replacement. Thereafter, a labo-
ratory technician used a specific FICF and collected 5 mL of 
blood per venipuncture, in accordance with current biosafety 
standards, from consenting participants. Local laboratory 
staff separated the serum by centrifugation and conditioned 
it at –20°C. We transported the aliquots to the virology labo-
ratory of the Federal University of Bahia/Institute of Health 
Sciences, where we processed these samples. We used ELI-
SA (Euroimmun, Lübeck, Schleswig-Holstein, Germany) to 
identify specific antibodies against CHIKV IgM and IgG, ac-
cording to the manufacturer’s instructions (15). We consid-
ered any person with CHIKV IgM or IgG (or both) detected 
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Figure 1. Notified cases of chikungunya georeferenced by household in Feira de Santana (A; n = 1,339), and Riachão do Jacuípe (B; 
n= 1,536), Bahia state, Brazil, during epidemiologic week 32 of 2014 through week 11 of 2015. Inset maps show locations of Feira de 
Santana and Riachão do Jacuípe in Bahia state and Bahia state in Brazil.
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in the serum as CHIKV infected. The Euroimmun chikun-
gunya IgM kit considers a ratio between the extinction value 
of the sample by the extinction value of the calibrator given 
within the kit. The lower detection limit of the CHIKV ELI-
SA is ratio 0.05 IgM and 0.06 IgG. Samples with ratio <0.8 
are considered negative, and those >1.1 are positive.

To calculate the proportion of symptomatic persons, we 
considered those who declared they have had chikungunya 
disease; those who reported fever and arthralgia as disease 
symptoms, at minimum, from August 2014 through the in-
terview date; and those who had IgM- or IgG-positive tests. 
If the symptoms of joint pain, especially in extremities, had 
persisted for >3 months after the onset of the disease, we con-
sidered them in the chronic phase (16). We considered asymp-
tomatic those who reported they had not had CHIKV infection 
but who had positive results for CHIKV IgM, IgG, or both.

Statistical Analysis
We analyzed the data using SPSS version 22 (https://www.
ibm.com/analytics/data-science/predictive-analytics/spss-
statistical-software). We reported the incidence of CHIKV 
infection (total and according to the variables of interest) as 
percentages with a 95% CI. We used the Pearson χ2 test to 
assess statistically significant differences (p<0.05) for cat-
egorical variables.

Results
We georeferenced, by household, 1,339 cases of chikun-
gunya in Feira de Santana and 1,536 in Riachão do Jacuípe 
(Figure 1) and identified the 5 census tracts with the high-
est density of cases of this disease during the epidemic in 
each city (Figure 2). The Municipal Department of Health 
of Feira de Santana registered 164 suspected cases of  
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Figure 2. Density of notified 
cases of chikungunya by census 
tract in A) Feira de Santana 
and B) Riachão do Jacuípe, 
Bahia state, Brazil, during 
epidemiologic week 32 of 2014 
through week 11 of 2015. Yellow 
shaded areas with red borders 
indicate the census tracts in 
which most cases  
were concentrated.
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chikungunya disease in the selected 5 census tracts in 
George Américo neighborhood, corresponding to incidence 
of 52.3 cases/1,000 inhabitants. In Riachão do Jacuípe, the 
Department of Health reported 697 suspected cases in Alto 
do Cemitério neighborhood, corresponding to incidence of 
202.5 cases/1,000 inhabitants (Figure 3).

In the selected 5 census tracts of George Américo, 
there were 1,157 buildings (including uninhabited house-
holds and commercial spaces) and 3,135 inhabitants in a 
surface area of 0.283 km2 (11,081.7 inhabitants/ km2). Dur-
ing the survey, we visited 591 households and interviewed 
1,858 persons. In the selected 5 census tracts of Alto do 
Cemitério, there were 1,122 buildings in total and 3,441 
inhabitants in a surface area of 0.606 km2 (1,454.9 inhabit-
ants/km2). In this area, we visited 659 households and inter-
viewed 1,879 persons (Figure 3).

In George Américo, we invited 591 persons to be part 
of the serologic survey; 385 (65%) consented. We iden-
tified 220 (57.1%) persons, 80 male (36.4%) and 140 fe-
male (63.6%), who had CHIKV antibodies: 163 IgG, 25 
IgM, and 32 both. In Alto do Cemitério, the consent rate 
was similar, 446/659 persons (67.7%). We identified 204 
(45.7%) persons, 59 (28.9%) male and 145 (71%) female, 
who had CHIKV antibodies: 138 IgG, 38 IgM, and 28 
both. We considered 9 participants in each city (18 total) as  

negative for CHIKV because their CHIKV ELISA ratio 
was 0.8–1.1 (Table; Figure 3). The difference in the sero-
prevalence rates of the 2 study areas was statistically sig-
nificant (p = 0.001). The differences in distribution of sero-
prevalence by age group and sex between the study areas 
were not statistically significant.

Of the 220 persons with positive serologic test results 
in George Américo, 72 (32.7%) reported having been af-
fected by chikungunya (Table). The rate of symptomatic 
CHIKV infections was significantly higher in women 
(54/140, 38.6%) than in men (18/80, 22.5%) (p = 0.015). 
For specific age groups, the difference was statistically 
significant (p<0.001); participants 40–59 years of age 
(32/69, 46.4%) and >60 years age (19/33, 57.6%) had the 
highest prevalence among those participants who reported 
symptoms. In Alto do Cemitério, the rate of symptomatic 
cases was 41.2% (84/204 participants) (Table). The prev-
alence of symptomatic cases in women (61/145, 42.1%) 
was also higher than in men (23/59, 39.0%), but the dif-
ference was not statistically significant (p = 0.755). For 
specific age groups, similar to George Américo, the dif-
ference was statistically significant (p<0.034); the 40–59-
year (28/63, 44.4%) and >60-year (35/69, 50.7%) age 
groups had the highest prevalence among those partici-
pants who reported symptoms.
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Figure 3. Flowchart of serologic survey of chikungunya in residents of George Américo, Feira de Santana, and Alto do Cemitério, 
Riachão de Jacuípe, in Bahia state, Brazil, 2015. Number ranges in paretheses indicate 95% CIs.
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Among the cases of symptomatic CHIKV infection, 
the proportion of participants with symptoms that lasted 
>3 months (chronic chikungunya) was 49/72 (68.1%) in 
George Américo and 63/84 (75.0%) in Alto do Cemitério 
(Table). Considering the total number of study participants 
with positive serologic test results for CHIKV, the propor-
tion of infected persons with long-term manifestations of 
the disease was 49/220 (22.2%) in George Américo and 
63/204 (30.9%) in Alto do Cemitério. These proportions 
were 49/385 (12.7%) in George Américo and 63/446 
(14.1%) in Alto do Cemitério when calculated for the 
whole study population in each area.

The rate of chronic forms of chikungunya disease 
among symptomatic participants with positive CHIKV se-
rologic test results was higher in women than in men in both 
George Américo (40/54, 74.1% in women; 9/18, 50.0% 
in men) and Alto do Cemitério (54/61, 88.5% in women; 
9/23, 39.1% in men). This difference was statistically dif-
ferent in Alto do Cemitério (p<0.001), whereas the p value 
was borderline in George Américo (p = 0.058). Regarding 
the age of the symptomatic persons with positive CHIKV 
serologic test results, we found no statistically significant 
difference in the rate of chronic form in both study areas.

Discussion
Our population-based seroprevalence study of CHIKV 
conducted in urban areas of 2 cities in Brazil where the 
ECSA (5,6) genotype recently emerged showed that >45% 

of the study population had CHIKV antibodies. The results 
of CHIKV serosurveys previously conducted in countries 
on different continents have varied from 10.2% to 75% 
seroprevalence (17,18), depending on the type of popula-
tion studied and the time and intensity of the virus circula-
tion. Our study revealed a higher incidence of this virus 
infection, more than double the values reported in studies 
previously published in the Americas (8–11), except for 
the serosurveys conducted in Guadeloupe and Martinique, 
which showed values similar to ours; however, only adults 
eligible for blood donation were included in the population 
of that study (9). Our study indicates that all age groups 
and genders were similarly exposed to CHIKV infection 
in both George Américo and Alto do Cemitério, as sup-
ported by the absence of significant difference in CHIKV  
seroprevalence across those groups.

We conducted our survey 1 year after the introduction 
of CHIKV in this area; the high incidence of infection sug-
gests that the transmission of CHIKV was fast and intense. 
In addition, CHIKV circulation seems to have remained 
active, because CHIKV IgM was detected in >6% of the 
participants. However, some studies have shown that, un-
like other arboviruses, CHIKV IgM may persist for pro-
longed periods: 12–13 months (19) or up to 3 years (20) 
postinfection. Moreover, CHIKV RNA was found in peri-
vascular synovial macrophages in 1 patient 18 months after 
infection, suggesting that the virus may persist in organs 
or sites of immune privilege (21). Thus, late detection of 
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Table. Seroprevalence of CHIKV among survey participants reporting symptomatic, asymptomatic, and chronic infection, Bahia state, 
Brazil, 2015–2016* 

Patient characteristics 
George Américo, Feira de Santana 

 
Alto do Cemitério, Riachão do Jacuípe 

No. participants No. positive Prevalence, % No. participants No. positive Prevalence, % 
Age group, y†        
 1–19 88 46 52.3  45 17 37.8 
 20–39 123 72 58.5  109 55 50.5 
 40–59 121 69 57.0  144 63 43.8 
 >60 53 33 62.3  148 69 46.6 
 Total 385 220 57.1  446 204 45.7 
Sex        
 M 129 80 62.0  127 59 46.5 
 F 256 140 54.7  319 145 45.5 
 Total 385 220 57.1  446 204 45.7 
Serologic results       
 IgG 385 163 42.3  446 138 30.9 
 IgM 385 25 6.5  446 38 8.5 
 IgM and IgG 385 32 8.3  446 28 6.3 
 Total 385 220 57.1  446 204 45.7 
Self-reported chikungunya infection       
 Yes‡  220 72 32.7  204 84 41.2 
 No§ 220 148 67.3  204 120 58.8 
 Total 220 220 100.0  204 204 100.0 
Self-reported chronic form¶        
 Yes 72 49 68.1  84 63 75.0 
 No 72 23 31.9  84 21 25.0 
 Total 72 72 100.0  84 84 100.0 
*Selected area of each city. The difference in the seroprevalence rate of the 2 areas was statistically significant (p = 0.001). CHIKV, chikungunya virus. 
†Children <1 y of age were not included in the study. 
‡Attack rate of symptomatic CHIKV infection. 
§Attack rate of asymptomatic CHIKV infection. 
¶Percentage among positive symptomatic cases of CHIKV infection. 
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CHIKV IgM may represent prolonged viral circulation or 
the persistence of these antibodies in persons infected sev-
eral months ago. 

We cannot extrapolate our results for the entire popu-
lation living in these 2 cities because the surveys took place 
in areas with the highest density of chikungunya cases dur-
ing the first months of the epidemic, possibly constituting 
the diffusion poles of CHIKV. However, over time, other 
areas were becoming secondary sources of transmission, 
which resulted in the second epidemic wave, as other re-
searchers have observed in Feira de Santana (22). It is pos-
sible that the mean seroprevalence of CHIKV in the pop-
ulations of Feira de Santana and Riachão do Jacuípe has 
reached levels closer to those we found in the areas where 
most chikungunya cases were reported at the beginning of 
the epidemic. This same pattern of spread was observed af-
ter the emergence of dengue in urban spaces (23), evidenc-
ing once more the high vectorial capacity of the Ae. aegypti 
mosquitoes responsible for these epidemics (5).

The difference observed in the levels of seroprevalence 
between the 2 study areas may be due to different levels 
of vector infestation, human population density, or both. 
Data from the Brazilian Institute of Geography and Sta-
tistics show that the population density in the hotspots of 
Feira de Santana was 7 times higher than in the study area 
of Riachão do Jacuípe (13). However, the Premise Index 
recorded for Ae. aegypti mosquitoes in 2015 was lower in 
Feira de Santana than in Riachão do Jacuípe. 

The wide range in CHIKV seroprevalence worldwide 
could be explained by many reasons, such as climatic fac-
tors, vector control measures applied before and during 
outbreaks that affect levels of Ae. aegypti infestation, the 
previous level of immunity of the population, and the strain 
and genotype of CHIKV. The CHIKV seroprevalence data 
in our study reflect levels that may be found in other big 
cities, because it was a population-based survey conducted 
in urban areas. The 3 surveys in the Caribbean (in Marti-
nique, Guadeloupe, and Puerto Rico) used a convenience 
sample or were conducted in a rural community; low popu-
lation density is not the most favorable environment for the 
proliferation of Ae. aegypti mosquitoes, which are adapted 
mostly to urban areas (24).

The proportion of symptomatic persons among those 
CHIKV positive in our study was similar to the proportion 
reported by Sissoko et al. (25) in Mayotte (37.2%). Our 
study revealed that the rate of symptomatic CHIKV infec-
tions was higher in the 40–59- and >60-year age groups, 
similar to the results of other studies. However, despite the 
higher rate of symptomatic CHIKV infections in women 
than in men, this difference was significant only in George 
Américo. It is possible this difference reflects the levels of 
prior prevalence of rheumatologic diseases in women in the 
2 study populations.

The prevalence of long-term manifestations of CHIKV 
varies widely, ranging from 3% among pediatric patients 
<15 years of age (26) to 83% in a cohort of rheumatology 
patients (27). A recently published metaanalysis estimated 
that ≈50% of chikungunya patients have long-lasting re-
lated symptoms (28). In our study, the proportion of par-
ticipants who had long-term manifestations of the disease 
among persons with positive serologic test results and 
who reported symptoms of chikungunya reached 68.1% 
in George Américo and 75.0% in Alto do Cemitério. Our 
results are similar to those obtained in a cohort of rheuma-
tology patients in Reunion Island (France) (27), in which, 1 
and 2 years after disease onset, ≈80% of patients had rheu-
matic manifestations associated with chikungunya. Our 
results also indicate that, 1 year after the beginning of the 
CHIKV outbreak, >12% of persons in our study popula-
tions in both cities suffered from joint pain that precluded 
the performance of many habitual activities, affected their 
quality of life, required medical care, and increased absen-
teeism at work. Some studies have shown that the chronic 
phase of chikungunya can last for >2 years (27–30). Thus, 
because of extremely debilitating symptoms during the 
acute phase of chikungunya disease, elevated attack rates, 
and the high proportion of patients who develop long-last-
ing symptoms, CHIKV outbreaks can have a substantial 
impact on the overall health of the population.

Our serologic survey has some limitations. First, we 
conducted it in the epicenters of the epidemic, so the re-
sults could be overestimated and cannot be extrapolated to 
the whole city. The fact that symptoms were self-reported 
is a potential source of bias, because participants may not 
accurately remember the symptoms of a disease that oc-
curred 1 year earlier. In addition, we did not collect indica-
tors of vector infestation in the 2 study areas. Despite these 
limitations, our investigation is a relevant study to under-
stand the transmission of CHIKV of the ECSA genotype 
after its introduction into an urban population, in which the  
seroprevalence corresponds to the rate of infection attack.

This study revealed a worrying scenario that emerged 
after the introduction of CHIKV in Feira de Santana and Ri-
achão do Jacuípe. The virus has spread almost completely 
through the cities (22,31,32), and at least one third of the 
infected persons had symptoms. In addition, there was a high 
frequency of the chronic form of chikungunya. These results 
reveal how much the emergence of CHIKV in these 2 cit-
ies has altered the health status of a relevant portion of the 
population, especially women. It is possible that this is the 
scenario in many urban centers in Brazil that have experi-
enced epidemics of CHIKV infection. Studies have shown 
that several factors are strongly associated with risk of 
chronic chikungunya, including female sex, age >45 years, 
acute disease severity, and presence of anterior articular 
disease (19,27,33,34). Despite the evidence, there is still no  
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physiopathogenic explanation. However, because rheumatic 
diseases are more prevalent in women (35), it is plausible 
that CHIKV is a potential trigger for the onset or cornifica-
tion of arthralgia in a group more susceptible to rheumatic 
diseases. Intense and disabling articular pain is a common 
symptom of CHIKV infection; this pain does not always 
respond to routine medical drugs and so requires specific 
and often long-term pharmacologic treatment. In chikun-
gunya epidemic situations, the problems for patients do not 
end after the acute phase and decline of the transmission; a 
large proportion of those affected require continuous treat-
ment and adequate pain management with drugs that can 
cause serious side effects, such as corticosteroids, opiates, 
and chemotherapeutics (36,37), to minimize suffering. These 
sequelae also influence individual and collective productive 
capacity and affect the public health sector and the economy. 
It is urgent to expand national and international research for 
developing technologies and strategies for increasing the ef-
fectiveness of vector control programs, for synthesizing an-
tiviral drugs to mitigate the symptoms and chronic evolution 
of the disease, and, especially, for producing vaccines that 
can be used in populations vulnerable to CHIKV.
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Since 2007, Zika virus has spread through the Pacific Is-
lands and the Americas. Beginning in 2016, women in 
Brownsville, Texas, USA, were identified as possibly being 
exposed to Zika virus during pregnancy. We identified 18 
pregnant women during 2016–2017 who had supportive se-
rologic or molecular test results indicating Zika virus or fla-
vivirus infection. Two infants were evaluated for congenital 
Zika syndrome after identification of prenatal microcephaly. 
Despite standard of care testing of mothers and neonates, 
comparative results were unreliable for mothers and infants, 
which highlights the need for clinical and epidemiologic evi-
dence for an accurate diagnosis. A high index of suspicion 
for congenital Zika syndrome for at-risk populations is use-
ful because of current limitations of testing.

Zika virus is an arbovirus and flavivirus transmitted by 
Aedes aegypti and Ae. albopictus mosquitoes, vec-

tors that also transmit other arboviruses, such as dengue 
virus and chikungunya virus. Zika virus was discovered in 
the Zika Forest of Uganda in 1947 in rhesus and macaque 
monkey populations (http://www.who.int/emergencies/zi-
ka-virus/timeline/en/). Until 2007, only 14 cases of human 
infection were reported in Asia and Africa (1). However, 
outbreaks of infection with Zika virus occurred on Yap Is-
land, Micronesia, in 2007 and in French Polynesia in 2013, 
affecting ≈31,000 persons (2). Zika has spread rapidly in 
the Americas since 2015 and has been associated with 
hundreds of confirmed microcephaly cases in Brazil, Co-
lombia, and Puerto Rico (2–7). In April 2016, the Centers 
for Disease Control and Prevention (CDC) confirmed evi-
dence that supported the causal relationship between Zika 
virus infection prenatally and microcephaly, in addition to 
other brain abnormalities, and described what has become 
known as congenital Zika syndrome (2,8–11).

In the United States since June 2017, there have been 
5,335 travel-associated cases and 227 locally transmitted 
cases of infection with Zika virus in southern Florida and 
Brownsville, Texas (4). A total of 2,364 pregnant women 

(972 completed pregnancies) with laboratory evidence of 
Zika virus infection in the United States have been report-
ed to CDC; the Zika-related birth defect risk among these 
women has been estimated to be 1 in 10 women (12,13). 
In November 2016, local transmission was confirmed by 
health authorities in Brownsville, and screening for Zika 
virus in asymptomatic pregnant patients and testing for 
Zika virus in symptomatic patients began (14,15). This 
screening was quickly followed in December 2016 by iden-
tification of pregnant women with supportive laboratory 
evidence of Zika virus infection in the Brownsville area.

Cases
Eighteen cases of possible Zika virus infection in pregnant 
women were identified by screening and testing of symp-
tomatic patients living in Brownsville during December 
2016–May 2017. Twelve case-patients had laboratory 
evidence of Zika virus infection: positive PCR results for 
serum (8), serum and urine (3), or placenta (1). One case-
patient had plaque reduction neutralization test (PRNT) 
results consistent with recent Zika virus infection, and 5 
case-patients had PRNT results consistent with recent fla-
vivirus infection. Fifteen women had delivered their babies 
as of July 14, 2017; the remaining women had estimated 
dates of delivery through early 2018. Two pregnant women 
in this cohort had findings consistent with congenital Zika 
syndrome. Neonatal and infant follow-up is ongoing for 
women who delivered up to this point. We report the prena-
tal and neonatal outcomes for 2 infants who had congenital 
Zika syndrome.

Case-Patient 1
Case-patient 1 was born to a 23-year-old woman (G1P1) 
who spent the first 4 months of her pregnancy in Matamoros,  
Mexico. She received prenatal Zika testing while residing 
there, and results were negative. She moved to Browns-
ville, where she received prenatal care at 28 weeks’  
gestation. She was screened for Zika virus by serum IgM 
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testing; results were negative. She was referred for maternal 
fetal medicine at 36 weeks’ gestation because of suspected 
microcephaly. The fetus was found to have microcephaly: 
head circumference (HC) 251 mm, which was 5 SD below 
the mean value. The mother denied having any symptoms 
of Zika virus infection (rash, fever, malaise, arthralgia, or 
conjunctivitis). At 37 weeks’ gestation, transvaginal fetal 
neuroimaging was performed; results showed calcifications 
in the cortical white matter–gray matter junction, but no 
calcifications were observed in the thalami (Figure 1, panel 
C). On the basis of ultrasonographic findings, a maternal 
repeat Zika virus IgM test was performed and showed a 
positive result at 37 weeks’ gestation. PRNT results were 
consistent with recent flavivirus infection (Zika and den-
gue PRNT titers >1,280) (16). A TORCH (toxoplasmosis, 

rubella cytomegalovirus, herpes simplex virus, and HIV) 
panel did not show evidence of recent infections, and re-
sults of a cell-free fetal DNA screening were negative.

An elective primary cesarean delivery was performed 
at 39 weeks’ gestation. APGAR scores for the baby were 
9 at 1 min and 9 at 5 min. At initial examination, the neo-
nate had a vesicular generalized rash, overriding sutures, 
and microcephaly. The initial HC of the infant was 29 cm, 
which was 2.63 SD below the mean value for term male 
newborns. Birthweight was 2.62 kg (4.76 percentile), and 
birth length was 45 cm (3.2 percentile). On further ex-
amination, mild craniofacial disproportion with narrow 
and laterally depressed frontal bone and mild retrognathia 
was seen. No limb contractures were observed (Figure 1, 
panel A).
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Figure 1. Term male infant (case-patient 1) with presumed congenital Zika syndrome, Brownsville, Texas, USA, 2016–2017. A) 
Microcephaly on the day of birth. Head circumference was 29 cm, which is 2.63 SDs below the mean value for term male newborns. 
Craniofacial abnormalities present are mild narrow and laterally depressed frontal bone and mild retrognathia. B) Generalized pustular 
melanosis rash. C) Prenatal transvaginal ultrasonographic (midsagittal plane) image at 37.2 weeks’ gestation, showing calcifications 
at the gray matter–white matter junction. Head circumference was 251 mm. D) Sagittal T2 magnetic resonance image on day of life 1, 
showing severe microcephaly, frontal lobe polymicrogyria, and hypoplastic corpus callosum. E) Axial T2 magnetic resonance image 
on day of life 1, showing severely hypoplastic cerebral hemispheres and corpus callosum. Symmetric frontal lobe polymicrogyria and 
simplified gyral pattern in the occipital and temporal lobes are present. F) Axial computed tomography image on day of life 3, showing 
small bilateral brain hemispheres and hypogyration of the cerebral cortex. Areas of punctate calcification located at the subcortical and 
gray matter–white matter junctions of the frontal, parietal, and occipital lobes are present. A, anterior; AFL, anterior left; FPL, posterior 
left; HAR, anterior right; L, left; LHA, left anterior; P, posterior; PHR, posterior right; R, right; RFP, right posterior.
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The newborn was transferred to the neonatal intensive 
care unit (NICU) at Driscoll Children’s Hospital (Corpus 
Christi, TX, USA) on day 1 of life. Because of a general-
ized vesicular rash, concern for herpes simplex virus in-
fection prompted treatment with acyclovir for the first 2 
days of life. The rash was diagnosed as neonatal pustular 
melanosis; it faded by day 1 of life and disappeared by day 
2 of life (Figure 1, panels A, B). Zika virus testing was 
performed on day 1 of life. Zika virus PCRs were per-
formed for serum, urine, and cerebrospinal fluid (CSF); all 
results were negative. Zika virus IgM testing was ordered 
for serum and CSF, but the test for CSF was not performed 
by the state laboratory because of a negative PCR result 
for CSF. Serum was positive for Zika virus IgM, which 
is consistent with probable congenital Zika virus infection. 
Results of placental testing by reverse transcription PCR 
for the Zika virus nonstructural protein 5 gene were posi-
tive. Test results for dengue and chikungunya viruses were 
negative. Additional TORCH testing was performed, and 
results were negative for herpes simplex virus, cytomega-
lovirus, syphilis, HIV, Toxoplasma spp., and parvovirus.

The neonate passed the initial newborn hearing screen 
and had a pediatric ophthalmologic examination on day 1 
of life, during which a small left subconjunctival hemor-
rhage was identified (17,18). Initial head ultrasonography 
on day 1 of life showed parietal calcifications and pachygy-
ria. Follow-up magnetic resonance imaging showed frontal 
lobe polymicrogyria, bilateral dystrophic calcifications, and 
severe microcephaly (Figure 1, panels D, E). Computerized 
tomography was performed on day 3 of life for better charac-
terization of calcifications and showed bilateral small brain 
hemispheres with hypogyration of the cerebral cortex. Areas 
of punctate calcification were observed at the subcortical and 
gray matter–white matter junctions of the frontal, parietal, 
and occipital lobes (Figure 1, panel F). A prominent occipi-
tal bone was observed with overlapping of the region of the 
lambdoid suture and prominent bony ridging at the region 
of the coronal sutures. Partial fusion of the inferior aspect 
of coronal sutures and asymmetric closure of the temporal 
sutures were also observed. There was no ventriculomegaly.

The infant was in the NICU for 9 days. During that 
time, the infant had poor feeding and required an orogastric 
tube to assist with feeds until day 7 of life. The CDC rec-
ommended electroencephalogram (EEG) testing because 
of new information concerning development of seizures 
in 30%–50% of infants with congenital Zika syndrome; 
the EEG result was unremarkable (19,20). Microarray and 
microcephaly gene panel were tested; all showed negative 
results. A screening echocardiogram showed results con-
sistent with reference transitional neonatal cardiac changes. 
Results of thyroid function testing, complete blood count, 
and a comprehensive metabolic panel (CMP) were all with-
in reference ranges.

The infant was discharged on day 9 of life. At 
discharge, he had an HC of 30 cm, which was 3.16  
SD below the mean value for term male newborns with 
microcephaly.

Case-Patient 2
Case-patient 2 was born to an 18-year-old woman (G1P1) 
who lived in Brownsville. She reported weekly travel to 
Matamoros, Mexico, during the early stages of her preg-
nancy. She denied any viral symptoms of rash, fever, mal-
aise, arthralgia, or conjunctivitis. She was screened by her 
obstetrician for Zika virus at 23 weeks’ gestation by a PCR 
for serum; results were positive. Results were negative for 
a Zika virus PCR for urine and serum Zika virus IgM. At 28 
weeks’ gestation, fetal ultrasonography was performed for 
growth and anatomy evaluation. The fetus had microceph-
aly and was referred for maternal fetal medicine evaluation. 
The HC of the fetus was 203 mm at 29 weeks’ gestation, 
which was 4−5 SD below the mean value. Coarse calcifi-
cations were observed in the basal ganglia and thalami by 
transabdominal and transvaginal fetal neuroimaging (Fig-
ure 2, panels C, D). The TORCH panel did not show evi-
dence of recent infections.

A planned primary cesarean delivery was performed 
at 39 weeks’ gestation. APGAR scores were 9 at 1 min 
and 9 at 5 min. At initial examination, the neonate had a 
prominent sagittal ridge, overriding sutures, and severe 
microcephaly (Figure 2, panel A). Initial head circumfer-
ence was 26.5 cm, which was 6.23 SD below the mean 
value for term female newborns. Birthweight was 2.39 
kg (2.21 percentile), and birth length was 41.5 cm (<0.01 
percentile). Further examination showed excess scalp 
skin (Figure 2, panel B) and craniofacial disproportion 
with narrow and laterally depressed frontal bone (Figure 
2, panel A). Upper limb contractures were also observed 
(Figure 2, panel A). 

The patient was transferred to the NICU at Driscoll 
Children’s Hospital on day 1 of life, and Zika virus testing 
was performed the same day. Results of Zika virus PCRs 
were negative for serum, urine, and CSF. IgM serum was 
negative for Zika virus. Testing for Zika virus IgM was or-
dered for serum and CSF, but the test for CSF was not per-
formed by the state laboratory because of a negative PCR 
result for CSF. Test results were negative for dengue virus 
and chikungunya virus. Additional TORCH testing was 
performed, and results were negative for CMV, syphilis, 
HIV, Toxoplasma spp., and parvovirus. The infant passed 
the initial newborn hearing screen and had a pediatric oph-
thalmology examination performed on day 1 of life; no eye 
anomalies were identified (17,18).

Initial ultrasonography of the head on day 1 of life 
could not be completed because the anterior fontanelle 
was too small. Magnetic resonance imaging showed  
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microcephaly with enlarged extraaxial spaces, large bilat-
eral parenchymal cysts in the posterior parietal and occipi-
tal lobes, an overall smooth gyral pattern, dysgenesis of 
the corpus callosum, and 5 small bilateral choroid plexus 
cysts (Figure 2, panels E, F).

The infant was in the NICU for 28 days, during which 
daily examinations showed intermittent tremors, hyperto-
nia, and an exaggerated Moro reflex. Upper bilateral wrists 
continued to be contracted in the flexed and ulnar deviated 
positions and required physical therapy intervention. The 
infant had to be fed by an orogastric tube because of poor 
feeding until she was able to be transitioned to ad libitum 
feeds on day 25 of life. Because of excessive irritability 
and crying, the infant was given phenobarbital on day 16 of 
life. In addition, an EEG was performed because of tremor 
activity; results were uneventful. Screening echocardio-
gram results were consistent with standard transitional 

neonatal cardiac changes. Abdominal ultrasonography was 
performed and results were unremarkable. Results were 
negative for a microarray and microcephaly gene panel 
testing. Results of thyroid function testing, complete blood 
count, and a comprehensive metabolic panel were all with-
in reference ranges.

The infant was discharged on day 27 of life. She had 
an HC of 27 cm, which was 7.42 SD below the mean value 
for term females.

Discussion
Making a diagnosis of congenital Zika syndrome is chal-
lenging, despite testing and imaging available in a well-
resourced area, such as the United States, which empha-
sizes the role of clinical and epidemiologic circumstances 
as critical pieces for a presumptive diagnosis. Diagnosis is 
needed not only epidemiologically, but also longitudinally 
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Figure 2. Term female infant (case-patient 2) with presumed congenital Zika syndrome, Brownsville, Texas, USA, 2016–2017. A) 
Microcephaly on the day of birth. Head circumference was 26.5 cm, which is 6.23 SDs below the mean value for term females. 
Craniofacial disproportion with narrow and laterally depressed frontal bone is seen. Upper wrist contractures are present, more 
apparent on the right, with ulnar deviation. B) Redundant scalp skin with multiple rugae. C) Transabdominal ultrasonography image 
of the axial transthalamic plane at 37 weeks’ gestation, showing coarse bilateral calcifications in the thalami. D) Transvaginal 
ultrasonography image of the coronal section at 37 weeks’ gestation, showing coarse calcifications in the thalami. E) Sagittal T2 turbo 
spin echo magnetic resonance image on day of birth, showing microcephaly, dysgenesis of the corpus callosum, and a small bilateral 
choroid plexus cyst. F) Axial T2 turbo spin echo magnetic resonance image on day of birth, showing microcephaly with enlarged extra-
axial spaces and a smooth gyral pattern. Large bilateral posterior parietal and occipital lobe parenchymal cysts are present. AFL, 
anterior left; FLP, left posterior; HRA, right anterior; LHA, left anterior; PHR, posterior right; R, right; RFP, right posterior.
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for follow-up of associated problems with congenital Zika 
virus infection, which have been reported as a constella-
tion of malformations and clinical symptoms involving the 
brain, craniofacial defects, nervous system, eyes, and limbs 
(3,5–9,12,19–24).

Both infants reported in our case series had find-
ings of congenital Zika syndrome (Figures 1, 2). Results 
of neuroimaging performed prenatally for both infants 
were consistent with the presence and degree of micro-
cephaly observed postnatally (25). Calcifications identi-
fied prenatally in case-patient 1 had consistent postnatal 
distribution at the subcortical white matter–gray matter 
junction. Case-patient 2 had changes in the presence of 
calcifications seen during prenatal ultrasonography that 
were not present by postnatal imaging. In addition, pre-
natal diagnosis of arthrogryposis was not made because 
of spontaneous movement of all extremities on prenatal 
ultrasonographic images. This limitation illustrates that 
the spectrum of congenital Zika syndrome cannot be fully 
assessed until further postnatal assessment and highlights 
the need for advanced neuroimaging.

However, despite the neonatal diagnosis of congeni-
tal Zika syndrome, results for maternal testing were not 
consistent. The first case-patient had maternal laboratory 
findings of probable flavivirus infection that was not iden-
tified until the third trimester. The first IgM screening (at 
28 weeks’ gestation) might have shown a false-negative 
result, or the infection might have occurred later. How-
ever, even without definitive evidence of maternal Zika 
virus infection at the time of delivery, the neonate showed 
a positive result for Zika IgM in serum, and a subsequent 
placental test showed a positive result, which confirmed 
maternal infection.

Maternal diagnosis for case-patient 2 was confirmed 
with positive PCR results for serum at 23 weeks’ gestation. 
However, despite this newborn displaying more severe fea-
tures of congenital Zika syndrome postnatally (redundant 
scalp skin, bilateral upper arm arthrogryposis, smaller head 
size, and extrapyramidal symptoms), results of serum test-
ing for Zika virus infection were negative.

In conclusion, results for these 2 case-patients indi-
cate the complexity and challenges of screening and diag-
nostic testing for congenital Zika syndrome and illustrate 
the need for clinical findings and epidemiologic history. 
We advise a high index of suspicion for congenital Zika 
syndrome for at-risk populations on the basis of current 
limitations of testing.
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The epidemic of illicit intravenous drug use (IVDU) in the 
United States has been accompanied by a surge in drug 
overdose deaths and infectious sequelae. Candida albicans 
infections were associated with injection of contaminated im-
pure brown heroin in the 1970s–1990s; however, candidiasis  

accompanying IVDU became considerably rarer as the pu-
rity of the heroin supply increased. We reviewed cases of 
candidemia occurring over a recent 7-year period in persons 
>14 years of age at a tertiary care hospital in central Massa-
chusetts. Of the 198 patients with candidemia, 24 cases oc-
curred in patients with a history of IVDU. Compared with non-
IVDU patients, those with a history of IVDU were more likely 
to have non-albicans Candida, be co-infected with hepatitis 
C, and have end-organ involvement, including endocarditis 
and osteomyelitis. Thus, IVDU appears to be reemerging as 
a risk factor for invasive candidiasis.
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Use as Risk Factor for Candidemia, 

Massachusetts, USA 
Nongnooch Poowanawittayakom, Anamika Dutta, Shannon Stock,  

Sunkaru Touray, Richard T. Ellison III, Stuart M. Levitz

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 631

  

Page 1 of 1 

In support of improving patient care, this activity has been planned and implemented by 
Medscape, LLC and Emerging Infectious Diseases. Medscape, LLC is jointly accredited by the 
Accreditation Council for Continuing Medical Education (ACCME), the Accreditation Council for 
Pharmacy Education (ACPE), and the American Nurses Credentialing Center (ANCC), to 
provide continuing education for the healthcare team. 

Medscape, LLC designates this Journal-based CME activity for a maximum of 1.00 AMA PRA Category 1 
Credit(s)™. Physicians should claim only the credit commensurate with the extent of their participation in the activity. 

All other clinicians completing this activity will be issued a certificate of participation. To participate in this journal 
CME activity: (1) review the learning objectives and author disclosures; (2) study the education content; (3) take the 
post-test with a 75% minimum passing score and complete the evaluation at http://www.medscape.org/journal/eid; 
and (4) view/print certificate. For CME questions, see page 817. 

Release date: March 19, 2018; Expiration date: March 19, 2019 

Learning Objectives 

Upon completion of this activity, participants will be able to: 

• Compare the clinical features of candidemia in patients with a history of intravenous drug use (IVDU) vs. 
patients without such a history, based on a case series from a tertiary care hospital in central 
Massachusetts  

• Compare the microbiological features of candidemia in patients with a history of IVDU vs patients without 
such a history 

• Determine the clinical implications of findings from this case series of patients with candidemia that is 
either associated or not associated with IVDU. 

CME Editor 

Deborah Wenger, MBA, Copyeditor, Emerging Infectious Diseases. Disclosure: Deborah Wenger, MBA, has 
disclosed no relevant financial relationships. 

CME Author 

Laurie Barclay, MD, freelance writer and reviewer, Medscape, LLC. Disclosure: Laurie Barclay, MD, has disclosed 
the following relevant financial relationships: owns stock, stock options, or bonds from Alnylam; Biogen; Pfizer. 

Authors 

Disclosures: Nongnooch Poowanawittayakom, MD; Anamika Dutta; Shannon Stock, PhD; Sunkaru Touray, 
MBChB, MSc; and Stuart M. Levitz, MD, have disclosed no relevant financial relationships. Richard T. Ellison III, 
MD, has disclosed the following relevant financial relationships: served as an advisor or consultant for Philips 
Healthcare; received grants for clinical research from Philips Healthcare. 

Author affiliations: University of Massachusetts Medical School, 
Worcester, Massachusetts, USA (N. Poowanawittayakom,  
S. Touray, R.T. Ellison III, S.M. Levitz); College of the Holy Cross, 
Worcester (A. Dutta, S. Stock)

DOI: https://doi.org/10.3201/eid2404.171807



SYNOPSIS

Invasive fungal infections resulting from candidiasis 
are notable causes of illness and death in both adults 

and pediatric patients (1–4). C. albicans accounts for ap-
proximately half the cases of candidemia. For example, in 
a study of 2,019 candidemia cases during 2004–2008, C. 
albicans was responsible for 46% of the cases, followed 
by C. glabrata (26%), C. parapsilosis (16%), C. tropica-
lis (8%), and C. krusei (3%) (1). Risk factors for invasive 
Candida infections include immunocompromised status, 
central venous catheters, broad-spectrum antimicrobial 
drugs, kidney disease requiring dialysis, and genitourinary 
and gastrointestinal surgery or procedures (5).

Opioid addiction has emerged as an increasingly cru-
cial public health problem in the United States. More than 
50,000 persons died from drug overdoses in the United 
States in 2015, an increase of >500% since 1990 (6). Mas-
sachusetts has been one of the states hardest hit by this epi-
demic; an estimated 2,190 opioid-related deaths occurred 
in 2016, which is a ≈4-fold increase since 2010, when 
560 such deaths occurred (7). In addition to deaths from 
overdoses, infectious sequelae from intravenous drug use 
(IVDU) commonly occur, including acute infections such 
as abscesses at injection sites and endocarditis and chronic 
infections such as HIV and hepatitis C.

During the 1970s–1990s, outbreaks were reported of 
C. albicans infections in intravenous drug users who used 
impure brown heroin (8,9). The source of the Candida was 
thought to be contaminated lemon juices used to dissolve 
the heroin (10–12). Clinical manifestations in the affected 
patients included nodular and pustular cutaneous lesions, 
chorioretinitis, and osteoarticular infection (8,9,11). After 
the 1990s, the general purity of heroin supplies increased, 
negating the need to use acidic sources such as lemon juice 
as solvents; thus, the problem of candidiasis associated 
with IVDU mostly disappeared. However, rare case reports 
of candidiasis syndromes associated with IVDU, such as 
endophthalmitis associated with injecting contaminated bu-
prenorphine, continued to appear in the literature (13,14).

Recently, we noticed an apparent increase in cas-
es of invasive candidiasis associated with IVDU at  
UMassMemorial Medical Center, Worcester, Massachu-
setts, USA. We therefore retrospectively reviewed all cases 
of candidemia seen at the hospital over a 7-year period. We 
compared cases in patients with a history of IVDU with those 
without such a history with regard to demographic, epide-
miologic, clinical, laboratory, and microbiological features.

Methods
UMassMemorial Medical Center is a 781-bed academic 
medical center affiliated with the University of Massachu-
setts Medical School and located in central Massachusetts. 
The study was approved by the University of Massachu-
setts Medical School (UMMS) Institutional Review Board 

(IRB). Patients >14 years of age with a positive blood cul-
ture for Candida species during January 1, 2010–January 
31, 2017, were included in the study. We excluded patients 
<14 years of age, as they were felt to be unlikely to have 
a history of IVDU. The protocol approved by the IRB also 
excluded the study of prisoners; however, none of the pa-
tients was excluded for this reason.

We identified cases of candidemia by a query of the 
hospital electronic medical records (EMRs) using Thera-
doc (Premier Inc., Charlotte, NC, USA). We then reviewed 
the EMRs of the patients with candidemia for any history of 
IVDU; we classified cases as IVDU and non-IVDU on the 
basis of this chart review. We included cases in the IVDU 
group if there was any history of IVDU, even if remote. 
We reviewed admission notes, infectious diseases consult 
notes, psychiatry consult notes, discharge notes, and toxi-
cology screens. We then conducted a further review of the 
EMRs to extract data on the epidemiology, risk factors, 
clinical manifestations, microbiology, laboratory findings, 
and outcomes. The IRB protocol forbade contacting the pa-
tients directly.

We performed Candida speciation using standard 
techniques, including the Vitek 2-Yeast System, Vitek-
MS, and API 20C (bioMérieux, Marcy l’Étoile, France). 
We compared the variables in the tables between the IVDU 
and non-IVDU populations using the Fisher exact test for 
categorical variables and the Wilcoxon rank sum test for 
continuous variables. These tests are nonparametric and 
avoid the need for large sample sizes. We defined statisti-
cal significance as a p value <0.05.

Results

Epidemiologic Data and Risk Factors 
During January 1, 2010–January 31, 2017, a total of 198 
patients had positive blood cultures for Candida species. 
Using the criteria noted in the previous section, we cat-
egorized 24 (12%) patients as being in the IVDU group 
and 174 (88%) patients in the non-IVDU group. Salient 
baseline characteristics of the study population are shown 
in Table 1. Patients in the IVDU group were significantly 
younger and more likely to have had a positive test for 
hepatitis C compared with patients in the non-IVDU group 
(p<0.001 for both variables). Although the numbers were 
small, a significantly higher percentage of patients in the 
IVDU group had prosthetic valves (p = 0.013). All 3 of 
the patients in the IVDU group with a prosthetic valve had 
valve replacement because of prior episodes of endocardi-
tis. None of the other baseline characteristics we studied 
differed significantly between the groups. Only 1 patient 
had known HIV infection.

We compared the prevalence of many of the estab-
lished risk factors for candidemia in IVDU and non-IVDU 
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groups (Table 1). Although the differences were not sta-
tistically significant, patients in the non-IVDU group were 
more likely to have diabetes (31.6% v. 12.5%) and a history 
of malignancy (24.1% vs. 8.3%). We noted no significant 
differences between the 2 groups with regard to systemic 
immunosuppression, genitourinary procedures, kidney dis-
ease requiring dialysis, central intravenous lines, gastroin-
testinal surgery procedures, or history of broad-spectrum 
antimicrobial drug use.

Of the 24 cases of IVDU-associated candidemia re-
corded during the 7-year period of the study, only 2 oc-
curred during the first 2 years. In contrast, 9 cases occurred 
in 2016, the last year of the study (Figure). The number 
of candidemia cases was not associated with diminished 
IVDU in the last 2 years of the study.

Features of Patients with Candidemia and History  
of IVDU
Details about the patients with a history of IVDU are pro-
vided in Table 2. Most of the patients gave a history of 
use of heroin, cocaine, or both. However, prescription opi-
oids were also commonly found when toxicology screens  
were obtained.

Organ System Involvement
We determined the prevalence of brain abscesses, osteo-
myelitis, retinitis, skin lesions, septic emboli to the lungs, 
and endocarditis (Table 3). Although endocarditis and os-
teomyelitis were seen infrequently, the IVDU group had a 
significantly higher percentage of cases of these 2 diseases 
compared with the non-IVDU group.

Candida Species
C. albicans was isolated from the bloodstream in a signifi-
cantly higher percentage of non-IVDU patients compared 
with IVDU patients (Table 4). In contrast, the percentage of 

Candida isolates identified as C. parapsilosis was signifi-
cantly higher in the IVDU group. Other Candida species 
were isolated, mostly commonly C. glabrata and C. tropi-
calis, but their distribution was not significantly different 
between the IVDU and non-IVDU groups. Two patients in 
each group were co-infected with 2 Candida species.

Outcome Data
Mortality rates and length of hospitalization were low-
er in the IVDU group compared with the non-IVDU  
group (Table 5). However, the differences were not statisti-
cally significant.

Discussion
Our data establish that, in the setting of the ongoing opioid 
epidemic, candidemia appears to have emerged as a serious 
clinical problem in the IVDU population in central Mas-
sachusetts. Major differences appear, however, between the 
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Table 1. Baseline characteristics and risk factors for candidemia, categorized by IVDU and non-IVDU groups, among patients at a 
tertiary care hospital, Massachusetts, USA, 2010–2017* 
Characteristics IVDU Non-IVDU p value 
No. patients 24 174  
Median age (IQR) 43.5 (14.8) 64.0 (19.0) <0.001 
Female sex† 6 (25.0) 70 (40.2) 0.183 
Prosthetic valve 3 (12.5) 2 (1.2) 0.013 
Hepatitis C 14 (58.3) 14 (8.1) <0.001 
HIV 0 1 (0.6) 1.00 
History of malignancy 2 (8.3) 42 (24.1) 0.114 
Diabetes 3 (12.5) 55 (31.6) 0.058 
Systemic immunosuppression‡ 3 (12.5) 28 (16.1) 1.00 
Central intravenous line 9 (37.5) 67 (38.5) 1.00 
History of broad-spectrum antimicrobial drug exposure§ 4 (16.7) 27 (15.5) 1.00 
Kidney disease, on dialysis 3 (12.5) 5 (2.9) 0.058 
Genitourinary surgery/procedure§ 0 14 (8.1) 0.226 
Gastrointestinal surgery/procedure§ 3 (12.5) 22 (12.6) 1.00 
*Values are no. (%) patients except as indicated. IQR, interquartile range; IVDU, intravenous drug use. 
†In all patients, gender and biological sex were identical. 
‡Includes active chemotherapy, systemic corticosteroid use, and immunosuppression within 3 months before the onset of candidemia. 
§ Procedure performed <30 days before onset of candidemia. 

 

Figure. Distribution of candidemia cases associated with IVDU and 
non-IVDU by year at a tertiary care hospital, Massachusetts, USA, 
2010–2017. Candidemia cases were divided into IVDU and non-
IVDU groups and then plotted as a function of the year the patient 
had positive blood cultures for Candida. There were no positive 
blood cultures in January 2017, the last month of the study.
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cases reported in the literature that were associated with in-
jection of brown heroin and the ones in this case series. Cu-
taneous, ocular, or osteoarticular involvement were com-
monly observed in the brown heroin users with candidiasis 
(8,9) but were rarely seen in the IVDU case-patients we 

report. In contrast, although all the cases in our study fea-
tured candidemia by definition, blood cultures were rarely 
positive for candidemia in the brown heroin cases.

As discussed earlier, in the brown heroin cases, the 
infections were linked to C. albicans contamination of 
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Table 2. Summary of characteristics of patients with candidemia and a history of IVDU admitted to a tertiary care hospital, 
Massachusetts, USA, 2010–2017* 
Pt 
no. 

Age, y/ 
sex 

Date 
admitted 

IVDU, 
by history Toxicology screen 

Last use, 
by history 

Candida 
species 

Vegetations 
on echo 

Antifungal therapy 
(duration) Outcome 

1 32/M 2010 Jan Heroin Heroin, 
morphine, cocaine 

5 d C. 
parapsilosis 

No Fluc (14 d) Cured 

2 28/M 2010 Oct Heroin ND 6 mo C. 
parapsilosis 

No Fluc (14 d) Cured 

3 52/F 2012 Jul Heroin, 
cocaine 

Opiates NA C. glabrata No MF (8 d) then fluc 
(20 d) 

Cured 

4 43/F 2012 Oct Heroin Cocaine, 
opiates† 

1.5 d C. 
parapsilosis 

Yes (aortic, 
mitral) 

None Died 

5 59/M 2012 Nov Not 
documented 

ND 30 y C. glabrata No Fluc (14 d) Died 

6 54/M 2013 Mar Heroin, 
cocaine 

Methadone, 
opiates 

2 y C. 
parapsilosis 

No MF (3 d) then fluc 
(25 d) 

Cured 

7 43/F 2013 Apr Heroin ND NA C. albicans No MF (3 d) then 
fluc (25 d) 

Cured 

8 31/M 2013 Aug Heroin Opiates 2 y C. albicans No MF (2 d) then fluc 
(12 d) 

Cured 

9 36/M 2013 Dec Heroin Oxycodone, 
hydromorphone 

6 d C. glabrata, 
C. 

parapsilosis 

No None Lost to 
follow up 

10 49 /F 2014 Jan Unspecified 
narcotic 

Opiates NA C. glabrata No MF (3 d) Died 

11 38/F 2014 Feb Heroin Oxycodone, 
oxymorphone 

2 y C. albicans Possible 
(tricuspid on 
TTE, TEE 
negative) 

Fluc (2 d) then MF 
(40 d) 

Remission 
(had 

epidural 
abscess) 

12 50/M 2014 Aug Heroin Morphine 6 mo C. tropicalis No Fluc (14 d) Cured 
13 49/M 2015 Mar Cocaine ND Unknown C. lipolytica No Fluc (14 d) Cured 
14 22/M 2015 Jun Heroin Marijuana Day 

admitted 
C. glabrata No MF (3 d) then fluc  

(25 d) 
Cured 

15 53/M 2015 Sep Cocaine Cocaine Remote C. tropicalis No Fluc (2 d) Died 
16 31/F 2016 Jan Cocaine Morphine NA C. tropicalis No Fluc (14d) Cured 
17 37/M 2016 Feb Heroin ND 3 wk C. glabrata No Fluc (14d) Cured 
18 35/M 2016 Mar Heroin, 

Cocaine 
Cocaine, opiates† NA C. albicans No MF (4 d) then 

fluc (24 d) 
Cured 

19 44/M 2016 Apr Cocaine, 
heroin 

Buprenorphine, 
norbuprenorphine 

7 mo C. 
parapsilosis 

Yes (aortic) Fluc (indefinite) Remission 
follow up 

TTE after 3 
mo: no 

vegetation 
20 47/M 2016 Apr Cocaine ND 1 y C. albicans No MF (6 d) then fluc 

(8d) 
Cured 

21 32/F 2016 
May 

Heroin Methadone, 
oxycodone 

2 wk C. albicans Yes (mitral) AmpB (1 d) then 
fluc and vori 
(indefinite)‡ 

Remission 
follow up 

TTE after 3 
mo: no 

vegetation 
22 46/M 2016 

May 
Cocaine, 

heroin 
ND Day 

admitted 
C. glabrata No Fluc (21 d) Cured 

23 40/M 2016 Jun Heroin Opiates Day 
admitted 

C. albicans, 
C. glabrata 

No MF (13 d) then 
fluc (1 d) 

Cured 

24 54/M 2016 Sep Heroin ND 1 mo C. 
parapsilosis 

Yes (aortic) MF (5 d) then 
ampB and 5FC (5 

d) 

Died 

*ampB, amphotericin B; 5FC, 5-flucytosine; echo, echocardiogram; fluc, fluconazole; IVDU, intravenous drug use; MF, micafungin; NA, not available; ND, 
not done; Pt, patient; TEE, transesophageal echocardiogram; TTE, transthoracic echocardiogram; vori, voriconazole. 
†Positive toxicology screen was obtained during a previous admission. 
‡Patient developed hypercalcemia after courses of fluconazole and treatment was changed to voriconazole. 
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lemon juice used to solubilize the heroin; blood cultures, 
when positive, grew only C. albicans (8,9). In our case 
series, C. albicans was the third most common species, 
behind C. glabrata and C. parapsilosis. The finding of 
different species of Candida argues against a common 
source of infection. Rather, endogenous sources of Candi-
da seem likely, because this fungus can colonize the skin 
and mouth; injection drug users may lick their needles be-
fore insertion into the skin. However, our IRB protocol 
did not permit us to interview subjects regarding injection 
habits or to culture their drugs and injection parapherna-
lia. Thus, the source of the Candida species isolated from 
the patients is speculative, and future studies are needed 
to address this question.

C. glabrata and C. parapsilosis are typically thought 
of as nosocomial pathogens, with spread of the patho-
gen facilitated by contaminated inanimate surfaces and 
person-to-person contact (15,16). However, both species 
can also be gut colonizers and commensals of human 
skin (16). C. glabrata is often resistant to fluconazole; 
a risk factor for infection with this species is prior re-
ceipt of fluconazole (15). However, none of our patients  
was known to have received fluconazole before contract-
ing candidemia.

In our study, we found that the candidemia patients 
in the IVDU group were younger and more likely to be 
co-infected with hepatitis C than were patients in the 
non-IVDU group. This finding likely reflects the rela-
tively young age of the IVDU population and the high 
prevalence of hepatitis C infection for this group (17). 
Even though more than half of the patients in the IVDU 
group were co-infected with hepatitis C, no patient had 
HIV infection. This finding is consistent with a 2012 re-
port documenting declining rates of HIV infection and 
increasing rates of hepatitis C among injection drug us-
ers in Massachusetts (18).

In a recent multicenter study of >2,000 patients with 
candidemia, C. albicans was responsible for 46% of the 
cases, followed by C. glabrata (26%), C. parapsilosis 
(16%), C. tropicalis (8%), and C. krusei (3%) (1). In our 
study, the species distribution in the non-IVDU popula-
tion with candidemia was very similar, with slightly more 
than half the cases attributable to C. albicans (Table 4). In  

contrast, only 7 (29%) of 24 candidemia cases in the 
IVDU population were caused by C. albicans, and 1 of 
those cases was a co-infection with C. glabrata. Perhaps 
reflecting these patients’ younger age and fewer concur-
rent conditions, the mortality rate was lower for the IVDU 
population compared with the non-IVDU population, al-
though the difference was not statistically significant. 
Nevertheless, 5 (21%) of 24 patients in the IVDU group 
died, emphasizing that candidemia in the IVDU popu-
lation is a serious disease associated with a serious risk  
of death.

Our retrospective study does not shed light on the op-
timal therapy for IVDU-associated candidemia. However, 
it seems reasonable to begin to treat patients with an echi-
nocandin, according to the Infectious Diseases Society of 
America clinical practice guideline for the treatment of 
candidemia (19), pending identification and susceptibility 
testing of the isolate. One third of our IVDU-associated 
candidemia cases were caused by C. glabrata which, as 
noted earlier, is often resistant to fluconazole (15). In ad-
dition, the superiority of an echinocandin over fluconazole 
was demonstrated in a multicenter trial of patients with 
candidemia (20). However, a disadvantage of the echino-
candins is their need to be given intravenously, a particular 
problem in the patient population with IVDU, because they 
may use intravenous lines for drug injection. In clinically 
stable patients with susceptible isolates and without endo-
carditis, transition to fluconazole can be considered when 
the patient is ready for discharge.

Several limitations should be taken into account 
when interpreting the data we present. The study was  
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Table 3. Organ system involvement in patients with candidemia 
at a tertiary care hospital, Massachusetts, USA, 2010–2017* 

Manifestation 

No. (%) patients 

p value 
IVDU,  
n = 24 

Non-IVDU,  
n = 174 

Endocarditis 4 (16.7) 5 (2.9) 0.014 
Brain abscess 1 (4.2) 0 0.121 
Septic emboli, lung 1 (4.2) 0 0.121 
Retinitis 0 4 (2.3) 1.00 
Osteomyelitis 2 (8.3) 0 0.014 
*IVDU, intravenous drug use. 

 

 
Table 4. Candida species isolated from blood of patients with 
candidemia at a tertiary care hospital, Massachusetts, USA, 
2010–2017* 

Organisms 
No. (%) patients 

p value IVDU, n = 24 Non-IVDU, n = 174 
C. albicans 7 (29.2)† 93 (53.5) 0.03 
C. glabrata 8 (33.3) 39 (22.4) 0.304 
C. parapsilosis 8 (33.3) 25 (14.4) 0.036 
C. tropicalis 3 (12.5) 13 (7.5) 0.419 
C. dubliniensis 0 2 (1.2) 1.00 
C. guilliermondii 0 1 (0.6) 1.00 
C. krusei 0 1 (0.6) 1.00 
C. lipolytica 0 1 (0.6) 1.00 
C. kefyr 0 1 (0.6) 1.00 
Co-infected 2 (8.3) 2 (1.2) 0.073 
*IVDU, intravenous drug use. 
†Percentages do not add up to 100% because patients co-infected with 2 
species are counted twice. 

 

 
Table 5. Outcomes of patients with candidemia, Massachusetts, 
USA, 2010–2017* 

Outcome 
IVDU,  
n = 24 

Non-IVDU, 
n = 174 p value 

Death, no. (%) patients 5 (20.8) 60 (34.5) 0.247 
Median length of hospital 
stay (IQR), d 

11 (17.5) 19 (27.5) 0.059 

*IQR, interquartile range; IVDU, intravenous drug use. 
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retrospective, and because of our IRB protocol, we were 
not permitted to contact the patients directly to verify their 
histories or obtain additional information. Moreover, it 
is often difficult to obtain an accurate history of IVDU 
from patients. Thus, because it was not known whether 
the injection drug use was current or not, we cannot be 
certain that the IVDU contributed to the risk of develop-
ing candidemia. Indeed, it is possible that some of the pa-
tients were misclassified and there may be inaccuracies in 
variables such as when the patients last injected drugs and 
what drugs were injected. For this reason, when designing 
the study, we prospectively decided to include all patients 
with a history of IVDU, however remote, in the IVDU 
group. Second, although it is very likely that the trend to-
ward increasing numbers of IVDU-associated candidemia 
is real, it is possible that the way IVDU is recorded has 
changed over the years because healthcare providers are 
now more attuned to the opioid epidemic and thus record 
the history of IVDU more often than they did in the past. 
Third, although the number of cases was relatively large, 
the study was not powered to detect differences in uncom-
mon events between the IVDU and non-IVDU groups. 
In addition, multivariate analyses were not performed, 
so some statistically significant associations may be con-
founded. Fourth, there may have been a bias toward order-
ing certain tests, such as hepatitis C serology and echo-
cardiography, in the IVDU-associated candidemia group. 
Finally, our study was a single-center study from a tertiary 
care institution. It remains to be seen whether candidemia 
in IVDU is mostly a local phenomenon peculiar to central 
Massachusetts or it is emerging at other medical centers in 
other geographic locations.

These limitations notwithstanding, our findings es-
tablish candidemia as an underappreciated outcome of the 
opioid epidemic gripping the United States. Moreover, 
we observed a marked increase in the number of cases 
during the last year of the study. Although this finding 
may reflect random variations, it is of concern that the 
problem may be worsening. In Worcester County, where 
UMassMemorial Hospital is located, the number of opi-
oid-related overdose deaths increased every year during 
the 7-year study period, from 80 in 2010 to 251 in 2016 
(7). Although many of the press reports surrounding il-
licit opioid use have centered on deaths from overdose, 
infections remain a serious cause of illness and death in 
persons with IVDU. Invasive candidiasis must be consid-
ered in the differential diagnosis of patients with infec-
tious sequelae of IVDU.
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Rickettsial Illnesses in Chittagong, Bangladesh

We conducted a yearlong prospective study of febrile patients 
admitted to a tertiary referral hospital in Chittagong, Bangla-
desh, to assess the proportion of patients with rickettsial ill-
nesses and identify the causative pathogens, strain geno-
types, and associated seasonality patterns. We diagnosed 
scrub typhus in 16.8% (70/416) and murine typhus in 5.8% 
(24/416) of patients; 2 patients had infections attributable to 
undifferentiated Rickettsia spp. and 2 had DNA sequence–
confirmed R. felis infection. Orientia tsutsugamushi genotypes 
included Karp, Gilliam, Kato, and TA763-like strains, with a 
prominence of Karp-like strains. Scrub typhus admissions 
peaked in a biphasic pattern before and after the rainy sea-
son, whereas murine typhus more frequently occurred before 
the rainy season. Death occurred in 4% (18/416) of cases; 
case-fatality rates were 4% each for scrub typhus (3/70) and 
murine typhus (1/28). Overall, 23.1% (96/416) of patients had 
evidence of treatable rickettsial illnesses, providing important 
evidence toward optimizing empirical treatment strategies.

The prevalence, seasonality, and genotypes of tropical 
rickettsial illnesses in Bangladesh remain unknown. 

Scrub and murine typhus typically present as undifferenti-
ated febrile illnesses and are insensitive to penicillins and 
cephalosporins, common antimicrobial drugs used empiri-
cally (1). Rickettsial illnesses are increasingly recognized 
as important causes of fever in adjacent countries in the re-
gion, including Thailand, Laos, and India (2–5). Therefore, 
determining whether rickettsial infections are widespread 
in Bangladesh, a low-income country with a population of 
≈160 million, is of urgent public health interest. 

Cross-sectional seroprevalence studies suggest that 
exposure to scrub typhus and murine typhus is common 
(6). In addition, given the substantial proportion of febrile 
patients from north-central Bangladesh with confirmed R. 
felis infection (7), further investigations regarding the clini-
cal relevance of this pathogen are warranted.

Identification and characterization of circulating 
pathogens and strains is crucial for the development of  

diagnostics and vaccines (8). Strong seasonal trends might 
guide differential diagnostic considerations. Therefore, we 
conducted a year-long prospective study of febrile patients 
admitted to a tertiary referral hospital with a wide catch-
ment area in southeast Bangladesh, aiming to assess the 
proportion of patients with rickettsial illnesses, identify the 
causative pathogens, strain genotypes, and the associated 
seasonality patterns.

Materials and Methods
We conducted our study at Chittagong Medical College 
Hospital (CMCH), Chittagong, Bangladesh, during Au-
gust 2014–September 2015. We enrolled into the study all 
consenting patients >12 years old who were admitted with 
a febrile illness to the medical wards and referred to the 
hospital’s malaria screening service with a history of fever 
for <3 weeks. Written informed consent was provided by 
all patients before inclusion in the study or by their rela-
tives if the patient lacked capacity for providing consent. 
The study was approved by Chittagong Medical College 
ethics committee in Bangladesh and the Oxford Tropical 
Research Ethics Committee, United Kingdom.

We collected admission blood samples and convales-
cent-phase blood samples (taken 7–14 days apart, where 
possible) into EDTA tubes and separated the samples into 
packed cells and plasma before storage at -30°C. We sub-
jected packed cell admission samples of all patients to 
DNA extraction for real-time PCR screening by using the 
47-kDa htra gene–based assay for Orientia spp. and the 17-
kDa gene–based assay for Rickettsia spp. We subsequently 
confirmed positive results by nested PCR (nPCR) assays 
with product sequencing. For Orientia spp., we targeted the 
56-kDa and 47-kDa gene targets. For Rickettsia spp., we 
targeted 17-kDa and performed ompB real-time PCR and 
gltA nPCR, as previously described (9,10). 

We aligned the resulting DNA sequences for construc-
tion of phylogenetic trees by using CLC Sequence Viewer 
7.0.2 (http://www.clcbio.com). For serologic testing, all 
patient plasma samples underwent indirect immunofluo-
rescence assays (IFA) by using slides from the Australian 
Rickettsial Reference Laboratory coated with O. tsutsuga-
mushi (strains Karp, Kato, and Gilliam) for scrub typhus or 
R. typhi (Wilmington strain) for murine typhus. We used 
the following stringent diagnostic positivity criteria for 
scrub and murine typhus: a baseline IgM titer of >3,200 or 
a 4-fold rise to >3,200. In the absence of regional serologic 
positivity criteria for Bangladesh, we selected these cutoffs 
on the basis of experience from an area where scrub typhus 
is highly endemic (11). In suspected cases of R. felis in-
fection, we conducted IFA by using dedicated IFA slides 
from the Australian Rickettsial Reference Laboratory. We 
conducted statistical analyses by using Stata 14 (StataCorp 
LLC, College Station, TX, USA). 
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Results
We screened 901 patients for enrollment; 794 patients met 
the enrollment criteria and, of these, 416 gave consent and 
were enrolled into the study. A total of 414 patient admis-
sion samples were available for PCR and 415 for serologic 
testing; 256/416 (62%) patients were followed up to provide 
paired samples. Of the enrolled patients, 16.8% (70/416) 
had a robust diagnosis of scrub typhus and 5.8% (24/416) 
of murine typhus by PCR, serologic testing, or both (Ta-
ble). Two patients had evidence of both typhus group and 
scrub typhus infection, and 2 patients were found to have 
undifferentiated Rickettsia spp. infections. Samples from 2 
patients were positive for R. felis (1 patient’s blood was 
positive for R. felis by 17kDa nPCR and sequencing; the 
second patient was positive for O. tsutsugamushi by 47kDa 
and 56kDa nPCR and 56kDa gene sequencing from blood 
and eschar, but also had a superficial eschar swab positive 
for R. felis by 17kDa nPCR and sequencing, suggestive of 
scrub typhus infection with possible skin carriage of R. fe-
lis on the skin or eschar). Both of these patients with PCR 
evidence of R. felis infection were serologically negative 
(titer <1:10) by R. felis–specific IFA. In this prospective 

cohort of hospitalized febrile patients, 23.1% (96/416) of 
the fevers were attributable to rickettsial illnesses.

We plotted the geographic distribution of scrub typhus 
and murine typhus cases (Figure 1), reflecting the catch-
ment area of the hospital in southeast Bangladesh. The 
case-patient with blood PCR positivity for R. felis was 
from urban Chittagong, whereas the case-patient with es-
char swab positivity for R. felis and blood positivity for O. 
tsutsugamushi came from a rural area. Only 12% (8/67) of 
patients with scrub typhus came from urban areas, com-
pared with 27% (84/310) of those without evidence of rick-
ettsia (p = 0.009).

We observed 2 peaks of scrub typhus patient admis-
sions during the study period, 1 in the cooler months of 
November and December, when 32/72 (44%) patients were 
found to be positive for scrub typhus, and the other before 
the rainy season in April and May, with 6/34 (18%) of cas-
es. Murine typhus cases peaked in the months before the 
rainy season (Figure 2).

Among all patients with rickettsial illnesses, the most 
common complaints were headache, anorexia, and myalgia, 
whereas rash was only detected in 6/96 (6%) of patients. In 
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Table. Results of PCR and serologic tests for rickettsial illness among 416 patients, Chittagong Medical College Hospital, Chittagong, 
Bangladesh, August 2014–September 2015* 
Organism and test type No. positive/no. tested (%) 
Orientia tsutsugamushi 70/416 (16.8) 
 Blood PCR, rPCR 47-kDa positive 45/414 (10.9) 
  nPCR 47 kDa positive 45/45 (100) 
  nPCR 56 kDa positive 45/45 (100) 
 Eschar swab, rPCR 47 kDa and n56kDa positive; crust (n = 1), swab (n = 3) 3/416 (0.7) 
 Indirect immunofluorescence assay 57/415 (13.7) 
  Admission titer >3,200 54/415 (13.0) 
  4-fold rise to >3,200 31/255 (12.1) 
 PCR+ and serology+, 32/70 (45.7% of ST positives) 32/413 (7.7) 
 PCR+ and serology–, 13/70 (18.6% ST positives) 13/413 (3.1) 
 PCR– and serology+, 25/70 (35.7% of ST positives) 25/413 (6.0) 
Rickettsia spp. 29/416 (7.0) 
 Blood PCR, rPCR 17 kDa positive 23/414 (5.6) 
  nPCR 17 kDa positive 16/23 (69.6) 
 Rickettsia typhi, 24/29 (83.0%) of Rickettsia spp. 24/416 (5.8) 
  Blood PCR 17/414 (4.1) 
   rPCR OmpB positive 12/414 (2.9) 
   nPCR 17-kDa sequencing 15/16 (93.8) 
  Indirect immunofluorescence assay 15/415 (3.6) 
   Admission titer >3,200 11/415 (2.7) 
   4-fold rise to >3,200 5/255 (2.0) 
  PCR+ and serology+, 8/24 (33.3% of MT positives) 8/413 (1.9) 
  PCR+ and serology–, 9/24 (37.5% of MT positives) 9/413 (2.2) 
  PCR– and serology+, 7/24 (29.1% of MT positives) 7/413 (1.7) 
 Undifferentiated Rickettsia spp., 3/29 (10.3% of Rickettsia spp.) 3/416 (0.7) 
  rPCR 17-kDa positive, ompB negative 3/416 (0.7) 
  nPCR 17-kDa negative, gltA negative 3/416 (0.7) 
  MT serology negative 3/416 (0.7) 
 Rickettsia felis 2/416 (0.5) 
  Blood PCR, 17-kDa rPCR and nPCR 1/416 (0.2) 
  Eschar swab, 17-kDa rPCR and nPCR 1/416 (0.2) 
All rickettsial illnesses† 96/416 (23.1) 
*MT, murine typhus; nPCR, nested PCR; rPCR, real-time PCR; ST, scrub typhus. 
†Twenty-nine patients had evidence of Rickettsia spp. Infection; 70 had evidence of O. tsutsugamushi infection. Because 2 case-patients had mixed 
blood O. tsutsugamushi and Rickettsia spp. infections and 1 case-patient with O. tsutsugamushi infection in addition to an eschar-positive swab for R. 
felis, the total number of rickettsial illness cases was 96. 

 



Rickettsial Illnesses in Chittagong, Bangladesh

scrub typhus cases, an eschar was found in only 3/70 (4%) of 
patients, despite training and use of a dedicated checklist for 
identifying eschars included in the clinical record form. The 
blood PCR–positive R. felis case (SW148) had a different 
manifestation than other rickettsioses: an itchy vesicular–pe-
techial rash similar to spotted fever group rickettsioses that 
started periorally and distributed to the trunk and extremities. 
The patient reported contact with rats in the 3 weeks before 
illness onset. Overall, 4 deaths were attributable to typhus 
during this study (3/70 [4.3%] of the patients with scrub ty-
phus and 1/28 [3.6%] patient in the murine typhus group). 
Of the rickettsia-negative case-patients, 14/320 (4.4%) died. 
All 3 of the patients with scrub typhus who died had clinical 
evidence of meningoencephalitis. At study enrollment, the 
first patient had a Glasgow Coma Scale of 7, severe respira-
tory distress, new atrial fibrillation with a rapid ventricular 
response, and hypotension with cold peripheries, consistent 
with septic shock. The second patient had impaired con-
sciousness, meningism, dyspnea, chest pain, and cough. The 
third patient had a Glasgow Coma Scale of 12, with con-
vulsions and a cough with severe respiratory distress. The 
patient with murine typhus who died had severe diarrhea, 
progressive impairment of consciousness, and renal failure.

Most 56-kDa gene sequences (cropped to ≈450 bp 
length) clustered with Karp and Karp-like sequences, previ-
ously described from Thailand (12), but we also observed 
a cluster of Gilliam-like strains. One sequence (SW275) 
grouped closely with the Thai animal TA763 strain and an-
other (SW228) with the Kato reference strain (Figure 3). We 
found no evidence of substantial divergence from known 
O. tsutsugamushi strains or potential new Orientia species, 
and Orientia chuto sp. nov. from Dubai remains highly dis-
tinct in the 47-kDa gene sequence phylogenetic tree (online 
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/24/4/17-0190-Techapp1.pdf) (13,14). Pairwise gene–
gene sequence similarity values between O. tsutsugamushi 
samples from Bangladesh and reference strains (partial 56-
kDa gene sequences) showed that the largest proportion of 
56-kDa gene sequences were similar to the Karp reference 
strain or the Thai Karp-like strain UT76, followed by Gil-
liam (online Technical Appendix Table).

Most 17-kDa sequences (cropped to 314 bp) obtained 
from patient blood showed highest homologies to the R. ty-
phi Wilmington strain, the TH1527 Thai strain from Chian-
grai, and recently described strains from Laos and Yucatan, 
Mexico (GenBank accession nos. AE017197, CP003398, 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 641

Figure 1. Geographic distribution of scrub typhus (A) and murine typhus (B) cases, Chittagong, Bangladesh, August 2014–September 
2015. Inset shows location of enlarged area (red box). 
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KC283066, and JX198507, respectively). Two 17-kDa se-
quences from SW148 (blood) and SW211ES (eschar swab) 
showed 100% homologies with the previously sequenced 
R. felis strain URRWXCal2 and a recent isolate from cat 
fleas on opossums in Yucatan (GenBank accession num-
bers CP000053 and KR709306, respectively).

Discussion
Rickettsial illnesses are common causes of fever in hos-
pitalized patients in southeastern Bangladesh. In total, 
23% of all undifferentiated febrile case-patients recruit-
ed prospectively over a full calendar year were attribut-
able to rickettsial illnesses, predominantly scrub typhus 
(16.8%) and murine typhus (5.8%). These febrile pa-
tients had disease severity that justified hospitalization 
and an overall mortality rate of 4.3% (18/417). The case-
fatality rate for rickettsial illness was high (4% overall) 
and similar for each group (4.3% [3/70] for scrub ty-
phus, 3.6% [1/28] for murine typhus, and 4.4% [14/320] 
for non–rickettsial fever).

The nonspecificity of clinical symptoms and lack of 
readily available accurate diagnostic tools continue to con-
tribute to suboptimal recognition of these common infec-
tions. Less than half of the patients with scrub or murine 
typhus had evidence of positivity in both the PCR and sero-
logic assays, confirming the importance of using both diag-
nostic modalities. In this study, nearly one quarter of hos-
pitalized, febrile patients had easily treatable typhus cases, 
justifying consideration of the inclusion of doxycycline as 
part of the empirical treatment for febrile patients in this 
region; doxycycline is well-tolerated, inexpensive, and 
readily available in this setting. This study did not specifi-
cally target severe disease or vulnerable populations, but 
if extrapolation of data from recent reports in neighboring  

countries is valid, a high mortality rate associated with 
these groups can be assumed for both scrub and murine 
typhus. Further investigations in the region are urgently 
needed (15,16).

We observed a strong seasonal pattern in incidence, 
with an increase in scrub typhus cases before and at the end 
of the rainy season and a decrease in cases in the middle of 
the dry season, when the temperature fell (Figure 2). Nearly 
two thirds (64% [45/70]) of all scrub typhus cases occurred 
during October–December and in April, representing rel-
evant periods of which clinicians should be aware. This 
biphasic pattern could be associated with reduced exposure 
by humans because of seasonal variation in their activities, 
a lower number of infected mites emerging from dry soil, 
or the transience of immune protection previously observed 
during multiple reexposures (17). The low frequency of es-
chars observed in scrub typhus patients in this study (4%), 
coupled with the high seroprevalence observed in the same 
region, probably reflects the presence of partial immune 
protection, which suggests continuous exposure in this 
population (6,17,18). Murine typhus cases peaked in the 
second half of the dry season, consistent with previously 
reported seasonality (19).

Despite multiple reports of serologic evidence for 
rickettsial illnesses in Bangladesh, no genotyping or mo-
lecular characterization of Orientia spp. and Rickettsia spp. 
has been performed to date. This step is an essential pre-
requisite to the development of rapid diagnostic tests and 
vaccines in disease-endemic areas. During World War II, 
the failed attempt to produce a scrub typhus vaccine in cot-
ton rat lungs (termed Operation Tyburn) highlighted the 
importance of correctly identifying the circulating strains 
causing human disease. That vaccine, based on a clinically 
relevant strain identified in troops in the Burma Campaign 
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Figure 2. Seasonality of 
scrub typhus and murine 
typhus–related hospital 
admissions, Chittagong Medical 
College Hospital, Chittagong, 
Bangladesh, August 2014–
September 2015. We observed a 
biphasic pattern in scrub typhus, 
with an increase of cases in the 
cooler months and a smaller 
peak before the rainy season.
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at Imphal, failed to protect troops when tested in Malaya, 
where different Orientia strains are present, and showed no 
evidence for cross-protection when tested during a large 
outbreak of scrub typhus (20–22).

A large, multicenter, high-quality Orientia genotyping 
effort in India recently reported a predominance of Kato-

like strains in the south but a high proportion of Karp-like 
strains in the north (2). In our study, we found a spectrum 
of diverse Orientia strains, most of which were Karp-like 
strains, with Gilliam strains being common, and few sam-
ples representing TA763 and Kato-related O. tsutsugamu-
shi strains (Figure 3). The dominance of Karp-like strains 
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Figure 3. Phylogenetic 
analysis of pathogens 
contributing to rickettsial 
illnesses, Chittagong 
Medical College Hospital, 
Chittagong, Bangladesh, 
August 2014–September 
2015. A) Phylogenetic 
dendrogram based on the 
nucleotide sequence of 
the partial open reading 
frame of the 56-kDa TSA 
gene (aligned and cropped 
to ≈450 bp), depicting 
Orientia tsutsugamushi 
strains in relationship 
with reference and other 
strains. O. tsutsugamushi 
genotypes in Bangladesh 
included Karp, Gilliam, Kato, 
and TA763 strains, with a 
predominance of Karp-like 
strains. B) Rickettsia spp. 
as characterized by 17-kDa 
gene sequencing (aligned 
and cropped to 314 bp). 
The predominant pathogen 
identified was R. typhi. Of 
note, 2 R. felis infection 
cases were identified, 
including 1 systemic 
bloodstream infection and 
1 scrub typhus case with 
eschar swab positivity in 
patient no. SW211ES (online 
Technical Appendix Table, 
https://wwwnc.cdc.gov/
EID/article/24/4/17-0190-
Techapp1.pdf), whose blood 
specimen was negative for 
R. felis, suggesting possible 
skin colonization of R. 
felis. Scale bar indicates 
nucleotide substitutions per 
site; branches shorter than 
0.002 are shown as having 
a length of 0.002.
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along with frequent Gilliam strains matches well with geno-
typic findings from nearby populations in northeast India, 
Myanmar, and Thailand (2,3,12). These findings should in-
form the development of improved and more accurate rapid 
diagnostic tests, especially those using antigen-based as-
says (23). We saw no evidence for new or highly divergent 
strains on the basis of homologies of the more conserved 
47kDa htra gene sequences, and O. chuto sp. nov. remains 
a distinct outlier (14; online Technical Appendix Figure).

This study also identified a large number of murine ty-
phus cases, and the 17-kDa gene–derived Rickettsia typhi 
DNA sequences were remarkably similar to the Wilming-
ton reference strain, the first human Thai isolate from 1965 
in Chiangrai, Thailand (TH1527), and a recent case from 
Laos (SV285) (24). Despite the worldwide coastal distribu-
tion of murine typhus, as commonly described in various 
textbooks, little is known about the molecular epidemiol-
ogy of this potentially severe disease.

The enigmatic role of R. felis in human disease is be-
ing unraveled, with emerging evidence indicating both 
pathogenic and opportunistic roles (25,26). The atypical 
symptoms of primary infection attributable to R. felis, the 
potential of mosquitoes as transmission vectors, and R. felis 
as a skin contaminant on healthy persons are intriguing re-
cent findings (27,28). In our study, the blood-borne R. felis 
(SW148) was associated with an unusual papulo-vesicular 
skin rash. This finding is consistent with yaaf, a previously 
described vesicular fever representing primo-infection 
(27). A second case (SW211) in a patient with robust evi-
dence of scrub typhus showed the presence of R. felis DNA 
in the superficial eschar swab only, possibly extending pre-
vious findings of R. felis as a skin contaminant in Africa to 
the continent of Asia (29). The recent evidence for R. felis 
playing a possible role in human disease and skin coloniza-
tion in Laos and Bangladesh, along with widespread se-
roprevalence observed in cats and fleas, provide sufficient 
evidence to pursue investigations into the transmission of 
this pathogen and its maintenance in nature (7,9,28,30).

Limitations of this study include the fact that patients 
were enrolled from 1 hospital only, limiting the reports to 
the catchment area. However, this is a large single-study 
site, given that it is the main tertiary referral hospital for 
southern Bangladesh (Figure 1). A multicenter effort would 
provide a more representative range of genotypes across 
the country, as previously performed in India (2). In ad-
dition, being hospitalized, the patients in this study were 
more likely to have symptoms toward the more severe end 
of the clinical spectrum.

In summary, scrub and murine typhus are important 
infectious diseases contributing substantially to the bur-
den of undifferentiated fever in Bangladesh. With a mor-
tality rate of 4% each, these diseases clearly require more 
attention. Empiric treatment strategies should be adapted 

to cover these treatable rickettsial illnesses, and aware-
ness among medical staff should be promoted regarding 
the diagnostic difficulties and seasonality of acute febrile 
illnesses. Studies assessing the prevalence of rickettsial 
illnesses should use both PCR and serologic testing to 
avoid missing cases and should cover 1 full calendar year 
to identify and adjust for seasonality. Further studies fo-
cusing on more in-depth assessment of transmission, inci-
dence, and potential impact of these illnesses in Bangla-
desh are needed to increase awareness, improve empiric 
treatment strategies, and inform public health interven-
tions aiming to reduce exposure.
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We built a SEIR (susceptible, exposed, infected, recov-
ered) model of smallpox transmission for New York, New 
York, USA, and Sydney, New South Wales, Australia, that 
accounted for age-specific population immunosuppression 
and residual vaccine immunity and conducted sensitiv-
ity analyses to estimate the effect these parameters might 
have on smallpox reemergence. At least 19% of New York’s 
and 17% of Sydney’s population are immunosuppressed. 
The highest smallpox infection rates were in persons 0–19 
years of age, but the highest death rates were in those >45 
years of age. Because of the low level of residual vaccine 
immunity, immunosuppression was more influential than 
vaccination on death and infection rates in our model. De-
spite widespread smallpox vaccination until 1980 in New 
York, smallpox outbreak severity appeared worse in New 
York than in Sydney. Immunosuppression is highly preva-
lent and should be considered in future smallpox outbreak 
models because excluding this factor probably underesti-
mates death and infection rates.

Smallpox virus was eradicated in 1980 but remains a cat-
egory A bioterrorism agent (1). The only official stocks 

of the virus are in the United States and Russia (2), but 
unofficial stocks could be present elsewhere. Advances in 
synthetic biology of poxviruses and availability of the full 
variola genome sequence make synthesis of smallpox virus 
in the laboratory possible (3). Smallpox could reemerge as 
a result of bioterrorism or a laboratory accident (4); thus, 
smallpox is a high priority for preparedness planning (5). 
Given that smallpox is eradicated, mathematical models 

enable researchers to predict the effects of a smallpox epi-
demic, but these predictions depend critically on the as-
sumptions of the mathematical model.

Many researchers who have developed smallpox mod-
els have been optimistic about residual vaccine-induced 
immunity and assumed a case-fatality ratio (CFR) of 30%, 
whereas estimates of outbreaks in nonimmune populations 
suggest a CFR of 50%–70% (6). Given the absence of 
smallpox in the world for nearly 40 years and loss of im-
munologic boosting from wild-type infection, the CFR of 
an epidemic today might be higher.

The immunologic status of the population has also 
changed dramatically in the decades since smallpox eradi-
cation. A larger proportion of the population today is un-
vaccinated, and residual immunity in persons who were 
vaccinated before 1980 is waning (7). In addition, the prev-
alence of HIV, advances in transplantation, and therapies 
for cancer and many autoimmune conditions have resulted 
in unprecedented rates of immunosuppression (8). In 1980, 
when smallpox was eradicated, HIV had not yet manifested 
a high global burden of disease. Similarly, bone marrow 
transplantation was in its infancy, and heart–lung trans-
plantations had not yet occurred. The fact that the propor-
tion of unvaccinated and immunosuppressed persons in the 
population is increasing has not yet been adequately con-
sidered in estimations of the effect of reemergent smallpox.

Persons born after 1980 have no immunity to small-
pox because they have never been exposed to wild-type 
virus or been vaccinated. For vaccinated cohorts, immu-
nity wanes over time, and the highest protection is present 
during the first 5 years after vaccination, possibly waning 
to zero within 5–10 years (9). Furthermore, immunose-
nescence is a predictable, exponential decline in immune 
function that occurs after 50 years of age (10) and reduces 
the body’s ability to fight infection and respond to vaccines 
(11). This phenomenon further adds to immunosuppression 
in countries with an aging population. The aim of this study 
was to estimate the effect of reemerging smallpox in New 
York, New York, USA, and Sydney, New South Wales, 
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Australia, 2 large cities with different vaccination histories 
for which estimates could be made on the population’s im-
munologic status.

Methods

Population
We used Sydney’s population in 2015 (12), which was es-
timated using data from the state of New South Wales (13). 
The New York population of the same year was derived 
from the relevant statistical collection (14). We divided 
both populations into 5-year age groups up through ages 
80–84 years and combined the eldest (persons >84 years 
of age) into a single group (Figure 1, panel A). Each age 
group was divided into vaccinated and unvaccinated com-
partments, which were then further subdivided into 3 cat-
egories of immunity: immunocompetent, mildly immuno-
suppressed, and moderate-to-severely immunosuppressed. 
We assumed that immunosuppressed persons had no resid-
ual immunity from vaccination.

Immunosuppressed Population
We considered common types of immunosuppression esti-
mated in an influenza study (15). We classified persons into 
2 categories of immunosuppression: moderate to severe 
(called severe in our model) and mild. Severe immunosup-
pression was defined as a condition in which quantifiable 
data existed to demonstrate a risk for infection more than 
twice that of an immunocompetent person. This classifica-
tion was left as a single category in the absence of reliable 
methodology to subdivide it. Mild immunosuppression was 
defined as a condition in which immunosuppression was 
documented but susceptibility to infection was estimated 
to be less than twice that of an immunocompetent host. For 
the analysis, persons with severe immunosuppression were 
assumed to have 2× and mild immunosuppression 1.5× the 
susceptibility to infection of a healthy person (16).

We sourced data for each city, and when only coun-
trywide data were available, we attributed rates from 
the countrywide data set to the respective fraction of the 
population in the city. When age-specific immunosuppres-
sion prevalence data were not available, we used yearly  

age-specific incidence data instead to calculate prevalence 
age distribution (17,18).

We estimated the populations living with cancer 
(17,19), HIV (20,21), organ transplants (22,23), respiratory 
syndromes such as asthma (24,25) and chronic obstructive 
pulmonary disease (26,27), dialysis (28,29), and autoim-
mune diseases (30,31) and divided these populations into 
the 2 immunosuppression categories for each city (online 
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/24/4/17-1233-Techapp1.pdf). We acknowledge that 
many other diseases are associated with immunosuppres-
sion. Our method underestimates the amount of immuno-
suppression in the population.

Vaccine-Induced Residual Immunity
In the United States, including New York, widespread 
smallpox vaccination occurred until 1970 (32). In con-
trast, in the geographically isolated island continent of 
Australia, quarantine was used to protect the population 
because smallpox was never endemic (32). Widespread 
vaccination never occurred in Australia; only the armed 
forces and healthcare workers were vaccinated, which 
occurred until 1979, although reactive vaccination cam-
paigns had been conducted during a smallpox outbreak in 
Sydney in 1917 (33).

For New York, we assumed 80% of the healthy popu-
lation 40–69 years of age (born before 1975) were previ-
ously vaccinated. For Sydney, we estimated the proportion 
of persons vaccinated by estimating those born before 1980 
in the following groups: healthcare workers in Sydney in 
2015 (34), members of the defense forces, and migrants 
(>30% in the Sydney population) (35), who might have 
been vaccinated in their country of origin (≈80,000 per-
sons). We estimated that, in Sydney, at most 30% of the 
total population born before 1980 (persons 35–69 years of 
age) had been vaccinated. On the basis of a mathematical 
model (36) that estimated waning immunity against severe 
smallpox as 1.41% per year after vaccination, we calcu-
lated the age-specific residual protection for vaccinated 
persons 40–69 years of age by multiplying that percentage 
by the number of years from vaccination and subtracting it 
from 100% starting protection.
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Figure 1. Characteristics of 
population used to model smallpox 
transmission, by age group, New 
York, NY, USA, and Sydney, 
New South Wales, Australia. 
Characteristics (e.g., size, age, 
immunosuppression rates) of 
populations from 2015 were used. 
A) Total population;  
B) immunosuppressed population.
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Contact Mixing
In our model, we used the heterogeneous age-specific contact 
rates from the European mixing patterns study (37). We as-
sumed that persons would greatly reduce their social contacts 
after becoming symptomatic with smallpox (38). To account 
for this change in social contact, we modified the normal 
contact matrix, multiplying the matrix by a factor (0 < x < 1) 
to reduce the number of contacts per day (39). Because of the 
lack of studies quantifying this reduction, we assumed x to be 
0.5, as in a previous study (39). Considering severe smallpox 
types are more substantially prostrating, we applied the re-
duced contact matrix to hemorrhagic and flat smallpox infec-
tions from the first day of illness. For ordinary smallpox, we 
assumed the behavior change started on the second day and 
for vaccine-modified smallpox, on the third day.

Disease Types
We categorized smallpox disease into 4 different types defined 
by infectivity (R0) and CFRs: hemorrhagic, flat, ordinary, and 
vaccine-modified. Age-specific and other model parameters 
(online Technical Appendix Table 2) as well as further model 
details are explained in the online Technical Appendix.

Smallpox Disease Type Distribution
We assumed infected persons had different probabilities of 
developing each disease type, depending on their age and 
immunologic status. The incidence of each disease type 
within each age group for healthy unvaccinated persons 
was drawn from historical outbreaks (9) (online Techni-
cal Appendix Table 3). For healthy unvaccinated persons, 
hemorrhagic smallpox ratios ranged from 7 cases/1,000 
persons infected (in the 5–9-year age group) to 200 cas-
es/1,000 persons infected (in the >85-year age group). Flat 
smallpox age-specific rates were lowest for the 10–14-year 
age group (30 cases/1,000 persons infected) and reached 
180 cases/1,000 persons infected for the oldest age group. 
For the mildly immunocompromised population, we dou-
bled the age-specific probability of hemorrhagic and flat 
smallpox. We assumed 100% of severely immunocom-
promised persons would develop hemorrhagic disease. We 
assumed the vaccinated subgroup had reduced susceptibil-
ity and rates of severe smallpox types. We estimated that 
25.3% of vaccinated persons would get vaccine-modified 
smallpox (9). We applied a waning immunity function over 
time at a rate of 1.41% per year from vaccination (36) and 
assumed the rates of hemorrhagic and flat smallpox would 
increase with time from vaccination while rates of vaccine-
modified smallpox would decrease with time from vaccina-
tion (online Technical Appendix Table 4).

Mathematical Model
We constructed a modified SEIR (susceptible, exposed, in-
fected, recovered) model for smallpox transmission (online  

Technical Appendix Table 2). The population was divided 
into vaccinated and unvaccinated compartments, which 
were then further subdivided into 3 categories of immu-
nity: immunocompetent, mildly immunosuppressed, and 
moderate-to-severely immunosuppressed. The model used 
ordinary differential equations to move populations into 
epidemiologic states related to their smallpox infectious 
status: susceptible, infected, prodromal, infectious, re-
covered, or dead. Once infected, populations were moved 
into the next state on the basis of disease duration rates. 
To obtain the age-specific force of infection (i.e., the rate 
at which susceptible persons acquire smallpox), we used 
the Euler approximation to make discrete contact rates, as-
suming the rates were proportional to the patterns observed 
in the United Kingdom. Then, to account for the different 
infectivity rates of different smallpox types, we estimated 
the transmission parameter β (i.e., the probability of getting 
infected from a contact) for each smallpox disease type to 
calculate the R0 for hemorrhagic, flat, ordinary, and vac-
cine-modified smallpox. Finally, we multiplied the force of 
infection by a parameter (α1, α2, α3, α4; online Technical Ap-
pendix Table 2) to account for the different susceptibility 
levels of different populations.

The model ran for 100 simulated days. We assumed 
an attack in a crowded public space, such as an airport, and  
started the epidemic with 51 infected in New York and 29 
in Sydney to reflect the same attack rate for each popula-
tion. We assumed a dynamic population updated each day 
using the birth (40) and age-specific death rates (41,42) 
from 2014 for both cities.

Sensitivity Analysis
We conducted a sensitivity analysis on the assumption of 
waning immunity, reducing immunity by 0.7% per year 
(approximately half the value used in the base case scenario 
[i.e., the first scenario discussed]). We present results for 3 
different assumptions about residual vaccine immunity: no 
residual immunity, base case immunity (1.41% waning im-
munity per year), and high residual immunity (0.7% wan-
ing immunity per year). We also conducted a sensitivity 
analysis to test the model outputs without considering pop-
ulation immunosuppression, which has been the approach 
in most past models (43).

Results

Population and Immunity Levels
We examined the population age distributions of New 
York and Sydney. Sydney has a higher percentage of per-
sons <20 and >55 years of age than New York (Figure 
1, panel A), whereas New York has a higher proportion 
of persons 20–39 years of age than Sydney. We esti-
mated that 4.54% of New York’s population and 3.76% 
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of Sydney’s population are severely immunocompro-
mised, 14.81% of New York’s population and 12.95% 
of Sydney’s population are mildly immunocompromised, 
59.14% of New York’s population and 72.56% of Syd-
ney’s population are healthy unvaccinated, and 21.51% of 
New York’s population and 10.73% of Sydney’s popula-
tion are healthy vaccinated. Similar proportions of the 2 
cities’ populations (19% in New York and 17% in Syd-
ney) are immunosuppressed (Figure 1, panel B). New 
York has a higher proportion of the population vaccinated 
(21%) than Sydney (10%).

Base Case Scenario
We analyzed age-specific infection (Figure 2, panel A) and 
death (Figure 2, panel B) rates using the base case scenario 
(medium immunity level) including the immunosuppressed 
population. Persons 5–19 years of age are at highest risk 
for smallpox infection in both cities (Figure 2, panel A). 
Although the proportion of persons infected in both cities is 
similar among the 0–19-year age groups, ≈25% more per-
sons in New York than Sydney become infected among the 
20–39-year age groups.

Cumulative deaths per 1,000 population increase with 
age starting with persons >20 years of age (Figure 2, panel 
B). Deaths peak in the 65–69-year age group in both cities, 
reaching 1.2 deaths/1,000 population for New York and 0.9 
deaths/1,000 population for Sydney 60 days after the start 
of the outbreak; rates increase again in those >80 years of 
age. The New York population also has a smaller peak in 
deaths in the 35–39-year age group. Although the spread 
of infection is mostly driven by higher contact rates among 
persons of young age groups, the peaks in death reflect the 
distribution of the immunosuppressed population (Figure 
1, panel B; Figure 2, panel B). The effect of residual im-
munity is more apparent in New York trends, which show a 
greater decrease in infections and cumulative deaths in the 
age groups that were previously vaccinated (40–65 years 
of age).

Looking at total rates over time, New York (Fig-
ure 3, panels A, C) and Sydney (Figure 3, panels B, D) 
have similar exponential growths of infection rates, with 
slightly higher trends for New York. The rate of infection  

reaches 0.094 infected/1,000 population for New York 
and 0.084 infected/1,000 population for Sydney 50 days 
after the smallpox introduction and increases to 0.496 
infected/1,000 population for New York and 0.452 in-
fected/1,000 population for Sydney by 70 days. The 
death rates are 0.028 deaths/1,000 population for New 
York and 0.025 deaths/1,000 population for Sydney af-
ter 50 days and reach 0.151 deaths/1,000 population for 
New York and 0.133 deaths/1,000 population for Syd-
ney by 70 days.

Residual Immunity Analysis
Infection and death rate estimates for New York, where 
vaccine coverage is more than double that of Sydney, are 
more sensitive to assumptions of residual immunity. New 
York (Figure 3, panel A) has lower rates of infection than 
Sydney (Figure 3, panel B) only in the scenario of high re-
sidual immunity. At day 50 of the outbreak, rates are ≈15% 
(base case residual immunity) and 31% (high residual im-
munity) lower in New York and 10% (base case residual 
immunity) and 17% (high residual immunity) lower in 
Sydney with residual immunity than without residual im-
munity. Differences in infection and death rates among dif-
ferent residual immunity assumptions increased with time. 
Regarding the impact on age-specific rates in New York 
(Figure 4, panel A) and Sydney (Figure 4, panel B), the as-
sumption of high residual immunity produced lower death 
rates for the older age groups.

Immunosuppression Analysis
Infection and death rates increase when including (vs. ex-
cluding) immunosuppression parameters in the model; 
greater differences are seen between New York’s infection 
rates (Figure 3, panel C) and Sydney’s infection rates (Fig-
ure 3, panel D). The difference in rates increases with time, 
reaching ≈20% in New York and 18% in Sydney at day 
50 from the start of the outbreak and 28% for New York 
and 25% for Sydney at day 70. Although including immu-
nosuppression estimates into the model produced similarly 
higher infection rates for each age group (less for the 0–4-
year age group), differences in death rates increased with 
age (Figure 4).
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Figure 2. Smallpox infection and death 
rates of population for base case 
scenario and for scenario including 
immunosuppression in model, by age 
group, New York, NY, USA, and Sydney, 
New South Wales, Australia. Characteristics 
(e.g., size, age, immunosuppression rates) 
of populations from 2015 were used. A) 
Infection rate 50 and 60 days after start of 
smallpox outbreak; B) cumulative deaths 
in population 50 and 60 days after start of 
smallpox outbreak.
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Discussion
With each passing year, population immunosuppression is 
a more influential determinant than residual vaccine immu-
nity of the severity of a smallpox epidemic. Although the 
spread of disease is highest in younger age groups, driven 
mostly by their higher contact rates, higher death rates were 
seen in older populations, reflecting the prevalence of im-
munosuppression.

The differences between New York, which has high 
vaccination coverage (an estimated ≈22% of the popula-
tion), and Sydney, which has low (≈10%) vaccination cov-
erage, demonstrate that residual immunity assumptions 
are not as influential in Sydney as in New York. However, 
the consideration of population immunosuppression, from 
medical conditions to iatrogenic factors, strongly affects 
disease transmission and deaths in both cities. This large 
population subset must be considered when modeling the 
impact of any infectious disease outbreak. We estimated 
conservatively that almost 1 in 5 persons in New York and 
1 in 6 persons in Sydney (and higher for the 60–64-year 
age group) are living with some degree of immunosuppres-
sion. Although New York has higher rates of immunosup-
pression for the 25–84-year age groups, Sydney has higher 
rates than New York for the youngest (0–19 years) and the 
oldest (>85) populations.

Residual immunity affects age-specific infection and 
death rates, with both cities showing the highest infec-
tion rates for unvaccinated young persons 5–19 years of 

age. However, death rates rise after 40 years of age, de-
spite higher vaccination coverage in this age group. For 
Sydney, even an assumption of higher immunity does 
not affect the infection or death rates greatly because of 
the low vaccine coverage before 1980. However, resid-
ual immunity becomes more influential if we use more 
optimistic assumptions of waning immunity. Note that 
persons who have been vaccinated would mount a more 
robust and rapid response to revaccination in the event of 
an outbreak and might be better protected after postex-
posure vaccination. Obtaining a vaccination history and 
checking for a consistent scar are necessary parts of out-
break management.

Although immunosuppression is a major determinant 
of the size and distribution of a smallpox outbreak, this fact 
should not be a major determinant of vaccination policy. 
Immunosuppression should continue to be an absolute con-
traindication for vaccination of persons who are not true 
contacts. Ensuring that persons with immunosuppression 
(including healthcare workers) avoid contact with persons 
with smallpox (if possible) should be a priority. Smallpox 
would always be more pathogenic than vaccinia virus, so 
any patient with a bona fide exposure to smallpox should 
be vaccinated with a fully potent vaccinia strain, such as 
ACAM2000 (44). If such patient develops a serious com-
plication, such as eczema vaccinatum or progressive vac-
cinia, the patient can be treated with ST-246 (Siga Tech-
nologies, New York, NY, USA) (45).
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Figure 3. Smallpox infection and 
death rates over time considering 
different immunologic factors 
included in model, New York, 
NY, USA, and Sydney, Australia. 
Characteristics (e.g., size, age, 
immunosuppression rates) 
of populations from 2015 
were used. A) Rates for New 
York, considering different 
levels (none, base case, 
and high) of residual vaccine 
immunity with the inclusion of 
immunosuppressed population. 
B) Rates for Sydney, considering 
different levels (none, base 
case, and high) of residual 
vaccine immunity with the 
inclusion of immunosuppressed 
population. C) Rates for New 
York, including and excluding 
immunosuppression with 
base case level of residual 
vaccine immunity. D) Rates for 
Sydney, including and excluding 
immunosuppression with  
base case level of residual 
vaccine immunity.
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Our study is subject to some limitations. We used an 
underestimate of immunosuppression; other conditions 
causing immunosuppression, such as diabetes, were not 
considered. We also used conservative estimates for the 
increased risk for infection in immunosuppressed persons 
and grouped persons with severe and moderate immuno-
suppression into single categories because of the absence 
of more specific data to categorize them further by degree 
of immunosuppression. The contact matrix we used was 
estimated in a study conducted in the United Kingdom 
in 2006, which might not necessarily reflect New York 
or Sydney social contact patterns (37). Furthermore, con-
tacts with symptomatic infectious patients will probably 
drop to near zero once an outbreak has been confirmed 
and patients are well isolated, assuming adequate health 
system capacity for isolation and treatment of smallpox 
patients. The data in the model on age-specific rates of 
smallpox were obtained from hospitalized patients (9), 
which might overestimate the rates of severe disease in 
the model outputs.

The speed and vigor with which smallpox control ef-
forts are implemented should be major aspects of control 
efforts and need to be tested in a model that accounts ad-
equately for immunosuppression. Ensuring adequate hos-
pital care and isolation facilities will also help in epidemic 
control. During the Ebola epidemic in West Africa, lack of 
beds resulted in widespread community transmission, and 
modeling showed that 70% of patients needed to be in treat-
ment facilities to control the epidemic (46). The response 
to severe acute respiratory syndrome, with its rapid control 
despite the lack of a vaccine or antiviral agent, showed that 
patient isolation can be very successful (47). Experiences 
with severe acute respiratory syndrome, Ebola, and Mid-
dle East respiratory syncytial coronavirus also illustrate 
the heavy toll on healthcare workers (48), who should be 
assumed to be at high risk for infection in the event of a 
smallpox outbreak.

Given waning smallpox vaccine immunity (nearly 4 
decades since eradication and a dwindling vaccinated pop-
ulation), the influence of population immunosuppression is 
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Figure 4. Smallpox infection 
and death rates with different 
levels of residual vaccine 
immunity including and excluding 
immunosuppression in model 
of smallpox transmission, by 
age group, New York, NY, 
USA, and Sydney, Australia. 
Characteristics (e.g., size, age, 
immunosuppression rates) of 
populations from 2015 were used. 
A) New York 50 days after start 
of smallpox outbreak with no 
(top), base case (middle), and 
high (bottom) residual vaccine 
immunity. B) Sydney 50 days  
after start of smallpox outbreak 
with no (top), base case (middle),  
and high (bottom) residual  
vaccine immunity.
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greater than that of residual vaccine immunity, yet has not 
been adequately considered in smallpox epidemic model-
ing. Advances in medicine and new endemic diseases, such 
as HIV, have resulted in almost 1 in 5 persons living with 
immunosuppression in large metropolitan cities. Immuno-
suppression must be considered in preparedness planning 
and poses a challenge for vaccination strategies during po-
tential smallpox outbreaks.
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Hand, foot and mouth disease (HFMD) is a major public 
health issue in Asia and has global pandemic potential. Cox-
sackievirus A6 (CV-A6) was detected in 514/2,230 (23%) of 
HFMD patients admitted to 3 major hospitals in southern 
Vietnam during 2011–2015. Of these patients, 93 (18%) 
had severe HFMD. Phylogenetic analysis of 98 genome 
sequences revealed they belonged to cluster A and had 
been circulating in Vietnam for 2 years before emergence. 
CV-A6 movement among localities within Vietnam occurred 
frequently, whereas viral movement across international 
borders appeared rare. Skyline plots identified fluctuations 
in the relative genetic diversity of CV-A6 corresponding 
to large CV-A6–associated HFMD outbreaks worldwide. 
These data show that CV-A6 is an emerging pathogen and 
emphasize the necessity of active surveillance and under-
standing the mechanisms that shape the pathogen evolu-
tion and emergence, which is essential for development and 
implementation of intervention strategies.

Hand, foot and mouth disease (HFMD) is an emerg-
ing infection that has overwhelmed countries in the 

Asia–Pacific region over the past 2 decades. The outbreak 
in Sarawak, Malaysia, in 1997 caused 2,628 reported cases 
and 29 deaths and marked the start of explosive regional 
HFMD outbreaks in subsequent years. On average, >1  

million cases have been recorded in China annually since 
2008 (1). In Vietnam, the average annual incidence is 
≈80,000 cases; an epidemic peak occurred during 2011–
2012, resulting in >200,000 cases and >200 deaths (2).

HFMD is caused by enterovirus A (genus Enterovi-
rus, family Picornaviridae), but the epidemic patterns un-
til now have been punctuated by the frequent replacement 
of dominant pathogens between enterovirus serotypes 
over time. Enterovirus A71 (EV-A71) and coxsackievirus 
A16 (CV-A16) have been regarded as the major causes of 
HFMD (3). CV-A6 was isolated in the United States in 
1949 (4) and has steadily become one of the main viruses 
causing HFMD outbreaks in Europe, America, and Asia, 
including China, Japan, Taiwan, and Thailand (3,5–10). 
Unlike EV-A71, for which the (sub)genogroup designa-
tion has been well established (11), but similar to other 
coxsackieviruses (CV-A16 and CV-A10), CV-A6 is ar-
bitrarily divided into several phylogenetic clusters or lin-
eages, from cluster A to F (12) or lineage A to E (E1 and 
E2) (3). Cluster A/lineage E2 is distributed worldwide 
and has frequently been detected in recent outbreaks. We 
use the term cluster in this article.

Despite the public health burden of HFMD, no antivi-
ral drug has been clinically proven effective. A vaccine for 
EV-A71 has recently been licensed in China only (13), and 
CV-A16 vaccines (either monovalent or EV-A71/CV-A16 
bivalent forms) are under development (14,15).

The emergence of CV-A6 has further challenged the 
development of intervention strategies, including vaccines, 
to reduce the burden of HFMD (13). It also emphasizes the 
need to better understand the molecular evolution of this 
emerging pathogen, which is essential for development of 
an effective CV-A6 vaccine in the future (16). However, 
few studies from endemic countries have documented 
the longitudinal evolution of CV-A6 (5,17–19). In this 
study, we applied next-generation sequencing to obtain 
whole-genome sequences for CV-A6 strains sampled from  
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primary, secondary, and tertiary referral hospitals in Ho 
Chi Minh City, Vietnam, during 2011–2015. To investi-
gate the molecular evolution and recent spread of CV-A6, 
we performed phylogenetic and phylogeographic analysis 
on both a global scale and within the southern provinces  
of Vietnam.

Materials and Methods

Patients and Clinical Samples
We obtained the clinical samples used in this study from 
patients enrolled in an HFMD research program in which 
outpatients and inpatients with all severities of disease were 
recruited (20). During August 2011–June 2013, we carried 
out the research program at the pediatric intensive care unit 
(PICU) of the Hospital for Tropical Diseases in Ho Chi 
Minh City, Vietnam. This PICU admitted only patients with 
severe HFMD (the clinical grading system is described in 
the online Technical Appendix, https://wwwnc.cdc.gov/
EID/article/24/4/17-1298-Techapp1.pdf). In the subse-
quent phase (July 2013–December 2015), we expanded 
patient enrollment to outpatient clinics, infectious disease 
wards, and PICUs in 3 major referral hospitals in Ho Chi 
Minh City (Children’s Hospital 1, Children’s Hospital 2, 
and Hospital for Tropical Diseases). We selected for analy-
sis CV-A6–positive throat and rectal swab specimens with 
sufficient viral load (samples with real-time PCR crossing 
point values of <30 [21]) collected in viral transport me-
dium from study participants. The real-time reverse tran-
scription PCR (RT-PCR) methods used are described in the 
online Technical Appendix.

CV-A6 Whole-Genome Sequencing and  
Sequence Assembly
We performed whole-genome sequencing of CV-A6 on the 
selected swabs with sufficient viral load using a previously 
described MiSeq-based approach (21). In brief, we pre-
treated 110 µL of selected swab specimens in viral trans-
port medium by a centrifugation step at 13,000 rpm for 10 
min to remove host cells or large cellular components and 
followed this step with DNase treatment of the obtained 
supernatants. We then isolated viral nucleic acid (NA) us-
ing a QIAamp viral RNA kit (QIAGEN, Hilden, Germany) 
and recovered it in 50 µL of the elution buffer (provided 
with the kit). We subjected 10 µL of the isolated NA to 
cDNA synthesis using a Super Script III kit (Invitrogen, 
Carlsbad, CA, USA) and FR26RV-Endoh primer (21). We 
then converted the cDNA to double-stranded DNA using 
exo-Klenow (Invitrogen) and preamplified the cDNA using 
Platinum PCR supermix (Invitrogen) and FR20RV primer 
(21). We then purified the PCR product and subjected it to 
library preparation using a Nextera XT DNA sample prep-
aration kit (Illumina, San Diego, CA, USA). Finally, we  

sequenced the product using MiSeq reagent kits (Illumina) 
in a MiSeq platform (Illumina) (21).

We performed whole-genome sequence assembly 
using the Geneious 8.1.5 software package (Biomatters, 
Auckland, New Zealand) with a reference-based mapping 
approach. This method involves the mapping of individual 
reads of each sample to a reference sequence and manual 
editing of the consensus.

Multiple Sequence Alignment, Recombination  
Detection, and Phylogenetic Analysis
We performed multiple sequence alignment using MUS-
CLE (multiple sequence comparison by log-expectation) 
(22), available in Geneious. For Vietnam sequences, we 
then calculated the percentages of sequence identities 
among them from the resulting multiple sequence align-
ment files using Geneious.

We inferred recombination using a combination of 
methods (Chimera, GENECONV, Maxchi, Bootscan, and 
Siscan) within RDP4 (Recombination Detection Program 
version 4) (22) using the default settings with recombina-
tion supported if >3 methods showed significant values 
(p<0.05) and reconfirmed findings by phylogenetic analy-
sis. We then removed identified recombinants from further 
phylogenetic analysis.

To investigate the relationship between Vietnam CV-
A6 strains and global strains downloaded from GenBank, 
we constructed maximum-likelihood trees for viral capsid 
protein 1 (VP1) and complete coding sequences (CDS) 
using IQ-TREE version 1.4.3 (23). The maximum likeli-
hood phylogenetic analysis used the general time reversible 
(for CDS dataset) and Tamura-Nei 93 (for VP1 dataset) 
nucleotide substitution models with a gamma distributed 
among site rate variation (4 rate categories). We assessed 
support for individual nodes using a bootstrap procedure  
(10,000 replicates).

We analyzed the phylogeographic history of CV-A6 
in Vietnam and worldwide using BEAST version 1.8.3 
(https://github.com/beast-dev/beast-mcmc/releases/tag/
v1.8.3). We performed this analysis for both complete CDS 
and VP1 sequences downloaded from GenBank (October 
2016) and the sequences obtained from the present study. 
For GenBank sequences, we excluded all the partial se-
quences, identical sequences, sequences with internal gaps, 
recombinant sequences, and sequences without sampling 
dates or locations. We then performed regression analysis 
implemented in TempEst (https://academic.oup.com/ve/
article/2/1/vew007/1753488) to further exclude sequences 
with insufficient temporal signals. For global strains, 170 
VP1 and 52 complete CDS sequences from China, Finland, 
France, India, Japan, Spain, Taiwan, and the United King-
dom were included for analysis. For Vietnam sequences, 
we used 98 sequences. Southern provinces in Vietnam 
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from where the viruses were sampled were grouped into 
3 discrete locations: Ho Chi Minh City (from where about 
half of the HFMD cases from Vietnam have been reported), 
southeast provinces (Long An, Can Tho, Tien Giang, Kien 
Giang, Dong Thap, and Hau Giang provinces), and Mekong 
Delta provinces (Tay Ninh, Dong Nai, Binh Duong, Binh 
Phuoc, Ba Ria, and Vung Tau provinces). Small sample 
sizes from individual provinces precluded phylogeographic 
analyses at a finer spatial scale.

For all analyses, we used the general time reversible 
(24) (for the CDS dataset) and Tamura-Nei 93 (25) (for the 
VP1 dataset) nucleotide substitution models with a gamma 
distributed among site rate variation (4 rate categories) (as 
indicated by IQ-TREE), the strict molecular clock model, 
and a Bayesian skyline plot (10 groups). We employed a 
Bayesian Markov chain Monte Carlo framework (avail-
able in BEAST) with 800 million steps and sampling ev-
ery 80,000 steps. We assessed convergence using Tracer 
version 1.5 (http://tree.bio.ed.ac.uk/software/tracer/). We 
selected a burn-in threshold of 10% and accepted effective 
sample size values above 200. Maximum-clade credibility 
(MCC) trees were then summarized with TreeAnnotator 
(available in the BEAST package) and visualized in Fig-
tree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).

To estimate the relative genetic diversity of CV-A6 
over time, we analyzed CDS and VP1 sequences separately 
using the same Bayesian skyline method. We submitted the 
sequences of CV-A6 obtained in this study to the National 
Center for Biotechnology Information (GenBank accession 
nos. MF578282–MF578381).

Ethics Considerations
The study was approved by the corresponding institutional 
review board of the local hospitals in Vietnam where pa-
tients were enrolled: Children’s Hospital 1, Ho Chi Minh 
City; Children’s Hospital 2, Ho Chi Minh City; and Hos-
pital for Tropical Diseases, Ho Chi Minh City. The study 
was also approved by the Oxford Tropical Research Ethics 
Committee and was performed in accordance with the ethics  

standards noted in the 1964 Declaration of Helsinki and its 
later amendments, or comparable ethics standards.

Results

Baseline Characteristics of Patients with  
CV-A6 Infections
During August 2011–December 2015, a total of 514 pa-
tients with HFMD had specimens that tested positive for 
CV-A6, accounting for 23% of the HFMD study partici-
pants who were enterovirus PCR positive (n = 2,230). We 
detected EV-A71 in 36% (812) of the patients, CV-A16 
in 10% (240), and CV-A10 in 7% (164). Temporally, the 
detection rate of CV-A6 in HFMD patients increased from 
6% in 2011 to 13% in 2012, 18% in 2013, 32% in 2014, 
and 29% in 2015 (Figure 1). Complete data on demograph-
ics and clinical grades were available from 510/514 CV-
A6 infected patients (Table). Although CV-A6–associated 
HFMD was mostly mild, 93 (18%) patients had grade 2b1, 
2b2, or 3 HFMD (i.e., severe HFMD), accounting for 76/76 
(100%) of patients with CV-A6 who were enrolled in the 
first phase of the study and 17/434 (4%) of patients with 
CV-A6 who were enrolled in the second phase of the study.

CV-A6 Whole-Genome Sequences
From the 514 patients who had CV-A6, we subjected 131 
swabs (97 throat swabs and 34 rectal swabs) with suffi-
cient viral load to whole-genome sequencing. Of these, 
we successfully recovered 100 nearly complete or com-
plete coding sequences (80%). We identified evidence of 
recombination in 2 CV-A6 sequences (data not shown) 
and removed these 2 sequences from subsequent phylo-
genetic analyses.

Phylogeny and Phylogeography
Phylogenetic analyses of 282 VP1 sequences of global 
strains, including 98 from Vietnam, showed that CV-A6 
was grouped into 6 genetic clusters, in agreement with a 
previous report (12). All of the Vietnam CV-A6 isolates  
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Figure 1. Temporal distribution 
of PCR-positive hand, foot 
and mouth disease cases and 
detection rates of CV-A6  
during 2011–2015, Vietnam.  
CV, coxsackievirus.
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belonged to cluster A (Figure 2), showing nucleotide iden-
tity of 91.8%–100% and amino acid identity of 98.6%–
100%. This genogroup consists of viruses sampled from 
various geographic locations worldwide, whereas the CV-
A6 strains from Vietnam fell within a viral lineage consist-
ing of CV-A6 strains from China, India, Japan, Taiwan, 
and the United Kingdom.

Delineating the dispersal of an emerging pathogen be-
tween geographic locations and within endemic countries 
is critical for outbreak control. In-depth phylogeographic 
analysis for all 13 discrete provinces from where the pa-
tients came was uninformative because of the small sample 
sizes from some provinces. When we conducted the anal-
ysis for 3 main discrete geographic locations, the results 
revealed that CV-A6 spread widely within southern Viet-
nam during the sampling period (Figure 3, panel A; online 
Technical Appendix Figure 1, panel A). This finding is in 
contrast with what has been observed at the international 
level, at which movement of CV-A6 between endemic 
countries appears rare (Figure 3, panel B; online Technical 
Appendix Figure 1, panel B).

Estimation of the time to the most recent common an-
cestor in the phylogeny including only strains from Viet-
nam suggested that the CV-A6 lineage that circulated in 
Vietnam during this time period began circulating within 
the country by 2010. This estimation is consistent between 
VP1-based and complete CDS-based analyses, which 
show time to most recent common ancestor estimates of  
November 2010 (95% CI May 2010–March 2011) and May 
2010 (95% CI February 2010–August 2010), respectively. 
These estimates suggest that CV-A6 was being transmit-
ted in Vietnam for at least 2 years before becoming the  

dominant cause of HFMD in 2012. The nucleotide substitu-
tion rate of VP1 sequences was estimated to be 7.42 × 10–3 
(95% CI 6.1126 × 10–3 to 8.722 × 10–3) and the nucleo-
tide substitution rate of complete CDS was estimated to be 
4.556 × 10–3 (95% CI 4.209 × 10–3 to 4.913 × 10–3) substitu-
tions per site per year. 

CV-A6 Demographics
Because of the relatively small number of CV-A6 whole 
genome sequences available in GenBank, we first assessed 
the global demographic history of the lineage using skyline 
plot analysis on VP1 sequences. The Bayesian VP1-based 
skyline plot of genogroup A viruses sampled across the 
world revealed fluctuations in the relative genetic diversity 
of CV-A6 from 2008 onward, especially during 2010–2012 
(Figure 4, panel A), highlighting notable changes in viral 
diversity. This phenomenon coincided with CV-A6 out-
breaks reported worldwide, including the 2008 Finland 
outbreak and major outbreaks affecting Asia, Europe, and 
the United States in subsequent years.

Bayesian skyline plot analysis for the CDS of the Viet-
namese viruses alone did not suggest any major changes 
in relative genetic diversity during 2011–2015 compared 
with a global scale (Figure 4, panel B). Similar results were 
obtained when the analyses were done for VP1 sequences 
of the Vietnam strains and CDS of global strains (online 
Technical Appendix Figure 2).

Discussion
We report the evolutionary process of CV-A6 in Vietnam 
during 2011–2015. In addition, we summarize its detection 
rate in HFMD patients and associated demographics and 
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Table. Demographics and clinical severity grades for patients with CV-A6–associated HFMD, Vietnam, 2011–2015* 

Demographics Total, n = 510 2011–2012, n = 76 2013–2015, n = 434 

Group 1, patients with 
CDS included in 
analyses, n = 98 

Group 2, patients excluded 
from phylogenetic analyses, 

n = 412 
Sex      
 M 330 (64.7) 50 (65.8) 280 (64.5) 68 (69.4) 262 (63.6) 
 F 180 (35.3) 26 (34.2) 154 (35.5) 30 (30.6) 150 (36.4) 
Age, mo      
 Median 16.07 15.23 16.18 15.52 16.17 
 IQR 11.57–22.46 9.83–24.74 11.85–22.43 10.68–24.48 11.71–22.41 
Highest grade      
 1 188 (36.8) 0 188 (43.3) 39 (39.8) 149 (36.1) 
 2a 229 (44.9) 0 229 (52.8) 26 (26.5) 203 (49.3) 
 2b1 81 (15.9) 68 (89.5) 13 (3.0) 30 (30.6) 51 (12.4) 
 2b2 5 (1.0) 2 (2.6) 3 (0.7) 1 (1.0) 4 (1.0) 
 3 7 (1.4) 6 (7.9) 1 (0.2) 2 (2.0) 5 (1.2) 
Location      
 HCMC 327 (64.1) 54 (71.1) 273 (62.9) 57 (58.2) 270 (65.5) 
 Mekong Delta† 89 (17.5) 17 (22.4) 72 (16.6) 21 (21.4) 68 (16.5) 
 Southeast‡ 88 (17.3) 5 (6.6) 83 (19.1) 20 (20.4) 68 (16.5) 
 Others§ 6 (1.1) 0 6 (1.4) 0 6 (1.5) 
*Values are no. (%) patients except as indicated. CV, coxsackievirus; HCMC, Ho Chi Minh City; HFMD, hand, foot and mouth disease; IQR, interquartile 
range. 
†Long An, Can Tho, Tien Giang, Kien Giang, Dong Thap, and Hau Giang provinces. 
‡Tay Ninh, Dong Nai, Binh Duong, Binh Phuoc, Ba Ria, and Vung Tau provinces. 
§Binh Thuan (n = 2), Hai Duong (n = 1), Quang Ngai (n = 1), Khanh Hoa (n = 1), and Thanh Hoa (n = 1). 
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clinical outcomes. Of 510 patients with CV-A6 infection, 93 
(18%) had severe HFMD (grade 2b1 or above). However, 
18% should not be interpreted as the proportion of CV-A6 
infections associated with severe disease because most se-
vere cases (76/93 [82%]; Table) came from the first phase 
of the study, during which only patients with severe HFMD 
were enrolled. However, when patients with all severities of 
HFMD were enrolled in the second phase of the study, CV-
A6–associated severe HFMD accounted for 4% (17/434; 
Table) of the total number of CV-A6 patients. This result is 
in accordance with previous reports showing that HFMD is 
a mild disease with sporadic severe cases and demonstrates 
the potential association of CV-A6 with severe HFMD (26).

Our analysis placed the Vietnam CV-A6 strains within 
cluster A of CV-A6. This cluster A includes viruses sampled 
from various countries worldwide, and has emerged only re-
cently: in Finland in 2008, followed by France, the United 
Kingdom, and subsequently the United States and countries 
in Asia in subsequent years (3,5,6,8–10,18). Although this  

migration highlights the global dispersal of cluster A viruses, 
and their potential to cause outbreaks worldwide, phylogeo-
graphic analysis of global strains did not reveal a high frequen-
cy of CV-A6 movement between endemic countries. In con-
trast, viral transmission between geographic locations within 
southern Vietnam appeared frequently; Ho Chi Minh City is a 
likely source of viral circulation given the observed phylogeo-
graphic patterns, and transmission is highly connected with 
other endemic countries in the region and southern provinces 
in Vietnam through international and domestic transport. This 
observation is in agreement with previously observed pat-
terns of EV-A71 transmission within and between endemic  
countries (20,27). 

HFMD affects mostly young children, especially those 
<5 years of age, and humans are the only known natural 
host of HFMD-causing enteroviruses. It is therefore likely 
that human movement is critical to the transmission and 
spread of HFMD at both global and local scales. Although 
young children likely play a major role in local transmission 
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Figure 2. Maximum-likelihood tree of viral capsid protein 1 sequences of coxsackievirus A6 strains from Vietnam and worldwide. 
Branches are colored by cluster; cluster A, which includes the Vietnam strains, is indicated. Scale bar indicates nucleotide substitutions 
per site.



Emerging Coxsackievirus A6, Vietnam

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 659

Figure 3. Maximum clade credibility trees illustrating the phylogeography of coxsackievirus A6. A) Complete coding sequence–based 
tree of Vietnam strains; B) viral capsid protein 1–based tree of global strains. Branches are color-coded according to location of 
sampling. Posterior probabilities >85% and state probabilities >75% (black circles) are indicated at all nodes. Map in panel A obtained 
from https://mapchart.net.
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of these pathogens, asymptomatic adults carrying HFMD-
causing viruses have previously been reported (28); be-
cause adults are more likely to travel longer distances, they 
may play an integral role in the movement of these viruses 
across long distances.

Dating analysis based on VP1 and CDS consistently 
showed that CV-A6 had been circulating in Vietnam for 
2 years before it emerged as a cause of illness in 2012 and 
subsequently become a dominant pathogen of HFMD. This 
finding parallels previous studies showing that emerg-
ing EV-A71 subgenogroups circulated cryptically for 2–3 
years before emergence (20,27). Likewise, although our 
estimated evolutionary rates of CV-A6 were slightly differ-
ent between VP1 and complete CDS, this finding is likely 
because CV-A6 VP1 is the main target of neutralizing an-
tibody (29) and is therefore subjected to a higher selection 

pressure than other viral proteins. Still, our findings were 
within the ranges of previous estimations for emerging en-
teroviruses such as EV-A71 (27).

Skyline plots generated using global strains illustrate 
that CV-A6 cluster A maintained a relatively constant 
population size until 2010–2011, when a sharp increase 
in relative genetic diversity was detected along with out-
breaks in several countries. Notably, although the most re-
cent common ancestor for the Vietnam CV-A6 lineage is 
inferred to have existed during the first half of 2010, the 
first CV-A6 infections found in this study were in patients 
enrolled in September 2011. The skyline plot did not reveal 
major changes in terms of genetic diversity of the Vietnam 
CV-A6 strains during the study period, which may suggest 
that large-scale transmission occurred in the community for 
some months before its detection in hospitals.
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Figure 4. Skyline plots depicting 
the relative genetic diversity 
of CV-A6 over time. A) Result 
obtained from the analysis of 
viral capsid protein 1 sequences 
of global strains; B) result 
obtained from the analysis of 
complete coding sequences of 
Vietnam strains.  Blue shading 
indicates 95% highest posterior 
density interlude. Arrows in 
panel A indicate worldwide CV-
A6 outbreaks and associated 
fluctuations in relative genetic 
diversity; map (obtained from 
https://mapchart.net) illustrates 
the countries in which CV-A6–
associated HFMD outbreaks 
have been recorded to date 
(3). No sequences from Cuba, 
Singapore, or the United States 
fulfilled the selection criteria for 
the skyline plot and phylogenetic 
analyses (see Methods section). 
CV, coxsackievirus.
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The observed demographic features in this study should 
be interpreted with caution. For the Vietnam CV-A6 strains, 
the discordance between the fluctuating numbers of CV-A6 
infections detected per year and the relatively constant de-
mographic picture illustrated by the skyline plot may be the 
result of sampling bias inherent to the study, the initial fo-
cus of which was enrollment of patients with severe enough 
illness to go to the pediatric ICU; only later expansion in-
cluded patients at outpatient facilities. Viruses of the family 
Picornaviridae (including CV-A6) are ubiquitous, and most 
infections are asymptomatic. It is therefore possible that the 
proportion of CV-A6 viruses detected during the first half of 
this study may have underestimated the overall epidemio-
logic burden of CV-A6 relative to other HFMD-causing en-
teroviruses during this time period because of the focus on 
severe cases, given that CV-A6 is proportionally less likely 
to cause severe disease than EV-A71. Likewise, for global 
strains, the skyline plot analysis in this study was in part 
based on publicly available CV-A6 sequences derived from 
studies across the world, of which most were from recent 
epidemic years (online Technical Appendix Figure 3); as 
such, the dramatic fluctuations in relative genetic diversity 
shown on the skyline plot in highly sampled epidemic years 
may be partly attributed to this sampling bias. However, the 
general trend toward increasing genetic diversity shown in 
the skyline plot during 2002–2015 would not be strongly af-
fected by this bias and is likely to reflect a true increase in 
CV-A6 infections and genetic diversity during this period.

Together, these data emphasize the importance of ac-
tive surveillance for molecular epidemiology of HFMD 
in disease-endemic countries. It is also critical to identify 
the underlying mechanisms that shape the evolutionary 
process and the emergence of new HFMD-causing entero-
virus lineages in countries with high HFMD endemicity. 
Further research in these key areas would have profound 
implications for the development and implementation of 
HFMD vaccines. We hypothesize that population immu-
nity and antigenic differences between circulating strains 
and emergent lineages are key drivers of the transmission 
dynamics and epidemiology of HFMD; therefore, studies 
to characterize cross-neutralization titers in serum samples 
of patients infected with common serotypes, including EV-
A71, CV-A6, CV-A10, and CV-A16, to inform vaccine 
development are needed and ongoing.
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Avian influenza A(H7N9) virus has caused 5 epidemic waves 
in China since its emergence in 2013. We investigated the 
dynamic changes of antibody response to this virus over 
1 year postinfection in 25 patients in Suzhou City, Jiangsu 
Province, China, who had laboratory-confirmed infections 
during the fifth epidemic wave, October 1, 2016–February 
14, 2017. Most survivors had relatively robust antibody re-
sponses that decreased but remained detectable at 1 year. 
Antibody response was variable; several survivors had low 
or undetectable antibody titers. Hemagglutination inhibition 
titer was >1:40 for <40% of the survivors. Measured in vitro 
in infected mice, hemagglutination inhibition titer predicted 
serum protective ability. Our findings provide a helpful sero-
logic guideline for identifying subclinical infections and for 
developing effective vaccines and therapeutics to counter 
H7N9 virus infections. 

The novel avian influenza A(H7N9) virus has caused 5 
epidemic waves in China since its emergence in 2013. 

As of September 20, 2017, a total of 1,561 human cases 
were reported, with a case fatality rate of ≈39% (1). In par-
ticular, a substantial increase of 758 human cases was re-
ported during the fifth epidemic, compared with the earlier 4 
(1). Highly pathogenic H7N9 viruses emerged and infected 
both humans (1) and poultry (2) during the fifth epidemic. 
In addition, H7N9 virus readily obtained the 627K or 701N 
mutation in its polymerase basic (PB) 2 segment upon repli-
cation in ferrets (3), suggesting that the virus has pandemic 
potential and continues to pose grave risks to public health.

The H7N9 subtype has the highest risk score among 
the 12 novel influenza A viruses evaluated by the Centers 

for Disease Control and Prevention using the Influenza Risk 
Assessment Tool and is characterized as posing moderate- 
to high-potential pandemic risk (4). Apart from the ongo-
ing monitoring of virologic and molecular characteristics 
of H7N9 viruses in poultry and humans, studies on the dy-
namic changes of antibody response in survivors are critical 
for serologic diagnosis, population-based seroepidemiologic 
surveys, and vaccine design and development. A few stud-
ies have investigated virus-specific antibody kinetics to the 
H7N9 virus in patients and their relationship with disease 
severity (5–7), but these studies were restricted to antibodies 
measured in the acute and convalescent phases. No follow-
up studies have been done on dynamic antibody changes in 
survivors who had recovered from the disease. As a result, 
the long-term serologic response to H7N9 virus infections 
is poorly understood and remains of clinical interest. In our 
study, we investigated the long-term dynamic changes in an-
tibody response in H7N9 survivors identified during the fifth 
epidemic in China and examined the relationship between 
antibody responses and clinical characteristics.

Materials and Methods

Study Design and Participants
During the fifth epidemic wave of the H7N9 virus (Octo-
ber 1, 2016–February 14, 2017), we conducted a longitudi-
nal serologic survey on a cohort patient who had recovered 
from the disease in Suzhou, Jiangsu Province, China. We 
screened 34 patients who had laboratory-confirmed cases 
and were >18 years of age when they were discharged from 
the hospital (Figure 1). We enrolled 25 of these patients in 
our study after obtaining informed consent and prospectively 
followed them at ≈100, 200, and 300 days after symptom 
onset (Figure 1). In addition, we enrolled 10 control subjects 
who live in an area without known H7N9 virus detections, 
denied close contact with live poultry or live bird markets 
during the previous 12 months, and had no known diseases 
or conditions that would reduce their immune response.
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We obtained written informed consent from all par-
ticipants before conducting interviews and sample collec-
tion. The study protocol was approved by the Institutional 
Review Boards of Beijing Institute of Microbiology and 
Epidemiology and Suzhou Municipal Center for Disease 
Control and Prevention. The study was also approved by 
the Animal Care and Use Committee at the Academy of 
Military Medical Sciences.

Sampling and Data Collection
At patient enrollment, we used a comprehensive question-
naire to collect information about patients’ demographic and 
clinical characteristics, history of exposure to poultry, and 
history of seasonal influenza vaccination. We included ar-
chived acute- or convalescent-phase serum samples from the 
participants in our study. At each of the 3 follow-up visits, 
we asked each participant to provide a 5-mL blood sample. 
We used a shorter questionnaire to collect information about 
demographic characteristics, recent history of exposure to 
poultry, and experience of influenza-like illness.

Serologic Testing
We measured serum hemagglutination inhibition (HI) 
antibody (8) by the HI assay; neutralizing antibody by 

the microneutralization (MN) assay (9); neuraminidase 
inhibition (NI) antibody by the enzyme-linked lectin as-
say (ELLA) (10); and IgG or IgA antibodies by ELISA 
(5). For HI, NI, and MN detection, we applied 2-fold se-
rial dilutions of serum from 1:10 to 1:280. We defined 
the HI titer as the reciprocal of the highest serum dilution 
that completely inhibited hemagglutination; the NI titer 
as the reciprocal of highest serum dilution that exhibited 
50% inhibition concentration (IC50); and the MN titer as 
the reciprocal of the highest serum dilution that yielded 
>50% neutralization. For final titers <1:10 we assigned 
a value of 1:5 (seronegative). For IgG and IgA detection, 
we tested serum samples at a starting dilution of 1:50 with 
2-fold serial dilutions to 1:12,800. The endpoint titer was 
the highest dilution giving an optical density at least twice 
that of background. The final titers <1:50 we assigned a 
value of 1:25. We used a human H7N9 isolate (A/Jiangsu/
Wuxi05/2013) for the HI and MN assays. We used a ge-
netic reassortant H6N9 virus, which contains the hemag-
glutinin gene of H6N1 virus A/Taiwan/1/2013, the neur-
aminidase gene of H7N9 virus A/Anhui/1/2013, and other 
internal genes of A/Puerto Rico/8/1934 H1N1, for ELLA. 
We used currently circulating human seasonal viruses 
(A/Shanghai/SWL1970/2015/H1N1 and A/Switzerland/ 

Figure 1. Schematic outline 
for study of influenza A(H7N9) 
virus antibody responses in 
survivors 1 year after  
infection, China, 2017. IQR, 
interquartile range.
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9715293/2013/H3N2) to examine the serum samples for 
cross-reacting antibodies with HI assay.

We defined a seroprotective threshold as an HI, NI, or 
MN antibody titer of 40. A titer of >1:40 of HI, NI, or MN 
antibody has been shown to protect against seasonal influ-
enza viruses (11–13) and is considered protective against 
H7N9 infection in humans, but has not been proven so. 
There is no established correlation of protection for IgG 
and IgA titers for influenza virus infection, but any detect-
able antibody level is deemed protective. We set the cutoff 
value for IgG titer to 1:400 because the mean titer among 
control serum samples was 1:350.

Human Serum Passive Transfer and H7N9 Infection  
of Mice
We obtained 42 female 4-week-old specific pathogen-free 
BALB/c mice from the Laboratory Animal Center, Acad-
emy of Military Medical Sciences, Beijing, China. The mice 
weighed 13.3 ± 0.9 g. We injected 3 mice per group intrave-
nously with 40 μL of human serum (2-fold serial HI titration 
ranged from 1:5 to 1:1,280) 12 hours before injecting them 
intranasally with 20 μL of 10 × 50% lethal dose of H7N9 
virus. We gave an equal volume of healthy donor serum or 
phosphate-buffered saline to control mice. We observed the 
mice daily for signs of disease for <3 days. We conducted all 
work with the H7N9 virus in the Biosafety Level 3 laborato-
ry of the State Key Laboratory of Pathogen and Biosecurity.

Antibody in Serum and Virus Titers in Lungs of Mice
We collected blood from the mice 12 hours after injection 
with human serum. Because we transferred only 40 μL se-
rum to the mice and there was ≈30-fold dilution of >1 mL 
blood, we expected the HI titer in mice to be undetectable. 
Therefore, we used the ELISA method to measure IgG 
titers. To obtain virus titers, we harvested the lungs of 3 
mice at 3 days after virus infection and homogenized them 
into 1.5 mL of Dulbecco’s Modified Eagle Medium using a 
manual homogenizer. We aliquoted lung homogenates and 
kept them at –80°C. We determined the viral titer using the 
tissue culture infectious dosage on MDCK cells.

Statistical Analysis
We analyzed the antibody titers with log10-transformed 
geometric means and 95% CIs. We calculated the propor-
tion of antibody titers equal to or greater than seroprotec-
tive threshold (HI, NI, and MN) or limit of detection and 
associated 95% CI. We used Mann-Whitney U test for 
testing the differences in antibody titers and χ2 test and 
Fisher exact test for testing the differences in proportion of 
antibody titers above thresholds. All statistical tests were 
2-sided with a significance level of 0.05. We conducted all 
statistical analyses using GraphPad Prism software (Graph-
Pad Software, Inc., La Jolla, CA, USA).

Results
During October 1, 2016–February 14, 2017, we enrolled 
in our study 25 laboratory-confirmed H7N9 survivors from 
Suzhou, Jiangsu Province, China (Figure 1). Among these 
survivors, 17 were men and 8 were women; the median age 
was 59 years (range 49.5–66.5 years) (Table 1). All patients 
required hospitalization at 1–12 days after symptom onset. 
Most of the patients had severe illness and were admitted to 
the intensive care unit (ICU). Patients remained in the ICU 
for 7–30 days. Clinical symptoms included fever, cough, 
sore throat, fatigue, myalgia, chills, and dyspnea (Table 2). 
All patients received oseltamivir, and 21 received gluco-
corticoid for treatment. Laboratory tests at hospital admis-
sion showed that some patients had abnormal hepatic func-
tion. Most patients had low to medium viral load (online 
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/24/4/17-1995-Techapp1.pdf). In addition, H7N9 vi-
ruses isolated from 11/25 patients were of low pathogenic-
ity and belonged to the Yangtze River Delta hemagglutinin 
lineages (online Technical Appendix Table 1). The radio-
graphic findings included pneumonia, increased markings, 
fuzzy patch lesions, and patch effusion shadows in lungs 
(online Technical Appendix Table 2).

Table 3 shows the proportion of survivors with an-
tibody titers equal to or greater than the seroprotective 
threshold (1:40 for HI, NI, and MN) or the minimum de-
tection limit (1:400 for IgG and 1:50 for IgA) at each time 
point. Counting from the day of symptom onset, >90% of 
survivors had an HI titer >1:40 on day 100. This propor-
tion reached 82.6% on day 200 but decreased to 36.4% 
on day 300. The overall patterns of the NI antibody titers 
were similar to the HI antibody titers, except that 63.6% 
of survivors had an NI titer >1:40 on day 300. Unlike the 
HI and NI antibody titers, the proportion of seroprotective 
MN (≈86%) and IgG (100%) titers remained steady over 
time. For IgA antibody titers, the seroprotective proportion 
decreased from 96% on day 100 to ≈60% on day 300, an 
absolute reduction of >30%.

The geometric mean titers (GMTs) of antibodies were 
plotted by the time points in Figure 2. Overall, ≈300 days 
after symptom onset, HI and NI GMTs substantially de-
clined and were lower than the seroprotective threshold 
of 1:40 and the GMTs in the acute phase (Figure 2, pan-
els A and B). In contrast, the MN GMTs increased over 
time, peaked on day 200, and then declined by day 300, 
yet remained considerably above the GMTs in the acute 
phase and the seroprotective threshold of 1:40 (Figure 2, 
panel C). Although we observed no substantial difference 
in GMTs across 3 follow-up time points, the MN GMTs on 
day 200 were relatively high, suggesting a possible delayed 
response after infection. IgG and IgA decreased gradually 
from day 100 to day 300 but remained higher than the limit 
of detection (Figure 2, panel D). However, IgG GMTs on 
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day 200 and day 300 were substantially higher than the IgG 
GMTs in the acute phase, whereas the IgA GMTs on day 
200 and day 300 were similar to those in the acute phase. 
There were no detectable antibodies to the H7N9 virus in 
the control subjects, but GMT was 283.3 (titer ranged from 
1:200 to 1:800) for IgG, suggesting a possible cross-reac-
tivity between the H7N9 virus and other subtypes.

Approximately 300 days after symptom onset, nearly 
all survivors had a >4-fold decline in the HI titer compared 
with the titer on day 100, and 14 survivors had HI titers 
<1:40 (Tables 4, 5; Figure 2, panel A). Among these 14 
survivors, 2 (patients 1 and 2) maintained low titers (1:10) 
throughout the study period, but 2 others (patients 4 and 
25) had undetectable titers around day 300. The other 10 
survivors had titers of 1:20. Twenty-one survivors had a 
>4-fold decrease of the NI titer ≈300 days after symptom 
onset, and 8 survivors (patients 1, 2, 4, 8, 11, 14, 22, and 
25) had titers <1:40 (Tables 4, 5). Among these 8 survivors, 
the titer of patient 2 declined to seronegative on day 349, 
and others had titers <1:20 (Tables 4, 5; Figure 2, panel 
B). In contrast, the majority of survivors had a >2-fold in-
crease in MN titer (9 survivors) or maintained MN titer (8 
survivors) on day 200 in comparison to day 100 after symp-
tom onset, followed by a decrease or a maintenance on day 
300 (Figure 2, panel C; Tables 4 and 5). However, 6 survi-
vors (patients 1, 2, 4, 8, 21, and 25) maintained low titers 
over the study period (Tables 4, 5; Figure 2, panel C), but 
none of them became seronegative. Although most of the  

survivors had a ≥4-fold decline in IgG titer over time, all 
survivors maintained detectable antibody titers ≥1:400 (Ta-
bles 4, 5; Figure 2, panel D). However, the overall response 
of IgA antibody was relatively weak, and 9 survivors (pa-
tients 1, 3, 4, 15, 18, 19, 21, 22, and 25) already had unde-
tectable titer on day 200 (Tables 4, 5; Figure 2, panel E).

To further assess the physiologic contribution of the 
magnitude of the HI antibody titers, we transferred 40 μL 
convalescent-phase serum from individual patients to mice 
(online Technical Appendix Table 3). IgG titers in the se-
rum samples of recipient mice correlated well with IgG, 
HI, and MN titers in the human serum samples, but we ob-
served a better correlation for IgG titer in the human sam-
ples (Figure 3, panels A–D). Mouse IgG titers in the serum 
samples at the time of challenge correlated inversely with 
virus titers in the lung samples, confirming the importance 
of neutralizing antibodies assessed in laboratory analysis in 
virus clearance (Figure 3, panels E, F). These results also 
suggest that an IgG titer of >1:160 was required to reduce 
virus titers by 0.5 log10 in infected mice. Assuming that 
these numbers can be extrapolated to patients, transferring 
40 μL of serum to a 13-g mouse is equivalent to transfer-
ring 210 mL of serum to a 70-kg patient (calculated per 
kilogram), thereby providing a potential guideline for its 
use in clinical settings.

The different types of antibody measures are signifi-
cantly correlated with each other; we observed higher cor-
relation between HI and NI and between NI and IgG at 

 
Table 1. Clinical characteristics of influenza A(H7N9) virus survivors, China, 2017* 
Patient 
no. Age, y/sex Symptoms 

Days to 
admission† Hospitalization, d ICU, d 

Disease 
severity 

1 89/M Fever, cough, sore throat, fatigue, 
myalgia 

6 18 16 Severe 

2 32/M Fever, cough, sore throat 12 22 12 Severe 
3 41/F Fever, cough, sore throat, fatigue 8 19 14 Severe 
4 83/M Fever, cough, fatigue 4 11 9 Severe 
5 62/M Fever, cough 7 12 12 Severe 
6 71/M Fever, cough 9 18 13 Severe 
7 63/F Fever, cough, fatigue 9 16 10 Severe 
8 54/F Fever, cough, sore throat 7 14 9 Severe 
9 54/F Fever, cough, fatigue 7 17 17 Mild 
10 60/F Fever, cough, fatigue, chills 7 28 23 Severe 
11 28/F Fever, cough, fatigue 7 16 11 Severe 
12 63/M Fever, cough 6 14 14 Severe 
13 65/M Fever, cough 5 19 0 Severe 
14 35/M Fever, cough, sore throat, fatigue 6 12 12 Severe 
15 39/F Fever, cough 7 19 19 Severe 
16 57/M Fever, cough 10 17 17 Severe 
17 75/M Fever, cough, fatigue 9 22 13 Severe 
18 58/M Fever, cough, myalgia 5 15 8 Mild 
19 54/F Fever, fatigue, myalgia 5 11 11 Severe 
20 59/M Fever, cough 5 21 7 Severe 
21 68/M Fever, cough, dyspnea 5 30 30 Severe 
22 59/M Fever, cough 7 22 22 Severe 
23 45/M Fever, cough 1 13 9 Severe 
24 71/M Fever, cough 2 73 NA Severe 
25 64/M Fever, cough, sore throat 6 13 11 Mild 
*ICU, intensive care unit; NA, not available. 
†After symptom onset. 
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R2 >0.5 (online Technical Appendix Figure 1). We found 
no correlation between antibodies to the H7N9 virus and 
HI antibodies against seasonal H1N1 and H3N2 viruses 
(p>0.05) (online Technical Appendix Figure 2), indicating 
that there is no heterologous boost of antibodies against H7 
by H3 or H1 hemagglutinin. The antibody responses did 
not vary by patient age, sex, presence of underlying condi-
tions, time in ICU, ventilation, or disease severity.

Discussion
In our study, antibodies to H7N9 virus waned over time, 
but most survivors maintained detectable antibody titers 
≈1 year after infection. However, >60% of survivors had 
an HI titer <1:40, which is potentially not seroprotective, 
≈300 days after infection. Antibody responses were highly 
variable in survivors, and a few of them had weak antibody 
responses or had quickly waning antibody titers that were 
undetectable ≈1 year after infection despite their severity 
of infection. We also identified a threshold of IgG titer 

that was crucial to virus clearance in the animal model and 
could be useful in clinical settings.

HI antibodies induced by natural infection with the 
2009 pandemic H1N1 virus persist at constant high titer 
(>1:40) for a minimum of 15 months (14). Additionally, the 
HI antibody against the H5N1 virus infection is reported to 
last even longer, at a stable titer (≥1:40) for nearly 5 years, 
although only a few survivors have been studied (15). In 
contrast, our study shows that only 36.4% of H7N9 survi-
vors had HI titers >1:40 at ≈1 year after infection, although 
most survivors had detectable HI antibody titers. On the 
other hand, we observed relatively high MN antibody ti-
ters persisting over time in survivors, and these levels were 
sufficient to predict protection, based on the protection ex-
trapolated from seasonal influenza. If we assume that MN 
antibody is truly a better correlate of protection than HI 
antibody and a titer of >1:40 is sufficient for protection, we 
could anticipate that most H7N9 survivors would remain 
protected against the H7N9 virus >1 year after infection.

 
Table 2. Underlying disease, complications, and treatment of influenza A(H7N9) virus survivors, China, 2017* 
Patient 
no. 

Underlying 
disease Complications 

Oxygen 
therapy 

Mechanical 
ventilation 

Days to antiviral 
treatment† Oseltamivir Glucocorticoid 

1 HTN, DM ARDS, RF Yes No 6 Yes Yes 
2 No ARDS, RF Yes No 13 Yes Yes 
3 No ARDS, RF Yes No 8 Yes Yes 
4 COPD, HTN No Yes No 6 Yes Yes 
5 HTN ARDS, RF Yes No 7 Yes Yes 
6 HTN, DM ARDS, HI Yes No 14 Yes No 
7 No ARDS Yes No 9 Yes Yes 
8 No No Yes No 7 Yes Yes 
9 No No Yes No 9 Yes Yes 
10 No ARDS, RF, HI, RI Yes Yes 11 Yes Yes 
11 No HI Yes No 7 Yes Yes 
12 No No Yes No 8 Yes No 
13 No No Yes No 8 Yes Yes 
14 No No Yes No 6 Yes Yes 
15 No HI Yes No 7 Yes Yes 
16 No RF Yes No 13 Yes No 
17 No ARDS Yes No 9 Yes Yes 
18 No No Yes No 13 Yes Yes 
19 No RF, HI Yes No 5 Yes Yes 
20 HTN ARDS, RF, HI Yes Yes 11 Yes Yes 
21 HTN, DM, HL ARDS, RF, HI Yes Yes 5 Yes Yes 
22 HTN ARDS, RF, HI Yes No 7 Yes Yes 
23 HTN No Yes No 6 Yes NA 
24 NA NA Yes NA 1 Yes NA 
25 CHB HI Yes No 9 Yes Yes 
*ARDS, acute respiratory distress syndrome; CB, chronic bronchitis; CHB, chronic hepatitis B infection; COPD, chronic obstructive pulmonary disease; 
DM, diabetes mellitus; HI, hepatic insufficiency; HL, hyperlipidemia; HTN, hypertension; NA, not available; RF, respiratory failure; RI, renal insufficiency. 
†After admission. 

 

 
Table 3. Proportion of influenza A(H7N9) virus survivors with titers at seroprotective levels at acute phase of infection and 3 follow-up 
points after infection, China, 2017* 

Antibody 
% Patients (95% CI) 

Acute phase Follow-up visit 1 Follow-up visit 2 Follow-up visit 3 
HI 54.5 (32.2–75.6) 92.0 (74.0–99.0) 82.6 (61.2–95.0) 36.4 (17.2–59.3) 
NI 50.0 (28.2–71.8) 96.0 (79.6–99.9) 91.3 (72.0–98.9) 63.6 (40.7–82.8) 
MN 22.7 (7.8–45.4) 88.0 (68.8–97.5) 87.0 (66.4–97.2) 86.4 (65.1–97.1) 
IgG 45.5 (24.4–67.8) 100 (86.3–100) 100 (85.2–100) 100 (84.6–100) 
IgA 54.5 (32.2–75.6) 96.0 (79.6–99.9) 60.9 (38.5–80.3) 59.1 (36.4–79.3) 
*Seroprotective levels for HI, NI, and MN titers, >1:40; IgG >1:400; or IgA >1:50. HI, hemagglutination inhibition; MN, microneutralization; NI, 
neuraminidase inhibition. 

 

 Influenza A(H7N9) Antibody Responses in Survivors



RESEARCH

668 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018

Figure 2. GMTs (left) and individual titers (right) of antibodies to influenza A(H7N9) virus in serum samples collected from survivors, 
China, 2017: A) HI, B) NI, C) MN, D) IgG, and E) IgA. Red dashed line indicates threshold for seroprotective titer (HI, NI, and MN = 1:40) 
or limited detection titer (IgG = 1:400; IgA = 1:50). Error bars indicate 95% CIs. GMT, geometric mean titer; HI, hemagglutination 
inhibition; MN, microneutralization; NI, neuraminidase inhibition; P, patient.
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It has been observed that antibody responses in in-
fections with H5N1 or 2009 pandemic H1N1 virus in 
which patients had mild or no symptoms waned faster 
than those in patients with severe influenza disease and 
decreased below the threshold of positivity within 1 
year (16,17). Of all reported H7N9 cases, <10% were  

asymptomatic or mild (18–20), and our study included 
only 3 mildly symptomatic patients (patients 9, 18, and 
25). These 3 patients maintained detectable NI, MN, 
and IgG antibodies, but patient 25 became seronega-
tive for HI antibodies and IgA on or around day 305 
after symptom onset. Meanwhile, several severely ill 

 
Table 4. Antibody titers in survivors of influenza A(H7N9) during the acute phase and at 3 follow-up points, China, 2017* 

Patient no. 
HI/NI/MN/IgG/IgA titers 

Acute phase Follow-up visit 1 Follow-up visit 2 Follow-up visit 3 
1 20/5/5/50/25 10/80/10/1600/50 10/40/10/800/25 10/20/10/800/25 
2 20/5/5/50/50 10/10/20/1600/100 10/10/20/400/50 10/5/20/400/50 
3 160/20/5/400/200 320/160/160/6400/50 160/160/320/6400/25 40/40/160/1600/25 
4 40/320/20/400/25 40/320/20/3200/100 20/40/10/1600/25 5/10/10/800/25 
5 5/5/5/100/25 640/5120/640/25600/1600 320/320/320/12800/800 40/80/320/3200/400 
6 20/20/5/400/50 320/1280/160/3200/200 160/160/640/800/100 20/40/160/800/100 
7 40/40/5/200/200 320/320/160/6400/800 NA NA 
8 40/5/5/50/25 320/320/40/1600/400 80/80/40/1600/200 20/20/40/800/100 
9 5/5/5/100/25 80/1280/160/51200/400 40/40/160/6400/50 40/40/160/6400/50 
10 1280/2560/160/12800/1600 160/2560/160/51200/800 80/320/320/12800/400 40/80/320/3200/200 
11 40/10/5/100/100 80/80/80/6400/400 40/20/40/400/200 20/20/80/1600/100 
12 40/40/5/800/50 80/5120/40/25600/200 NA NA 
13 20/10/5/400/100 160/1280/160/12800/400 80/320/320/3200/200 40/80/160/1600/200 
14 5/5/5/50/25 160/160/160/3200/400 40/40/40/800/100 20/20/40/800/100 
15 160/5120/160/3200/800 80/5120/160/3200/200 40/80/160/1600/25 20/80/160/1600/25 
16 640/5120/160/12800/400 160/640/80/6400/800 80/320/160/3200/400 40/80/160/1600/400 
17 20/160/5/100/25 160/320/80/12800/400 80/80/80/1600/400 40/40/80/1600/400 
18 80/5/80/100/25 80/1280/80/1600/50 40/80/160/800/25 20/40/160/800/25 
19 40/80/10/200/25 320/2560/640/25600/25 40/160/160/1600/25 20/40/160/1600/25 
20 40/640/20/800/200 320/5120/640/3200/200 160/160/1280/6400/200 NA 
21 NA 160/5120/40/6400/100 40/160/40/1600/25 20/80/40/1600/25 
22 20/640/40/25/25 80/1280/40/3200/100 40/320/80/800/25 20/20/40/400/25 
23 20/40/5/1600/200 320/5120/160/25600/800 80/160/160/3200/400 80/80/160/1600/400 
24 NA 80/640/40/12800/100 40/160/160/3200/50 20/40/40/1600/50 
25 NA 40/80/40/3200/50 20/20/40/1600/25 5/10/40/400/25 
*HI, hemagglutination inhibition; MN, microneutralization; NA, not available; NI, neuraminidase inhibition. 

 

 
Table 5. Change in antibody titers in survivors of influenza A(H7N9) at different follow-up points, China, 2017* 

Patient no. 
Change, -fold, HI/NI/MN/IgG/IgA 

Follow-up visit 2 vs. follow-up visit 1 Follow-up visit 3 vs. follow-up visit 2 
1 1/0.5/1/0.5/0.5 1/0.5/1/1/1 
2 1/1/1/0.25/0.5 1/0.5/1/1/1 
3 0.5/1/2/1/0.5 0.25/0.25/0.5/0.25/1 
4 0.5/0.13/0.5/0.5/0.25 0.25/0.25/1/0.5/1 
5 0.5/0.06/0.5/0.5/0.5 0.13/0.25/1/0.25/0.5 
6 0.5/0.13/4/0.25/0.5 0.13/0.25/0.25/1/1 
7 NA NA 
8 0.25/0.25/1/1/0.5 0.25/0.25/1/0.5/0.5 
9 0.5/0.03/1/0.13/0.13 1/1/1/1/1 
10 0.5/0.13/2/0.25/0.5 0.5/0.25/1/0.25/0.5 
11 0.5/0.25/0.5/0.06/0.5 0.5/1/2/4/0.5 
12 NA NA 
13 0.5/0.25/2/0.25/0.5 0.5/0.25/0.5/0.5/1 
14 0.25/0.25/0.25/0.25/0.25 0.5/0.5/1/1/1 
15 0.5/0.02/1/0.5/0.125 0.5/1/1/1/1 
16 0.5/0.5/2/0.5/0.5 0.5/0.25/1/0.5/1 
17 0.5/0.25/1/0.13/1 0.5/0.5/1/1/1 
18 0.5/0.06/2/0.5/0.5 0.5/0.5/1/1/1 
19 0.13/0.06/0.25/0.06/1 0.5/0.25/1/1/1 
20 0.5/0.03/2/2/1 NA 
21 0.25/0.03/1/0.25/0.25 0.5/0.5/1/1/1 
22 0.5/0.25/2/0.25/0.25 0.5/0.06/0.5/0.5/1 
23 0.25/0.03/1/0.13/0.5 1/0.5/1/0.5/1 
24 0.5/0.25/4/0.25/0.5 0.5/0.25/0.25/0.5/1 
25 0.5/0.25/1/0.5/0.5 0.25/0.5/1/0.25/1 
*Change was calculated as ratio of titers. HI, hemagglutination inhibition; MN, microneutralization; NA, not available; NI, neuraminidase inhibition. 
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patients had relatively weak antibody responses 100 
days after symptom onset; in particular, patients 1, 2, 
and 4 either maintained low antibody titers over time 
or became seronegative at ≈1 year after symptom onset. 
Therefore, there was no clear association between dis-
ease severity and antibody response. Nevertheless, most  
patients in our study had severe symptoms, and so the 
findings may not be representative of mild cases or as-
ymptomatic infections.

Previous seroepidemiological studies have identi-
fied the subclinical infections among both occupationally 
exposed workers and the general population, but the re-
sults varied (21–29). Similar to the problems with H5N1 
infections in humans (30), the serologic threshold titer 
to recognize subclinical infections of the H7N9 virus is 
not yet established, which leads to difficulty in estimating  

the seroprevalence of subclinical infections. A major 
problem in identifying such a serologic threshold for 
seropositivity is the insufficient immunogenicity of the 
H7 hemagglutinin (31–34). Our results show that HI, NI, 
IgG, and IgA antibodies declined substantially over time. 
In particular, for HI antibody, >60% of survivors had a 
titer <1:40, and 2 of them became negative at ≈1 year 
after infection. Given the low magnitude in HI antibody 
response, the true incidence of H7N9 infection is likely 
to be underestimated if a titer of >1:40 is used as the se-
rologic threshold for the HI assay in seroepidemiological 
studies. In our study, the level of MN antibody titer was 
relatively stable over time and correlated well with other 
types of antibodies; therefore, the MN antibody could be 
a more useful indicator than HI for determining the inci-
dence of infection.

Figure 3. Testing of 
convalescent-phase 
serum transfer as potential 
protection against influenza 
A(H7N9) virus infection. Mice 
received 40 μL of patient 
serum intravenously 12 hours 
before H7N9 virus infection. 
A) IgG titers from mouse 
serum samples collected  
1 h before infection.  
B–D) Relationships between 
IgG, HI, and MN titers in 
human serum and IgG 
titer in mouse recipients of 
transferred serum.  
E) Virus titers in 
homogenized mouse lungs 
at day 3 after infection 
(mean ± SE). F) Relationship 
between IgG titer in mouse 
serum samples and viral 
titers in mouse lung samples. 
HD, healthy donor; HI, 
hemagglutination inhibition; 
LOD, limit of detection; MN, 
microneutralization; S, serum; 
TCID50, 50% tissue culture 
infectious dose.
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Convalescent plasma therapy has been considered as a 
treatment option for new and emerging infectious diseases 
for which effective drugs and vaccines are not readily avail-
able. Although the anti–influenza A virus drug oseltamivir 
appeared to be useful for the treatment of H7N9 infection, 
the ≈40% mortality rate still remains a challenge for clinical 
treatment, especially for severe cases who visit a hospital days 
past onset of their symptoms. Previous studies have shown 
that convalescent plasma treatment reduced the mortality rate 
of severe 2009 pandemic H1N1 infection (35) and benefited 
patients with severe H5N1 or H7N9 infections (36,37). Our 
results indicate that, despite substantially decreased HI an-
tibody titers over time, most of the survivors still had a titer 
>1:40 ≈200 days after infection, and high antibody titers are 
likely for other antibodies from survivors’ serum. The ex-
perimental results from our model using mice suggest that 
transferring 210 mL of serum with HI titer >1:80 to a 70-kg 
patient is a possible guideline for clinical treatment.

Our study had some limitations. First, our results 
need to be validated with larger numbers of survivors. We 
have thus far included 25 survivors, ≈3% of all reported 
H7N9 survivors in China. The small sample size limited 
our ability to analyze the antibody response stratified by 
patient age, sex, underlying condition, or disease sever-
ity. Second, we could not collect blood samples more fre-
quently from the patients, especially between acute phase 
and ≈100 days after infection, which could have provided 
a more complete picture about the dynamics of antibody 
responses. Finally, we did not study the virus-specific 
memory T- and B-cell response because of constraints 
in logistics. Whether there are correlations between cel-
lular immune responses and antibody responses needs  
further investigation.

In conclusion, our findings contribute to the under-
standing of individual immune responses to H7N9 virus 
infection and of population-based immunity in regions 
where H7N9 virus outbreaks have occurred. Our study pro-
vides a useful serologic guideline for developing effective 
vaccines and therapies to counter H7N9 virus infections.
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In September 2015, 4CMenB meningococcal vaccine was 
introduced into the United Kingdom infant immunization 
program without phase 3 trial information. Understand-
ing the effect of this program requires enhanced surveil-
lance of invasive meningococcal disease (IMD) Neisseria 
meningitidis isolates and comparison with prevaccina-
tion isolates. Bexsero Antigen Sequence Types (BASTs) 
were used to analyze whole-genome sequences of 3,073 
prevaccine IMD N. meningitidis isolates obtained dur-
ing 2010−2016. Isolates exhibited 803 BASTs among 31 
clonal complexes. Frequencies of antigen peptide variants 
were factor H binding protein 1, 13.4%; Neisserial heparin-
binding antigen 2, 13.8%; Neisseria adhesin A 8, 0.8%; 
and Porin A-VR2:P1.4,10.9%. In 2015−16, serogroup B 
isolates showed the highest proportion (35.7%) of exact 
matches to >1 Bexsero components. Serogroup W iso-
lates showed the highest proportion (93.9%) of putatively 
cross-reactive variants of Bexsero antigens. Results high-
lighted the likely role of cross-reactive antigens. BAST sur-
veillance of meningococcal whole-genome sequence data 
is rapid, scalable, and portable and enables international 
comparisons of isolates.

Neisseria meningitidis is an accidental human pathogen 
that is carried asymptomatically in the nasopharynx of 

1%–40% of the population, depending on age and social 
behavior (1,2). In England and Wales, invasive meningo-
coccal disease (IMD), comprising septicemia, meningitis, 
or both, develops in ≈2 persons/100,000 population/year 

(3). Patients might have nonspecific symptoms early in 
their illnesses, but their clinical conditions can deteriorate 
rapidly, with case-fatality rates of 5%–17% and physical 
and psychological sequelae in one third of surviviors (3–5). 
Consequently, vaccination represents the optimal strategy 
for IMD prevention.

Meningococci are commonly characterized according 
to their expressed capsular polysaccharides, which define 
serogroups; 6 serogroups (A, B, C, W, X, and Y) cause most 
cases of IMD. The capsular antigens are major virulence fac-
tors, and efficacious A, C, W, and Y polysaccharide−based 
vaccines are used worldwide. However, serogroup B cap-
sular polysaccharides are poorly immunogenic and share 
structural similarity to carbohydrates found in human tissues 
(6). The first serogroup B vaccines were derived from outer 
membrane vesicles (OMVs) for use in epidemics caused by 
single strains defined by genotype and Porin A (PorA) type 
(7). Genotype or clonal complex (CC), identified by mul-
tilocus sequence typing (MLST), groups related organisms 
and is useful for categorizing IMD phenotype, antimicrobial 
drug resistance, and vaccine antigens (8,9).

The United Kingdom and Ireland are among high-in-
come countries with the highest incidence of IMD (10). The 
United Kingdom has low-incidence endemic disease and 
periods of hyperendemicity, which changes with frequency 
of hyperinvasive bacterial genotypes (10). Historically, en-
demic serogroup B IMD predominated and was caused by 
multiple CCs, especially hyperinvasive lineages CC41/44, 
CC269, CC213, and CC32 (10). In the 1990s, hyperendemic 
serogroup C IMD caused by CC11 (C:CC11) prompted intro-
duction of infant meningococcal C conjugate vaccination and 
a catch-up campaign, which reduced disease incidence and 
carriage of C:CC11 (11). The United Kingdom experienced 
another period of hyperendemicity starting in 2012 with in-
creasing incidence of W:CC11, lineage 11.1 meningococci, 
first identified in South America (12).

Genomic Surveillance of 4CMenB 
Vaccine Antigenic Variants  

among Disease-Causing  
Neisseria meningitidis Isolates, 

United Kingdom, 2010–2016
Charlene M.C. Rodrigues, Jay Lucidarme, Ray Borrow, Andrew Smith,  

J. Claire Cameron, E. Richard Moxon, Martin C.J. Maiden

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 673

Author affiliations: University of Oxford, Oxford, UK  
(C.M.C. Rodrigues, E.R. Moxon, M.C.J. Maiden); Public Health 
England, Manchester, UK (J. Lucidarme, R. Borrow); Glasgow 
Royal Infirmary, Glasgow, Scotland, UK (A. Smith); University 
of Glasgow, Glasgow (A. Smith); Health Protection Scotland, 
Glasgow (J.C. Cameron)

DOI: https://doi.org/10.3201/eid2404.171480



RESEARCH

The diversity of CCs responsible for IMD renders 
OMVs derived from a single CC insufficient to provide 
broad protection. Alternative vaccine candidates have 
been developed. These candidates are composed of sub-
capsular proteins prevalent among many N. meningitidis 
strains. However, their protective potential has been com-
plicated by meningococcal diversity (13–15). Two vac-
cines were licensed in 2013: 4CMenB (Bexsero; Glaxo-
SmithKline, Brentford, UK) for infants in Europe and 
bivalent recombinant lipoprotein rLP2086 (Trumenba; 
Pfizer, New York, NY, USA) for persons 10–25 years 
of age in the United States (16–18). The 4CMenB vac-
cine contains multiple proteins: factor H binding protein 
(fHbp); Neisserial heparin-binding antigen (NHBA); 
Neisseria adhesin A (NadA); and PorA P1.7–2,4 from the 
New Zealand OMV vaccine (MeNZB) (16). The rLP2086 
vaccine contains 2 fHbp variants, 1 each from subfamily 
A (A05) and subfamily B (B01) (17).

Bexsero was implemented into the United Kingdom 
immunization schedule on September 1, 2015, as a 2-dose 
priming course for infants at 2 and 4 months of age and a 
booster at 12 months of age, intended as an efficacious strat-
egy for those at highest risk within the constraints of cost-
effectiveness (18). As with previously licensed meningococ-
cal vaccines, efficacy studies were precluded because of the 
rarity of IMD, and the Meningococcal Antigen Typing Sys-
tem (MATS) was developed, which estimated 73% (95% CI 
57%–87%) vaccine coverage for UK isolates (19,20).

An appreciation of meningococcal antigenic diver-
sity and persistence over time is required to determine 
the degree and longevity of coverage provided by protein 
vaccines. Real-time, continuous, and high-throughput 
methods are needed to identify characteristics of circulat-
ing meningococci on a national scale, especially the fre-
quency distribution of vaccine antigens. This characteriza-
tion can be performed rapidly and reproducibly by using 
whole-genome sequencing (WGS) of IMD N. meningitidis  
isolates, for which data are publicly available online in the 
PubMLST database (https://pubmlst.org/neisseria) (21).

A novel nomenclature, Bexsero Antigen Sequence 
Types (BASTs), was devised to describe Bexsero antigenic 
variants (22). There were strong, nonoverlapping associa-
tions between BAST and CC, with an estimated 58.3%–
60.3% Bexsero coverage including the antigenic variants 
in Bexsero or cross-reactive variants (22). We cataloged 
genomic diversity of Bexsero vaccine antigens by using 
web-accessible platforms incorporating BAST. This study 
provides a reference point for changes in population struc-
ture of IMD-causing meningococci in the United Kingdom 
before introduction of Bexsero.

Materials and Methods
A total of 3,073 meningococci were isolated from cul-
ture-confirmed IMD cases in the United Kingdom dur-
ing epidemiologic years (July 1−June 30) 2010–2016. 
For the purposes of this study, the prevaccine period 
includes 2015−16 because implementation of Bexsero 
started on September 1, 2015, and many infants were not 
fully vaccinated during the peak IMD season (December 
2015−February 2016). The 3,073 isolates represented 
≈55% of laboratory-confirmed cases of IMD (Table 1) 
because recovery of isolates reflects differential survival 
in artificial media, susceptibility to antimicrobial drugs 
given before venipuncture, or small-volume pediatric 
blood cultures.

Genomic Analysis
WGS was part of the Meningitis Research Foundation 
Meningococcus Genome Library initiative (10). Ge-
nomes were assembled by using Velvet and VelvetOpti-
miser, uploaded to the PubMLST database, and annotated 
by using Neisseria Sequence Typing Database numbers 
(NEIS) for all loci. Analysis was undertaken by using the 
gene-by-gene approach with the Bacterial Isolate Genome 
Sequence Database to determine sequence type (ST), CC, 
and strain designation (21,23). Each isolate had associ-
ated provenance and phenotype data, including year, se-
rogroup, and region.
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Table 1. Geographic distribution of culture-confirmed invasive meningococcal disease isolates that have undergone whole-genome 
sequencing, United Kingdom, 2010–2016* 

Year 
No. isolates by region† 

 

No. laboratory-confirmed 
cases (% isolates) 

 
Serogroup, no. isolates‡ 

1 2 3 4 Total PHE PHS A B C E NG W W/Y X Y Z 
201011 464 37 36 13 550  1,009 (46.0) 76 (47.4)  1 423 13 1 5 27 2 1 76 1 
201112 370 28 30 11 439  730 (50.7) 56 (53.6)  0 311 18 1 4 32 1 0 72 0 
201213 415 29 34 13 491  769 (54.0) 66 (51.5)  0 325 29 0 7 51 1 0 78 0 
201314 367 27 30 12 436  636 (57.7) 60 (50.0)  0 240 24 0 1 92 2 0 77 0 
201415 483 19 55 15 572  724 (66.7) 65 (84.6)  0 283 23 0 5 172 2 0 87 0 
201516 488 23 62 12 585  805 (60.6) 99 (62.6)  0 238 34 2 8 197 2 0 104 0 
Total 2,587 163 247 76 3,073  4,673 (55.4) 442 (55.9)  1 1,820 141 4 30 571 10 1 494 1 
*Laboratory-confirmed cases included culture-confirmed and PCR-confirmed cases. Data included in this study represented 55.4% of all laboratory-
confirmed cases in England and 55.9% of those in Scotland. NG, nongroupable; PHE, Public Health England; PHS, Public Health Scotland. 
†1, England; 2, Wales; 3, Scotland; 4, Northern Ireland. 
‡W/Y serogroups were combined because of inconclusive serogrouping results. 
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We assigned BASTs as described (22). Nucleotide se-
quences of fhbp, nhba, nadA, and porA variable regions 1 
and 2 (VR1 and VR2) were translated to deduce peptide 
sequences, and variant numbers were assigned by using 
established nomenclatures (24–26). Unique combinations 
of the 5 components were assigned a BAST number in or-
der of discovery; BAST-1 corresponds to the vaccine con-
stituents: fHbp 1, NHBA 2, NadA 8, and PorA 7–2,4 (22). 
Data were manually curated to confirm the absence of fhbp, 
nhba, nadA, and porA, and isolates were assigned peptide 
designation 0 (null). If nucleotide sequences contained a 
frameshift mutation, peptide designation 0 (null) was as-
signed. Peptide variants were not assigned if the complete 
gene was not available because of sequencing or assembly 
issues (22,27).

For assessment of Bexsero antigenic variants expected 
to be prevented by vaccination (coverage), we compared 
the genotypic profile (BAST) of isolates with those of vac-
cine antigenic variants. The term exact match indicates 
isolates having >1 of 4 Bexsero antigenic variants (fHbp 
1, NHBA 2, NadA 8, and PorA-VR2:4). The term cross-
reactive match indicates isolates having >1 variant that 
can potentially be recognized by Bexsero-induced antibod-
ies, demonstrating a possible cross-protective immune re-
sponse in humans. 

These variants were previously identified by using 
MATS analysis, which at the time of writing, was the 
most extensively used method for assessing qualitative 
and quantitive differences in antigens (20,28,29). Vari-
ants were considered putatively cross-reactive; fHbp 
peptides 4, 13, 14, 15, 37, 232 and NadA variants 1 or 
2/3. NadA peptides were included because of potential 
discrepancies between in vitro and in vivo NadA ex-
pression (20,30). Cross-reactive NHBA peptides were 
not included because of lack of data on the breadth of 
peptides covered by Bexsero. Genomic analysis has not 
been used to infer protein expression or immunologic 
cross-reactivity per se.

We performed all statistical analyses by using R soft-
ware version 3.2.4 (https://www.r-project.org/). We calcu-
lated the Simpson index of diversity by using the Vegan 
package in R software to assess diversity of BAST; values 
closer to 1 indicated greater diversity.

Nomenclature of Antigenic Variants
There are 3 systems for classifying fHbp variants. The 
first system described 3 variants (1–3) on the basis of 
sequence similarity and cross-reactivity in serum bacte-
ricidal antibody (SBA) assays (31). The second system 
described 2 subfamilies, A and B (32). The third system, 
used in our study as part of the BAST scheme, assigned 
arbitrary numerical integers to unique deduced peptide 
sequences independent of variant/subfamily (24). NHBA 

peptide variants were assigned arbitrarily to unique pep-
tide sequences. Updated nomenclature for NadA de-
scribed 4 variants on the basis of peptide sequence homol-
ogy: NadA-1, NadA-2/3, NadA-4/5, and NadA-6 (26). 
PorA nomenclature was based on nucleotide and peptide 
sequence homology and recognized the previous serolog-
ic classification: P1, followed by VR1 family-variant, and 
VR2 family-variant (e.g., P1.7–2,4) (25). All nomencla-
ture is available in the PubMLST database.

Results

Distribution of Bexsero Vaccine Antigens
For 2,922 isolates (95.1%), MLST, which was deduced 
from WGS data, identifed 645 STs with 2,866 (93.3%) iso-
lates assigned to 1 of 31 CCs. We found variation in CC 
distribution over the 6-year period, with a 10-fold increase 
in CC11 and decreases in CC41/44 (172 to 56, 50.0%) and 
CC269 (108 to 52, 51.8%), which accounted for most sero-
group B isolates (Figure 1).

fHbp Peptide
An fhbp gene was present in 3,065 (99.7%) isolates, absent 
in 5 (1.6%), and not assigned in 3 (0.1%) because of in-
complete sequence assembly. Across all serogroups, vari-
ant 2 fHbp peptides increased over the 6-year period, but 
most markedly in 2014−15 (313/572, 54.7%) and 2015−16 
(347/585, 59.3%). From 2010−11 through 2012−13, vari-
ant 1 peptides predominated; from 2013−14 onwards, vari-
ant 2 peptides were more frequent than variant 1 peptides 
(Figure 2, panel A). Overall, there were 207 unique fHbp 
peptides in the collection: 109 variant 1, 43 variant 2, 54 
variant 3, and 1 between variants 2 and 3.

Variant 1 peptides were present in 1,389 (45.3%) of 
3,065 isolates, and 5 peptides accounted for 1,144 (82.4%) 
of 1,389 isolates: 4 (399, 28.7%), 13 (329, 23.7%), 15 (184, 
13.2%), 14 (127, 9.1%), and 1 (105, 7.6%). The contribu-
tion of these 5 peptide variants among IMD N. meningiti-
dis isolates decreased from 278 (50.5%) of 550 isolates 
in 2010−11 to 154 (26.3%) of 585 isolates in 2015−16. 
Peptide 4 was predominantly associated with B:CC41/44, 
whereas peptides 13 and 15 were mainly associated with 
B:CC269. Peptide 1, the variant in Bexsero, was present 
in 105 isolates, predominantly B:CC32, and decreased in 
incidence from 25 (4.5%) of 550 isolates in 2010−11 to 13 
(2.2%) of 585 isolates in 2015−16.

Variant 2 peptides were present in 1,404 (45.8%) of 
3,065 isolates; 6 peptides (22, 25, 19, 16, 21, and 24) ac-
counted for 1,323 (94.2%) of 1,404 isolates. Peptide 22 
(predominantly W:CC11) increased 13-fold from 15 iso-
lates in 2010−11 to 198 isolates in 2015−16. Peptide 25, 
associated with Y:CC23, was consistently present through 
the period.
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Variant 3 peptides were present in 274 (8.9%) of 3,065 
isolates. Peptides 45, 47, and 31 were the most frequently 
occurring (predominantly B:CC213 and B:CC461).

NHBA Peptide
The nhba gene was present in 2,986 (97.2%) isolates; 87 
isolates were not assigned an allelic variant because of 
incomplete sequence assembly. There were 163 unique 
NHBA peptides, and 4 isolates were assigned null (0), 
considered unlikely to express functional proteins be-
cause of frameshift mutations in the nhba coding region. 
The most frequently occurring peptide was 29 (568/2,986, 
19.0%), which increased 7-fold during the study period 
and was associated with W:CC11. The second most com-
mon was peptide 2, the variant in Bexsero, which de-
creased in incidence from 111 (20.2%) of 550 isolates in 
2010−11 to 50 (8.5%) of 585 isolates in 2015−16; most 
(411/424) isolates belonged B:CC41/44. Other prevalent 
NHBA variants were 7, 17, 21, 20, and 18, which, with 
29 and 2, accounted for 2,258 (75.6%) of 2,986 isolates 
(Figure 2, panel B).

NadA Peptide
We found 2,036 (66.3%) isolates in which nadA was ab-
sent, 34 (1.1%) with an insertion element, and 38 (1.2%) 
not assigned an allelic variant because of incomplete se-
quence assembly. A total of 2,128 (69.2%) isolates were 
assigned NadA peptide null (0) because of absence of nadA 

genes or presence of frameshift mutations or insertion el-
ements disrupting the coding sequence. Of the prevalent 
CCs, NadA peptide was absent from all isolates belonging 
to CC41/44, CC23, CC22, CC162, CC35, CC167, CC103, 
and CC282. Of the 907 (29.5%) isolates with NadA pep-
tides present, there were 135 (4.4%) NadA-1 variants, 592 
(19.3%) NadA-2/3 variants, and 180 (5.9%) NadA-4/5 
variants; there were no NadA-6 variants (Figure 2, panel 
C). The proportion of isolates with NadA peptides in-
creased from 96 (17.5%) of 550 isolates in 2010−11 to 257 
(43.9%) of 585 isolates in 2015−16. Among these isolates, 
there were 23 unique peptides. The most common, peptide 
6 (NadA-2/3), increased from 14 (2.5%) of 550 isolates 
in 2010−11 to 187 (40.0%) of 585 isolates in 2015−16. 
Peptide 79 (NadA-4/5, contained a homopolymeric tract 
resulting in phase variation) was the second most com-
mon, designated as phase variable on, and occurred in 164 
isolates, predominantly B:CC213. Peptide 8 (NadA-2/3), 
found in Bexsero, was present in 0.8% (26/3,073) of iso-
lates (Y:CC174, B:CC269, B:CC60, B:CC18, A:CC5).

PorA Peptide
The porA gene was present in 3,011 (98.0%) of 3,073 iso-
lates. For 54 isolates, no nucleotide sequence allele was 
assigned because of incomplete sequence assembly. For 
3,064 (99.7%) isolates, predicted VR1 and VR2 peptides 
were obtained. PorA-VR2 variant 4 was found in 336 
(10.9%) isolates, and showed decreasing incidence from 90 
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Figure 1. Clonal complex and serogroup distribution of invasive meningococcal disease isolates, United Kingdom, 2010–2016.  
A) Proportional contribution of each CC of disease-causing culture-confirmed meningococcal isolates by epidemiologic year.  
Other CC indicates CCs that were found in <20 isolates during the 6-year study period. B) Distribution of isolate serogroups by 
epidemiologic year. Serogroups shown had >10 isolates during the 6-year study period. Serogroups with <10 isolates (A, E, X,  
and Z) are shown in Table 1. CC, clonal complex; NG, nongroupable, W/Y, serogroups combined because of inconclusive 
serogrouping results.
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(16.5%) of 547 isolates in 2010−11 to 38 (6.5%) of 585 iso-
lates in 2015−16. PorA-VR2 variant 4 containing isolates 
were predominantly B:CC41/44 (302/336, 89.9%) but also 
B:CC162, B:CC269, B:CC213, B:CC32, and B:CC60 and 
were associated with PorA-VR1 variants 7–2 (n = 330), 17 
(n = 2), 12–3 (n = 2), 22 (n = 1), and 22–1 (n = 1) (Figure 
2, panel D).

BAST
We determined 803 unique BASTs for 2,917 (94.9%) iso-
lates. The ratio of BASTs per isolate was calculated by 
dividing the number of unique BASTs by the number of 
isolates. This ratio decreased from 0.416 in 2010−11 to 
0.265 in 2015−16. The Simpson index of diversity ranged 
from 0.976 in 2010−11 to 0.902 in 2015−16 (Table 2). We 
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Figure 2. Distribution of 4CMenB vaccine antigenic variants among invasive meningococcal disease isolates, United Kingdom, 
2010–2016. A) Proportion of isolates with fHbp variants 1, 2, and 3 by epidemiologic year. Peptide 1 is found in the Bexsero 
4CMenB vaccine (GlaxoSmithKline, Bentford, UK), and cross-reactive variants included in this analysis are all variant 1 peptides. 
B) Proportion of isolates with the 7 most prevalent NHBA peptides by epidemiologic year; all other peptide variants are in “other.” 
Peptide 2 is contained in Bexsero. C) Proportion of isolates with NadA variants 1, 2/3, and 4/5 by epidemiologic year; there were 
no isolates with NadA variant 6. Peptide 8 (variant 2/3) is contained in Bexsero. Values above columns indicate number of unique 
peptides. D) Frequency distribution of PorA-VR1 (horizontal axis) and PorA-VR2 (vertical axis) variants. Variants shown were 
those that had >20 isolates in the collection from the United Kingdom during 2010–2016. Bexsero contains the MeNZB OMV 
vaccine components, including variants PorA P1.7–2,4. Color scales show the frequency of isolates from highest (green) to lowest 
(red). fHbp, factor H binding protein; NadA, Neisseria adhesin A; NHBA, Neisserial heparin-binding antigen; OMV, outer membrane 
vesicles; PorA, porin A.
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found strong, nonoverlapping association of BAST and 
CC (Figure 3). When we compared BAST prevalence pre-
implementation (cases during July 1, 2010−September 1, 
2015) and postimplementation (cases during September 
1, 2015−June 30, 2016), we found statistically significant 
increases in BAST-2 (CC11), BAST-221 (CC23), BAST-
232 (CC41/44), and BAST-8 (CC11) and a decrease in 
BAST-220 (CC41/44) (Figure 4).

BAST Distribution by Serogroup
Although Bexsero is licensed for serogroup B IMD, its 
components might be present on the surface of menin-
gococci, independent of capsular type. Therefore, we 
analyzed distribution of Bexsero antigens by serogroup. 
Serogroup B isolates had the highest proportion of exact 
matches to >1 Bexsero antigen: 155 (36.6%) of 423 isolates 
in 2010−11 and 85 (35.7%) of 238 isolates in 2015−16, pre-
dominantly CC41/44. The proportion of isolates with exact 
or potentially cross-reactive antigens was 293 (69.3%) of 
423 isolates in 2010−11 and 149 (62.6%) of 238 isolates in 
2015−16 and represented CC269, CC41/44, CC32, CC213, 
CC60, CC1157, CC18, CC162, CC11, CC461, CC35, 
CC167, and CC254. The potentially cross-reactive variants 

included fHbp peptides 4, 13, 14, and 15 (956/1,144) and 
NadA peptide 1 (118/1,144).

For serogroup C, 8/141 isolates had >1 exact match to 
Bexsero components, but numbers varied each year depending 
on predominant CC. There were 2 (15.4%) of 13 matches to 
Bexsero components in 2010−11 and 3 (13.0%) of 23 match-
es to Bexsero components in 2014−15; isolates belonged 
to CC32. No isolates were exact matches in 2011−12 and 
2015−16 (predominantly CC11). The proportion of isolates 
also having potentially cross-reactive antigens increased from 
4 (30.8%) of 13 in 2010−11 to 25 (91.3%) of 34 in 2014−15. 
The antigenic variants were fHbp (50 isolates, predominantly 
peptide 13) and NadA (50 isolates, predominantly peptides 
121, 127, and 1), largely reflecting secular changes in CC dis-
tribution with increases in CC11, CC269, CC32, and CC174.

Of 571 serogroup W isolates, 1 (0.2%) CC11 isolate 
was an exact match to Bexsero components (fHbp 1). 
When we included matches to potentially cross-reactive 
antigens, there were 14 (51.9%) of 27 isolates in 2010−11, 
which increased to 185 (93.9%) of 197 isolates in 2015−16. 
This increase was caused by NadA 6 in 500 (87.6%) of 
571 isolates and fHbp 13 in 7 (1.2%) of 571 isolates, all of 
which belonged to lineage 11.1, W:CC11.

678 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018

 
Table 2. Number of unique BASTs and measures of diversity among invasive meningococcal disease isolates, United Kingdom, 
2010–2016* 
Epidemiologic year No. unique BASTs No. isolates No. BASTs/isolate Simpson index of diversity 
201011 229 550 0.416 0.976 
2011–12 187 439 0.426 0.977 
2012–13 226 491 0.460 0.976 
2013–14 181 436 0.415 0.960 
2014–15 199 572 0.348 0.924 
2015–16 155 585 0.265 0.902 
Total 803 3,073 0.261 0.963 
*BASTs, Bexsero Antigen Sequence Types. 

 

Figure 3. Nonoverlapping 
association of BAST and CC 
among invasive meningococcal 
disease isolates, United 
Kingdom, 2010–2016. Frequency 
distribution of BAST by CC for the 
7 most frequently found CCs that 
represent 82.4% (2,533/3,073) 
of culture-confirmed invasive 
meningococcal disease isolates. 
BAST-220, -223, -4, and -19 
contain an exact match with BAST-
1. BAST-2, -8, -219, -222, -232, 
-226, -231, -229, and -236 contain 
a potentially cross-reactive match 
with BAST-1. BAST, Bexsero 
Antigen Sequence Type; CC, 
clonal complex.
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Serogroup Y disease isolates showed exact matches to 
Bexsero components in 7 (9.2%) of 76 isolates in 2010−11, 
which decreased to 3 (2.9%) of 104 isolates in 2015−16. 
When potential cross-reactive antigens were included, 
matches ranged from 9 (11.8%) of 76 isolates in 2010−11 
to 3 (2.9%) of 104 isolates in 2015−16 and represented 
CC174, CC23, CC22, and CC11.

Discussion
The requirement for vaccines to protect against serogroup 
B meningococci from multiple CCs led to development 
of multipeptide vaccines, such as 4CMenB (Bexsero) and 
bivalent rLP2086 (Trumenba) (16,17). Bexsero was intro-
duced into the UK infant immunization schedule in Sep-
tember 2015, supported by data from the MATS assay that 
estimated 73% IMD N. meningitidis isolate coverage in 
England and Wales in 2007–08 (20).

We report a comprehensive evaluation of the frequen-
cy distribution of Bexsero antigen peptide variants in IMD 
N. meningitidis isolates, which used a national collection 
of WGS of culture-confirmed cases from 2010–2016. The 
frequency distribution of individual vaccine antigens was 

correlated with the distribution of meningococcal CCs in 
the United Kingdom over time. During 2010–2016, high 
diversity of 803 BASTs and 31 CCs emphasized the broad 
coverage required of peptide-based vaccines if they are to 
protect against endemic disease caused by multiple CCs. 
The most frequently occurring BASTs (20 representing 
44.1% of serogroup B isolates) could provide useful infor-
mation for future vaccine formulations.

Bexsero components correspond to BAST-1, fHbp 
1, NHBA 2, NadA 8, PorA-VR1:7–2, and PorA-VR2:4. 
In this study, the incidence of individual BAST-1 anti-
gens in serogroup B IMD cases in the United Kingdom 
during 2010–2016 was 5.4% (99/1,820) for fHbp, 23.0% 
(419/1,820) for NHBA, 0.3% (5/1,820) for NadA, and 
18.4% (335/1,820) for PorA-VR2. Low levels of exact 
antigenic variants found in Bexsero imply that host immu-
nogenicity to cross-reactive antigens would be necessary 
to provide the level of protection required by a national 
vaccination program, although this host response is also 
dependent on adequate protein expression, which can-
not be determined solely from genomic analysis.  In vi-
tro studies comparing bactericidal killing of various fHbp 
variant 1 peptide−expressing meningococci (peptides 1, 
2, 3, 4, 5, 10, 12, 13, 14, and 15) found cross-reactivity 
in postvaccination serum samples from adults, but func-
tional activity in infants was limited to peptides 1 and 2 
after immunization at 2, 4, and 6 months of age (33). 

Surface protein expression is also a major determi-
nant of bactericidal killing. For fHbp, when heterologous 
bactericidal activity was tested, mouse antisera to peptide 
1 produced positive titers against closely related peptide 4 
regardless of expression level. For more distantly related 
peptides, such as peptide 15, higher protein expression 
was required (34).

At the time of writing, the most extensive estimation 
of cross-reactivity data for Bexsero had been collected by 
using the MATS assay. This assay quantifies expression 
and antigenic similarities of fHbp, NHBA, and NadA by 
sandwich ELISA and identifies PorA serosubtype by se-
quencing for each isolate (20,35). During development, the 
antigen measurements for fHbp, NHBA, and NadA were 
correlated to bactericidal killing with relative potency (RP) 
against 57 reference isolates tested by an SBA assay, deter-
mining likelihood of bacterial killing. Isolates with PorA-
VR P1.4 peptide were considered to be covered, without 
further serologic testing (35). Contemporaneous MATS 
estimate of coverage for IMD N. meningitidis isolates from 
the United Kingdom during 2014–15 was 66% (95% CI 
52%–80%) (28). However, the presence, cross-reactivity, 
and expression levels of antigenic variants in meningococci 
alone does not directly measure their susceptibility to bac-
tericidal killing, which is also dependent on host innate and 
adaptive immune responses, a function not measured by the 
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Figure 4. Changes in BAST prevalence before and after 
Bexsero implementation among invasive meningococcal disease 
isolates, United Kingdom, 2010–2016. Frequency of BASTs is 
shown for the period before implementation of Bexsero vaccine, 
July 2010–August 2015 (dark blue), and after implementation, 
September 2015–June 2016 (light blue). The most frequently 
occurring BASTs preimplementation were 2,¶ 221, 219,¶ 220,# 
222,¶ 267, 225, 223,# 1576, and 349. The most frequent BASTs 
postimplementation were 2,¶ 221, 219,¶ 225, 220,# 232,¶ 8,¶ 
1576, 228, and 349. *p<0.00001; †p<0.01; ‡p<0.05; §p<0001; 
¶BAST contains a potentially cross-reactive match to BAST-1; 
#BAST contains an exact match to BAST-1. BASTs with significant 
changes preimplementation and postimplementation were BAST-
2 (fHbp 22, NHBA 29, NadA 6, PorA-VR1:5, and PorA-VR2:2), 
p<0.00001; BAST-221 (25; 7; 0; 5–1; 10–1), p = 0.006; BAST-
220 (4; 2; 0; 7–2; 4), p = 0.02; BAST-232 (4; 2; 0; 12–1; 16), p = 
0.01; and BAST-8 (22; 29; 121; 5; 2), p = 0.0005. BAST, Bexsero 
Antigen Sequence Type.
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MATS assay. Therefore, this assay remains a surrogate for 
estimating functional activity against cross-reactive anti-
genic variants.

Among UK isolates we examined, the most frequent 
peptide variant 1 fHbp peptides were 4, 13, 15, 14, and 1. 
For most fHbp peptide 1 isolates tested by MATS, their 
RP lies above the positive bactericidal threshold (PBT), 
and these isolates are predicted to be killed by the pooled 
serum from Bexsero-vaccinated toddlers used in the assay 
(20). However, for other fHbp variant 1 peptides, there was 
marked variation in coverage estimates by MATS for iso-
lates with the same peptide variant. Two MATS studies in 
Europe identified the RP for peptide 4 isolates to be most 
consistently above the PBT, but RP for peptide 13, 14, and 
15 isolates spanned the PBT (20,29). The degree of pro-
tection afforded by Bexsero vaccination will be observed 
through postimplementation enhanced surveillance. With 
2-dose vaccine uptake at 88.6%, early reports of vaccine ef-
ficacy were estimated to be 82.9% (95% CI 24.1%–95.2%) 
(36). If these high efficacy estimates, albeit with wide CIs, 
continue to show protection beyond that predicted by geno-
typic, phenotypic, or functional estimates, then synergistic 
activity or minor antigens might need to be considered, nei-
ther of which are quantified by MATS or BAST.

Coverage for nonserogroup B isolates by Bexsero-in-
duced immunity was of special interest in the United King-
dom because of increasing IMD cases caused by W:CC11 
from 2012, with severe and atypical IMD and high mortal-
ity rates (37). The principal change in this analysis was the 
increase of BAST-2 (22; 29; 6; 5; 2), a direct consequence 
of W:CC11 clonal expansion. Although conjugate ACWY 
vaccine was introduced in August 2015, it was targeted to 
teenagers, the age group with increased disease and high-
est risk for carriage (38). There is a paucity of supporting 
immunologic evidence for the role of Bexsero in protec-
tion against nonserogroup B isolates, but in a small case 
series of 6 W:CC11 isolates, all BAST-2, human SBA as-
say responses of >1:32 were observed by using pooled se-
rum from infants vaccinated with 3 doses of Bexsero (39). 
Therefore, some protection might be provided to Bexsero-
vaccinated infants and toddlers.

After implementation of Bexsero into the UK immu-
nization schedule, long-term vaccine effectiveness will be 
established by enhanced IMD surveillance accompanied 
by characterization of meningococcal isolates (36). The 
methods used here are rapid, standardized, open-source, 
and readily applied to different settings (22,40). Use of 
WGS in the Meningitis Research Foundation Meningococ-
cus Genome Library initiative in the United Kingdom to 
extract vaccine antigenic variant data enables rapid isolate 
characterization, surveillance of circulating meningococci, 
and monitoring of secular changes and the impact of all 
meningococcal vaccines in use (10,22). These data serve 

as a reference point against which effects of the national 
Bexsero program can be compared, and highlight reliance 
on cross-reactive variants to maintain effective protection. 
Finally, such data will be invaluable in development of 
novel vaccine formulations that ensure continued coverage.
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The expansion of hypervirulent sequence type 4821 clonal 
complex (CC4821) lineage Neisseria meningitidis bacteria 
has led to a shift in meningococcal disease epidemiology 
in China, from serogroup A (MenA) to MenC. Knowledge 
regarding the evolution and genetic origin of the emer-
gent MenC strains is limited. In this study, we subjected 76 
CC4821 isolates collected across China during 1972–1977 
and 2005–2013 to phylogenetic analysis, traditional geno-
typing, or both. We show that successive recombination 
events within genes encoding surface antigens and acquisi-
tion of quinolone resistance mutations possibly played a role 
in the emergence of CC4821 as an epidemic clone in China. 
MenC and MenB CC4821 strains have spread across Chi-
na and have been detected in several countries in differ-
ent continents. Capsular switches involving serogroups B 
and C occurred among epidemic strains, raising concerns 
regarding possible increases in MenB disease, given that 
vaccines in use in China do not protect against MenB.

The incidence of meningococcal disease and Neisseria 
meningitidis strain distribution vary over time, within 

and between countries and regions (1). Six serogroups (A, 
B, C W, X, and Y) account for nearly all cases of invasive 
meningococcal disease (IMD) globally (1). Serogroup C 
(MenC) cases were rare in China until 2003–2005, when 
several MenC outbreaks were reported in Anhui Province 
(2–4). These outbreaks were caused by a previously un-
reported hypervirulent clonal complex (CC) 4821 lineage 
(5). A pharyngeal carriage survey and national public 
health surveillance during 2004–2005 identified CC4821 
among sporadic IMD case-patients and asymptomatic 

carriers across 11 provinces, demonstrating the wide geo-
graphic distribution of CC4821 (2). During 2005–2012, 
MenC CC4821 became the leading cause of endemic 
meningococcal disease in China (6). Further analyses of 
historic isolate collections identified MenB and MenC 
CC4821 from carriage surveys in the 1970s (2,7). These 
studies demonstrated that CC4821 had been mostly asso-
ciated with asymptomatic carriage over several decades 
before it emerged as a main cause of IMD (2,7,8). Also, 
our recent analyses of quinolone resistance among historic 
meningococcal isolate collections in China found a sub-
stantial temporal shift toward increased quinolone non-
susceptibility from the prequinolone era (before ≈1985) to 
the quinolone era (none versus >70%), particularly within 
hypervirulent CC4821 and CC5 lineages (7). Such findings 
support the hypothesis that quinolone resistance could have 
played a role in the emergence of MenC CC4821 outbreaks 
in China.

Meningococci have a dynamic genome that evolves 
rapidly through point mutations and frequent recombina-
tion. Such genetic changes give rise to strains with novel 
capsular or other major surface antigens that evade exist-
ing population immunity (9). A study by Zhu et al. found 
extensive genomic variation among 22 CC4821 invasive 
and carriage isolates from 12 provinces in China during 
2005–2011 (8). In that study, CC4821 isolates belonged to 
2 distinct phylogenetic groups, and results indicated that 
group 1, containing the epidemic reference strain 053442, 
might be more invasive than group 2 and that MenB and 
MenC coexisted within both groups 1 and 2 (8). 

Our study describes phylogenetic relationships within 
a collection of historic and current isolates from Shanghai 
in the prequinolone and quinolone eras and explores how 
the isolates fit into the larger genetic profile of CC4821 
from China (8). We aimed to shed light on the genomic 
factors underlying the abrupt transition of this lineage 
from a minority strain to a leading cause of endemic dis-
ease and outbreaks.

Evolution of Sequence Type 4821 
Clonal Complex Meningococcal 

Strains in China from Prequinolone 
to Quinolone Era, 1972–2013
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Materials and Methods

Strain Selection and Molecular Typing
A total of 374 meningococcal isolates were collected from 
IMD case-patients, close contacts, and asymptomatic car-
riers during pharyngeal carriage surveys and routine, lab-
oratory-based public health surveillance conducted during 
1965–1985 and 2005–2013 (7). The interruption during 
1986–2004 was because of the decreased incidence of me-
ningococcal cases and the increased ability to identify N. 
meningitidis in hospitals, necessitating fewer isolates to 
be referred (7). In all, 52 CC4821 isolates were identified 
and underwent molecular characterization using tradition-
al PCR sequencing of the porA, porB, fetA, fHbp, nadA, 
nhba, and gyrA genes and pulsed-field gel electrophoresis 
as described previously (7,10,11). We selected 8 of these 
52 isolates, representing strains from different periods, se-
rogroups, or pulsed-field gel electrophoresis groups, for 
whole-genome sequencing (WGS) and in-depth phylo-
genetic analysis. We downloaded assembled contiguous 
genome sequences (contigs) for 24 additional genome se-
quences from previous studies of CC4821 in China from 
GenBank (NM11003, accession no. NZ_ANBU00000000) 
(5,8). Therefore, a total of 32 whole-genome sequences un-
derwent core genome phylogenetic analyses for this study 
(online Technical Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/24/4/17-1744-Techapp1.pdf).

Genome Sequencing and Assembly
We performed single molecule real-time sequencing 
(PacBio; Pacific Biosciences, Menlo Park, CA, USA) on 4 
CC4821 isolates (NM040, NM062, NM205, and NM323) 
and sequenced the remaining 4 isolates (NM001, NM050, 
NM193, and NM313) by using Illumina HiSeq paired-end 
sequencing (Illumina, San Diego, CA, USA). We assem-
bled PacBio genomes by using HGAP 4.0 (https://github.
com/PacificBiosciences/Bioinformatics-Training/wiki/
HGAP) and Illumina genomes by using SPAdes 3.7 (12). 
We annotated assembled contigs by using the Prokka v1.11 
(13) pipeline and submitted them to the PubMLST Neis-
seria genome database (http://pubmlst.org/neisseria) with 
ID numbers 41414–41421, where allelic numbers were as-
signed to all identified genes (14).

Phylogenetic Analyses
We aligned assembled genomes (n = 32) and produced a 
core genome phylogenetic tree with 1,000 rapid bootstrap 
replicates by using RAxML and Mauve 2.3 as previously de-
scribed (15–17). Serogroup A reference genome Z2491 was 
included as an outgroup (18). We aligned gene sequences 
selected for focused analyses with MEGA 5.2 (http://www.
megasoftware.net) and constructed maximum-likelihood 
phylogenetic trees under the HKY model of evolution (19). 

We included comparison sequences from a global collec-
tion of 133 genomes from the PubMLST Neisseria genome 
database representing all major invasive disease lineages in 
some of these phylogenetic analyses as references.

Recombination
We assessed recombination by using ClonalFrameML 
and Gubbins (20,21). We then mapped the recombination 
to the CC4821 reference genome 053442 (online Techni-
cal Appendix).

Gene Content
We assessed gene content by using the Roary 3.6 ortho-
log clustering program (22), which identifies presence or 
absence of orthologous gene sequences using a cutoff of 
90% sequence identity (–i = 90). We defined core genes 
as genes present in >90% of the genomes. When compar-
ing the gene content of 2 groups of genomes, we defined a 
gene as specific to that group if it was present in >90% of 
the genomes in the group and in <20% of the genomes in 
the comparison group. We downloaded gene functional an-
notation from the COG database (23) and compared genes 
containing recombinant sequences with nonrecombinant 
ones based on the major COG classes (cellular processes 
and signaling, information storage and processing, metabo-
lism, poorly characterized) using uncorrected χ2 tests.

Results
Out of 52 Shanghai isolates, 18 (34%) were from 1972–
1977 (3 IMD isolates and 15 asymptomatic carriage iso-
lates), and the remaining 34 (23 IMD isolates, 6 isolates 
from close contacts, and 5 carriage isolates) were isolated 
during 2005–2013. Most (56%) Shanghai isolates were se-
rogroup C, 42% were serogroup B, and 1 was nongroup-
able (online Technical Appendix Table 2).

Phylogenetic Analyses of CC4821 Isolates in China
We conducted comparative genome analyses for 8 isolates 
from Shanghai and 24 publicly available genomes from 
across China (Figure 1). Among the 8 newly sequenced iso-
lates, 4 were from asymptomatic carriers from 1972–1977 
(NM193, NM205, NM313, and NM323), 3 were IMD iso-
lates from 2005–2011 (NM001, NM062, and NM040), and 
1 was from an asymptomatic contact of a meningitis patient 
(NM050). The remaining 24 genome sequences included 
invasive and carriage CC4821 isolates from 12 provinces 
across China from 2004–2011, as characterized in previous 
studies (4,8). Overall, MenC represented 66% (21/32) of 
isolates that we analyzed, and the remaining 34% (11/32) 
belonged to MenB.

The core genome phylogenetic tree classified CC4821 
into 2 distinct groups (Figure 1). Group 1 consisted of sev-
eral isolates that were very closely related; this group con-
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tained 15 isolates from 2004 to 2011, and most were from 
IMD case-patients. In addition, the epidemic reference strain 
053442 clustered with a small group of highly similar group 
1 isolates. This subgroup is defined as the epidemic clone 
based on core genome phylogenetic analyses and antigen 
gene profile (described hereafter). A second more diverse 
phylogenetic group (group 2) consisted of isolates from 
Shanghai during 1972–1977 and more recent ones collected 
from 9 provinces during 2005–2011. In contrast to group 1, 
only 29% of group 2 isolates were from IMD case-patients 
(Figure 1). MenB was found in both groups and was inter-
spersed with MenC genomes. Two of 11 MenB isolates be-
longed to group 1, the remainder to group 2 (Figure 1; online 
Technical Appendix Table 1).

Characterization of Antigen Gene Content
We examined 32 isolates that had undergone WGS to iden-
tify the major antigen gene (PorA VR1 and VR2, porB, 
FetA, nhba, and fHbp) alleles that corresponded to the epi-
demic strain, group 1 or group 2, as determined by the core 

genome phylogenetic analysis (Figures 1, 2; online Techni-
cal Appendix Table 1, Figures 1–5). nadA was missing in 
all CC4821 study genomes. Group 1 genomes had diverse 
fHbp and porA alleles. All 15 group 1 isolates contained the 
porB 3–48 and FetA F3–3 alleles, and nhba allele 124. The 
epidemic clone contained a few highly related porA alleles 
that all encoded unique, conserved porA variable regions 
(PorA VR1 and VR2: P1.7–2, 14). Group 2 isolates had 
the most antigen gene diversity, containing 5–12 different 
alleles for each antigen-encoding gene at the nucleotide 
level and no clear predominance of any single allelic pro-
file. We observed little overlap between the antigen gene 
allelic profiles in groups 1 and 2. Only 2 of 13 group 1 al-
leles were also found in group 2. None of the antigen gene 
alleles found in the epidemic clone was present in group 2, 
suggesting that the epidemic clone had a nonoverlapping 
repertoire of antigens compared with historic and current 
group 2 isolates (Figure 2; online Technical Appendix 
Table 1, Figures 1–5). Group 2 was predominantly associ-
ated with PorA P1.20 variants (82%); PorB 3–229 (29%); 
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Figure 1. Core genome phylogenetic tree showing relationships between Neisseria meningitidis serogroups C and B CC4821 strains, 
China, 1972–2011. The strains cluster within 1 of 2 distinct phylogenetic groups, group 1 and group 2. Within group 1 is an antigenically 
distinct clonal group (epidemic clone) containing outbreak-associated strains. Tree is rooted using serogroup A reference strain (Z2491) 
as an outgroup. Maximum-likelihood phylogenetic trees of aligned core genome sequences were generated under a general time 
reversible model of evolution with gamma rate heterogeneity, with 1,000 rapid bootstrap replicates represented as a percentage. Only 
node labels with >80% bootstrap support are shown. Strain type and date and place of isolation are shown; + indicates strains isolated 
from invasive disease cases. Resistant point mutations on the T91 position of gyrA gene are shown alongside data on gyrA allele 
designation. Scale bar represents total substitutions per site. CC, clonal complex; PorA VR, outer membrane protein PorA variable 
regions; Sg, serogroup; ST, sequence type.
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FetA F3–9 (18%) and FetA F5–2 (18%); FHbp peptide 16 
(65%); and nhba 553 (41%) (online Technical Appendix 
Table 1).

Recombination Events Separating Group 1 and  
Group 2 Isolates
We identified extensive recombination within CC4821 lin-
eage, as detected by ClonalFrameML (20). The estimated 
rate of recombination relative to mutation (R/ϴ) for the en-
tire CC4821 core genome was 1.37 (95% CI 1.40–1.34), 
and the relative impact of recombination to mutation (r/m) 
was 20.83, indicating that ≈21 nt were acquired by recom-
bination for every point mutation within the core genome 
of CC4821. Sublineage specific recombination rates (R/ϴ) 
were 1.79 (95% CI 1.53–2.05) for group 1, 1.47 (95% CI 
1.15–1.79) for group 2, and 0.5 (95% CI 0.26–0.75) for the 
epidemic clone.

A total of 46 recombination fragments containing 120 
genes were mapped to the node that separated group 1 from 
group 2, indicating that these recombination events could be 
linked to the divergence of group 1 and 2 sublineages (online 
Technical Appendix Table 3). Sequence alignment and phy-
logenetic analysis confirmed that the 46 genomic loci repre-
sented regions of marked sequence divergence, presumably 
caused by homologous recombination within a common an-
cestral genome. These 120 recombinant genes belonged to 
diverse functional categories; metabolism was the overrep-
resented functional assignment (51/120 [42.5%]), compared 

with 28% of nonrecombinant genes (p<0.001 by χ2 test). 
Proportions of other functional groups were similar between 
recombinant and nonrecombinant genes.

Recombination Events Unique to the Epidemic Clone
The epidemic clone diverged from group 1 through several 
additional recombination events, affecting 24 genes across 
7 genomic loci (Table). These genomic loci included cap-
sule translocation genes (ctrE and ctrF); major outer mem-
brane protein (OMP) antigen genes porA, porB, and fHbp; 
pts genes involved in carbohydrate transport and metabo-
lism; and the tkl locus encoding DNA polymerase and sev-
eral metabolic enzymes.

Gene Content
We identified a total of 3,292 unique genes, of which 1,730 
core genes were shared by most CC4821 genomes. Eleven 
genes were present in >90% of group 1 isolates but missing 
in most group 2 isolates. Genes that were predominantly 
found in group 1 included lbpB encoding lactoferrin bind-
ing protein B, nhaP encoding Na+/K+ antiporter, and genes 
encoding several putative enzymes and 4 hypothetical pro-
teins whose functions are unknown (online Technical Ap-
pendix Table 4). These genes were spread across several 
locations on the reference genome 053442, suggesting that 
they were acquired separately rather than in a single event. 
The epidemic clone had no noticeable gene gain or loss 
compared with other group 1 isolates.
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Figure 2. Genetic diversity within capsule and major antigen encoding genes among 32 Neisseria meningitidis clonal complex 4821 
isolates, China, 1972–2011. Gene sequences from 32 clonal complex 4821 isolates were compared with the epidemic reference strain 
053442 (the topmost isolate on the juxtaposed core genome phylogenetic tree). Scale bar represents total substitutions per site. SNP, 
single-nucleotide polymorphism.
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Capsular Gene cps Cluster
The cps cluster of N. meningitidis consists of 6 regions 
(D-A-C-E-D′-B) required for capsule biosynthesis (region 
A), transport (region C), and translocation (region B) (24). 
The group 1 isolates were characterized by a novel capsule 
region A (ctrG4-cssE1-csc1-cssC3-cssB1-cssA3), associ-
ated with region C (ctrA5-ctrB1-ctrC4-ctrD1) and region 
E (tex-orf1-orf2) (online Technical Appendix Table 1). 
Nine of 15 regions A-C-E identified among group 1 iso-
lates were identical, and another 4 were almost identical 
(1-bp variation in csc, cssA, or ctrA over 14,489 bp). Only 
2 diverged because of the allelic replacement containing 
the serogroup-specific polysialyltransferase gene (csb), re-
sulting in capsular switches involving serogroups B and C 
(NM341215 and NM440902) (online Technical Appendix 
Table 2). Group 2 had substantial genetic diversity within 
the cps cluster, with no 2 isolates possessing an identical 
cps gene allelic profile (Figure 2).

Characterization of CC4821 Isolates from Shanghai
Our results classified 52 CC4821 isolates from Shanghai 
into epidemic clone or groups 1 and 2 on the basis of as-
sociated porA, porB, fetA, fHbp, and nhba antigen genes 
defined by WGS (Figure 1; online Technical Appendix 
Table 2). A substantial proportion of strains in Shanghai 
(23/52 [44%]) belonged to group 1, with 0–1 antigen gene 
differences (Figure 1; online Technical Appendix Table 2, 
Figures 1–5). Shanghai group 1 isolates were exclusively 

isolated during 2005–2013; were MenC (19/23), MenB 
(3/23), or nongroupable (1/23); and were isolated from 
IMD case-patients (18/23), close contacts of IMD case-
patients (4/23), or an asymptomatic carrier (1/23). Within 
group 1, a total of 16 isolates (16/23 [70%]) contained 
PorA P1.7–2,14 and were consistent with the epidemic 
clone by all 5 antigen genes. Twenty-nine (29/52 [56%]) 
Shanghai isolates belonged to group 2 and differed from 
group 1 by 4–5 out of 5 antigen loci. Shanghai group 2 
was dominated by carriage isolates (21/29 [72%]) from 
1972–1977 and 2005–2013. MenB equaled or outnum-
bered MenC among historic (9/18 [50%]) and recent (10/11 
[91%]) group 2 CC4821 isolates. MenB strains in group 1 
possessed fHbp 498 or 22 encoding peptides 1.80 or 2.22 
(subvariants belonging to FHbp variant group 1 or 2), as 
most (17/19 [89%]) of MenC epidemic clones did (online 
Technical Appendix Tables 1, 2).

All group 1 isolates contained fluoroquinolone-resis-
tant gyrA allele 71 (corresponding to allele R1 in our previ-
ous study [7]), which was generated by a nonsynonymous 
mutation of fluoroquinolone-susceptible gyrA allele 12 (al-
lele S1), creating an amino acid substitution of T91I. The 
gyrA allele 12/S1 was carried by 76% (22/29) of the group 
2 strains (online Technical Appendix Table 2). In contrast, 
only 4 of 29 group 2 isolates from Shanghai and another 
6 publicly available group 2 genomes contained resistant 
gyrA alleles, which were different from each other. Group 
2 isolates with genotypic resistance to quinolones were  
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Table. Recombinant genes unique to the Neisseria meningitidis clonal complex 4821 epidemic clone, China, 1972–1977 and  
2005–2013* 
Gene ID Gene name Annotation 
NMCC_0090 ctrE Polysialic acid capsule modification protein LipA 
NMCC_0091 ctrF Polysialic acid capsule modification protein LipB 
NMCC_0136 

 
Putative RmuC-like protein 

NMCC_0137 
 

Putative metallo-dependent hydrolase 
NMCC_0138 

 
Putative periplasmic DNA ligase (polydeoxyribonucleotide synthase [ATP]) 

NMCC_0140 ptsIIA Phosphotransferase system, enzyme IIA (protein IIA) 
NMCC_0141 ptsH Phosphocarrier protein HPr (phosphotransferase system, histidine-containing protein) 
NMCC_0142 ptsI Phosphoenolpyruvate-protein phosphotransferase (phosphotransferase system, 

enzyme I; protein I) 
NMCC_0158 porB Major outer-membrane protein P.IB (protein IB; PIB; porin) 
NMCC_0350 

 
Putative peptidase 

NMCC_0351 fHbp Factor H binding lipoprotein (lipoprotein GNA1870) 
NMCC_0352 fba Fructose-bisphosphate aldolase 
NMCC_1338 porA Major outer-membrane protein P.IA (protein IA; PIA; porin) 
NMCC_1341 greA Transcription elongation factor GreA (transcript cleavage factor GreA) 
NMCC_1342 aroA 3-phosphoshikimate 1-carboxyvinyltransferase (5-enolpyruvylshikimate-3-phosphate 

synthase; EPSP synthase; EPSPS) 
NMCC_1343 

 
Conserved hypothetical lipoprotein 

NMCC_1363 
 

Putative DnaQ-like exonuclease 
NMCC_1364 

 
Arg tRNA 

NMCC_1365 
 

Glu tRNA 
NMCC_1366 

 
Putative dioxygenase 

NMCC_1367 
 

Conserved hypothetical membrane protein 
NMCC_1368 

 
Putative ferredoxin 

NMCC_1370 tkt Transketolase 
NMCC_2038 fmt Methionyl-tRNA formyltransferase 
*Gene IDs correspond to the clonal complex 4821 reference genome 053442. ATP, adenosine triphosphate; EPSP, 5-enolpyruvylshikimate-3-phosphate; 
EPSPS, EPSP synthase; ID, identifier. 
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genetically highly diverse as evidenced by diverse sequence 
types, different antigen gene profiles, and expression of 
both MenB and MenC capsules. However, all quinolone-
resistant isolates were from 2005–2013 (Figure 1; online 
Technical Appendix Tables 1, 2).

Discussion
This study presents detailed genomic analyses of the cur-
rent major endemic meningococcal disease lineages in 
China, serogroups C and B CC4821. Phylogenetic analyses 
have suggested that the epidemic clone (corresponding to 
the epidemic ChinaCC4821-R1-C/B clone described in our pre-
vious work [7)]) responsible for most recent CC4821 dis-
ease cases was nested within a distinct phylogenetic group 
(group 1), consistent with recent clonal expansion of a ge-
netically distinct strain. In contrast, group 2 was temporally 
and genetically more diverse and accounted for a smaller 
proportion of IMD cases, as evidenced by the preponder-
ance of asymptomatic carriage isolates within this group 
(8). Group 1 isolates were first identified during MenC out-
breaks during 2003–2005, whereas group 2 isolates were 
mostly associated with carriage from the 1970s to 2013 (7).

This work adds to the description of CC4821 by a pre-
vious study (8) by demonstrating that, within group 1, a ge-
netically distinct clone exists that shares the porA antigenic 
formula P1.7–2,14 and comprises strains associated with 
outbreaks and a large proportion of epidemic disease cases. 
This finding is in keeping with surveillance studies report-
ing MenC strains during 2005–2012 indicating that 55% 
of 238 confirmed meningococcal disease cases and 84% of 
131 MenC strains belong to CC4821 with porA P1.7–2,14 
(6), suggesting that the expansion of CC4821 was caused 
by clonal expansion of this antigenic type. Genomic analy-
ses demonstrated that the epidemic CC4821 lineage had 
undergone 2 crucial genetic events compared with historic 
asymptomatic carriage isolates. First, CC4821 diverged 
into 2 major sublineages through extensive recombination 
events predominantly affecting genes involved in metabol-
ic functions. Such extensive allelic exchanges might have 
enhanced the transmission fitness or the invasive potential 
within group 1. Second, a virulent, antigenically unique, 
epidemic strain emerged from within group 1 in a second 
set of more focused recombination events affecting major 
antigen genes, porA, porB, fHbp, capsule genes ctrE and 
ctrF, and several metabolic genes associated with oxidative 
phosphorylation and glycolytic processes. These genetic 
changes possibly account for the rapid dissemination and 
increased invasive potential of the epidemic clone.

This work also adds to the evidence that the emer-
gence and persistence of virulent meningococcal strains 
occurs through the introduction of a novel antigenic variant 
in an immunologically naive population (9,15,25–27). In 
addition, even though a few major antigen gene repertoires  

mediate the microevolution of virulent meningococcal 
strains, a larger and more assorted number of metabolic 
genes might be involved in the divergence of sublineages. 
Additional research is needed to elucidate the intricate in-
teractions between various metabolic pathways in the fit-
ness and virulence potential of meningococci.

Selection pressure of fluoroquinolones might also af-
fect the evolution and adaption of meningococcal strains, 
as evidenced by various resistant gyrA alleles recovered in 
many meningococcal lineages and singletons only in the 
quinolone era in China (7,28). All of the group 1 CC4821 
strains contain gyrA allele 71/R1, in contrast to various re-
sistant gyrA alleles in group 2, suggesting acquisition of 
this trait by group 1 at an early stage in evolution. The gyrA 
allele 71/R1 derived from gyrA allele 12/S1, which was 
possessed by most of the group 2 strains both in prequino-
lone and quinolone eras, indicating their common origin. 
The precise role of quinolone resistance in the emergence 
of the epidemic clone requires further study.

The relative rates and impact of recombination within 
the CC4821 lineage were considerably higher than pre-
vious estimates that examined recombination across 7 
housekeeping genes (29–31). We identified 4,026 recom-
bination events and 21 recombinant single-nucleotide 
polymorphisms (SNPs) for every point mutation within 
CC4821. Estimates of meningococcal recombination rates 
from whole-genome sequence data are limited. A study of 
MenA CC5 strains in Africa (27), an epidemic lineage no-
table for relatively low genetic diversity, found 34 recom-
binant sequences and 12 recombinant SNPs for every point 
mutation. A study of recombination rates within conserved 
multilocus sequence type loci among carriage isolates from 
the Czech Republic in 1993 found 6.2–16.8 SNPs caused 
by recombination for each point mutation (29). These 
data suggest that although homologous recombination is 
a shared mechanism for meningococcal strain emergence 
and persistence (29,31–33), the frequency and extent of re-
combination likely differs substantially between lineages.

High rates of recombination have led to multiple dis-
tinct capsular switch strains expressing group B and C cap-
sule, as described in this study, and serogroup W (8,34). 
Both MenB and MenC were phylogenetically diverse and 
interspersed within both groups 1 and 2, suggesting multiple 
distinct capsular switches between these serogroups rather 
than clonal expansion of a single capsular switch strain 
(35,36). Moreover, recombination events that led to no ap-
parent change in capsular phenotype were also prevalent.

Wide geographic and temporal spread of MenB 
strains in China is of concern given that vaccines currently 
in use do not protect against MenB disease. Furthermore, 
marked heterogeneity exists among both MenB and MenC 
strains within the gene encoding FHbp, a key component 
of MenB vaccines.
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At the time of its emergence, CC4821 was confined to 
China and Taiwan (37). However, review of the PubMLST 
Neisseria genome database suggests a recent increase in 
the geographic spread of CC4821. CC4821 isolates were 
reported from a small number of asymptomatic carriers in 
Brazil (2014) (38,39) and Australia (2012–2017), as well 
as isolated disease cases and carriers from France (2009–
2011), the United Kingdom (2011–2014), the United States 
(2007–2016), and India (2017) (14). A recent case report 
of a quinolone-resistant sequence type 4821 strain from Ja-
pan in a patient with no history of foreign travel also sug-
gests local transmission of CC4821 in Japan (40). Global 
CC4821 carriage and IMD isolates on the PubMLST 
Neisseria database were antigenically diverse, containing 
PorA types associated with both group 1 and 2 strains, and 
expressed both serogroup C and B capsules. This finding 
suggests low-level dissemination of CC4821 strains with 
diverse virulence and antigenic types as opposed to clonal 
spread of a single epidemic strain. This pattern is in con-
trast to the pandemic spread of highly clonal serogroup A 
epidemic strains from China from the 1960s through the 
1990s (25). Genome-based surveillance of these global 
CC4821 strains is needed to monitor the global spread of 
this clonal lineage.

Our study is limited by lack of isolates before the 
1970s and during 1986–2004; isolates from those periods 
might have provided a clearer picture of the multiple evolu-
tionary steps that led to the epidemic CC4821 clone. Also, 
the high frequency of recombination within capsular genes 
makes it difficult to accurately determine the direction of 
capsular switch.

In summary, we have presented detailed genomic anal-
ysis of a major hypervirulent meningococcal lineage asso-
ciated with MenC and MenB in China and identified key 
genomic factors that might have led to the emergence and 
persistence of MenC in China. The potential emergence of 
MenB is of public health concern. Strengthened laboratory 
surveillance for disease cases and carefully planned car-
riage surveys are needed to monitor global trends, detect 
outbreaks, and inform immunization policies.
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The revelation in May 2015 of the shipment of γ irradia-
tion–inactivated wild-type Bacillus anthracis spore prepa-
rations containing a small number of live spores raised 
concern about the safety and security of these materi-
als. The finding also raised doubts about the validity of 
the protocols and procedures used to prepare them. Such 
inactivated reference materials were used as positive con-
trols in assays to detect suspected B. anthracis in sam-
ples because live agent cannot be shipped for use in field 
settings, in improvement of currently deployed detection 
methods or development of new methods, or for quality 
assurance and training activities. Hence, risk-mitigated B. 
anthracis strains are needed to fulfill these requirements. 
We constructed a genetically inactivated or attenuated 
strain containing relevant molecular assay targets and 
tested to compare assay performance using this strain to 
the historical data obtained using irradiation-inactivated 
virulent spores.

An effective and constant real-time surveillance capabil-
ity is crucial for protecting the public from biological 

threats. Biological threats can be intentional (e.g., resulting 
from biowarfare or bioterrorism) or unintentional (e.g., result-
ing from accidental release or emerging infectious diseases) 
(1,2). Early detection of a biological threat is critical not only 
for identifying the threat organism but also for implementing 
appropriate countermeasures to save and protect the victims 
and prevent further infection and for decontaminating and 
reclamating the affected environment and infrastructures.

The bedrock of successful biodetection platforms and 
sensors is use of well-characterized molecular assays, im-
munoassays, or other types of detection assays. Any assay 
development effort requires testing, evaluation, and vali-
dation of the assays with live or inactivated spiking mate-
rials in appropriate matrices relevant to the environments 
in which the assays are intended to be used (e.g., aerosol 
collection filters, soils, or clinical matrices). Distribution 
and use of select agents and toxins are restricted to facili-
ties that have appropriate approval for storage and use of 
such materials in containment suites and are regulated by 
the Federal Select Agent Program of the Centers for Dis-
ease Control and Prevention (CDC; Atlanta, GA, USA) and 
the US Department of Agriculture Animal and Plant Health 
Inspection Service (Riverdale, MD, USA). For other facili-
ties, inactivated select agents, including inactivated spores, 
historically were the source of reference materials. Many 
private and academic organizations, government agencies, 
and foreign government partners have used these materials 
for various activities, including quality control exercises 
and medical countermeasure research.

In May 2015, previously shipped irradiation-inacti-
vated B. anthracis spore reference materials were found to 
contain a small number of live spores (3,4). The incom-
plete inactivation of the spores raised concern about the 
safety and security of these materials and doubts about the  
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validity of the protocols and procedures used to prepare 
them. After this revelation, the US Department of Defense 
(DoD) and Department of the Army took a series of mea-
sures that included review of existing processes and prac-
tices to prepare such reference materials (5); placement of 
a moratorium on shipping of inactivated B. anthracis and 
other select agents from DoD laboratories until further re-
view (6); formation of an independent entity (BSAT Biorisk 
Program Office) to oversee all Biologic Select Agents and 
Toxins (BSAT) activities within DoD; and implementation 
of various recommendations of different committees estab-
lished to evaluate BSAT risk mitigation strategies (5,7,8).

Currently, guidance for implementing the Secretary of 
the Army directive 2016-24 for the DoD BSAT biosafety 
program (7) has been drafted, with many new measures put 
in place for the safe handling of BSAT and BSAT-derived 
products within DoD laboratories and transfer and tracking 
of such materials across agencies and laboratories. One of 
the 3 key activities identified in this directive is to explore 
safer alternatives to BSAT, inactivated BSAT, and BSAT 
derivatives to reduce health and safety risks associated with 
BSAT production, handling, and distribution (7).

We describe the construction and characterization of 
a safer alternative to regulated B. anthracis: a genetically 
inactivated (rather than irradiation-inactivated) avirulent B. 
anthracis strain into which specific nucleic acid assay targets 
for pXO1 and pXO2 replicons have been introduced. The re-
sulting recombinant strain substitutes for and reacts similarly 
to regulated B. anthracis in molecular testing, whereas cur-
rently excluded strains (such as Sterne) lack the pXO2 target 
(online Technical Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/24/4/17-1646-Techapp1.pdf). The result-
ing recombinant strain can be used for testing PCRs used in 
many biodefense programs. Also, we demonstrate that these 
spores can be further inactivated by irradiation so they can 
be used even in a Biosafety Level (BSL) 1 setting.

Materials and Methods

Strains, Plasmids, and Primers
Escherichia coli and B. anthracis strains used in this study 
are listed in Table 1. The plasmids used in various cloning 
steps and the primers used for amplification, sequence verifi-
cation, and diagnosis of constructs also are listed in Table 1.

Synthesis of a Recombinant Plasmid Carrying  
PCR Signatures
We synthesized the recombinant construct 4 cassette, con-
taining 5 different PCR signatures, commercially (Blue 
Heron, LLC, Bothel, WA, USA) and cloned into pT7Blue 
(Novagen-MilliporeSigma, St. Louis, MO, USA). The 
cassette was sequence-verified and PCR-amplified from 
this plasmid. The PCR product and a lef deletion plasmid 

pRP1091 (11) were digested with XbaI, ligated, and trans-
formed into TOP10 E. coli cells (Invitrogen). Successful 
cloning of the insert was confirmed by restriction enzyme 
digestion, PCR, and sequencing.

Construction of Tagged B. anthracis Sterne Triple 
Knockout Strain
We conducted transfer and integration of the cloned in-
sert by allelic exchange as described previously (11) (on-
line Technical Appendix Figure 2). We designated the 
final construct recombinant B. anthracis Surrogate with  
Assay Targets (rBaSwAT-BAP708), hereafter referred to 
as BAP708.

PCRs

Verification of Toxin Gene Deletions and Presence of 
Synthetic Cassette
We resuspended single colonies of the strains in 50 µL of 
PCR-Lyse (Epicentre) or Y-PER (Thermo Fisher Scientific, 
Waltham, MA, USA), vortexed, and incubated them at 99°C 
for 15 min. Five µL of each lysate was used as a template 
for PCR (50 cycles), with 2.5 µL of each 10 µM primer and 
0.5 µL of Phusion polymerase (Thermo Fisher Scientific) 
in 50-µL reactions. Annealing temperatures were 49°C 
(primers RP214/RP215 [lef] and SS2166/SS2167 [cya]), 
54°C (primers SS2168/SS2169 [pagA]), and 59°C (prim-
ers SS2164/SS2165 [lef]) (Table 1). Five µL of each PCR 
product was run on a 0.8% ethidium bromide agarose gel.

Verification of PCR Signature Sequences
We streaked B. anthracis strains on tryptic soy agar plates 
for isolation and incubated them overnight at 37°C before 
inoculating a colony from each strain into 15 mL of 3% 
brain heart infusion and incubating cultures with shaking 
(100 rpm) for 24 h at 37°C. We then centrifuged the entire 
culture to pellet the cells (room temperature, 10 min, 2,000 
× g) and extracted DNA using the MoBio Ultraclean Mi-
crobial DNA Isolation Kit (QIAGEN Inc., Germantown, 
MD, USA) according to the manufacturer’s recommended 
protocol; we eluted DNA in a volume of 200 µL. DNA 
concentration was determined using a NanoDrop (Thermo 
Fisher Scientific). We diluted extracts such that PCR reac-
tions were performed starting with either 10 or 50 genomic 
copies. Various B. anthracis–specific PCRs were conduct-
ed on an ABI 7500 or 7900 instrument (12).

Animal Study to Evaluate Pathogenicity of  
the Recombinant Strain
We made spore preparations of various strains using pub-
lished protocol (13,14). We infected female A/J mice (6–8 
weeks old; Charles River, Frederick, MD, USA) subcuta-
neously with Sterne (34F2) and Sterne derivative spores 
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and checked the mice daily for clinical signs. Animal re-
search at the United States Army Medical Research Insti-
tute of Infectious Diseases was conducted under an ani-
mal use protocol approved by the Institute’s Institutional 
Animal Care and Use Committee in compliance with the 
Animal Welfare Act, Public Health Service Policy, and 
other federal statutes and regulations relating to animals 
and experiments involving animals. The facility where this 
research was conducted is accredited by the Association for 
Assessment and Accreditation of Laboratory Animal Care 
International and adheres to principles stated in the Guide 
for the Care and Use of Laboratory Animals (https://grants.
nih.gov/grants/olaw/Guide-for-the-Care-and-use-of-labo-
ratory-animals.pdf).

Large-Scale Spore Preparation
We produced BAP708 spores according to the protocol 
described (online Technical Appendix) (15–19), and de-
termined spore counts after heat inactivation to kill any 
viable vegetative bacteria. We assessed the quality of 
the spores (particle size and uniformity, diameter, and 
particle number) using a Coulter counter. In addition, 
we conducted phase contrast microscopy to examine 
the uniformity in size of spores and absence of spore 
clumps. Sporulation efficiency is the ratio of total CFUs 

before heat inactivation to CFUs after treating the cul-
ture at 65°C for 30 min.

Irradiation Inactivation of Spores and Postirradiation 
Sterility Testing
We irradiated 60 mL of the spores in a JL Shepperd-
Model 109–68 Cobalt 60 instrument at a rate of 10,975 
rads/min for a total of 456 min, with a final dose of ≈5 
× 106 rads (50 KGreys). We tested complete inactiva-
tion and loss of viability of the spores using the recently 
established CDC-recommended protocol for select agent 
spores (20). We inoculated 6 mL (10%) of the inacti-
vated spore preparation into 60 mL of Terrific broth and 
incubated at 37°C for 7 d, and plated 1.2 mL (200 µL × 
6 plates; i.e., 2% of the culture volume) on Mueller-Hin-
ton agar and incubated for an additional 7 d. No growth 
was found on any of the plates. We used positive (unir-
radiated BAP708) and negative (uninoculated broth of 
the same type and volume under test) controls to ensure 
the validity of the protocol.

Phage Sensitivity
We tested for phage sensitivity as described using the spot 
titer method (21). In brief, a bacterial lawn of test strains 
was prepared using log phase cultures and 10 µL of various  
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Table 1. Genotypic characteristics of Escherichia coli and Bacillus anthracis strains and plasmids and primers used to determine 
avirulent B. anthracis strain with molecular assay targets 
Strain, plasmid, primer Genotype Reference/source 
Strain   
 DH5α F 80lacZM15 (lacZYA-argF) U169 recA1 endA1 hsdR17(rk, mk+) 

phoA supE44 thi-1 gyrA96 relA1 λ 
Laboratory collection 

 
 SCS110 rpsL thr leu endA thi-1 lacY galK galT ara tonA tsx dam dcm supE44 

(lac-proAB) 
Stratagene (La Jolla, CA, USA) 

 SM10 thi thr leu tonA lacY supE recA::RP4–2-Tc::Mu KmR λpir (9) 
 S17.1 hsdR pro recA, RP4–2 in chromosome, Km::Tn7 (Tc::Mu) (9) 
 DH5α/pSS1827 F 80lacZM15 (lacZYA-argF) U169 recA1 endA1 hsdR17(rk, mk+) 

phoA supE44 thi-1 gyrA96 relA1 λ, pSS1827 (Replicon fusion of pBR322 
and pRK2013 at EcoRI and SalI sites) 

(10) 

 BA500 B. anthracis Sterne 34F2 Laboratory collection 
 BAP482 BA500 cya and lef (double toxin deletion) (11) 
 BAP417 BA500 cya, lef, and pagA (triple toxin deletion) (11) 
 BAP708 BA417 with construct 4 (Signatures 1–5) This study 
Plasmid Description Source 
 pT7 Blue Cloning vector Novagen-MilliporeSigma, St. 

Louis, MO, USA 
 pT7 Blue::4 Construct 4 (Signatures 1–5) This study 
 pRP1091 Δlef derivative of shuttle vector pRP1028 (11) 
Primer Sequence, 5′  3′ Application 
 RP411 TTTCACACAGGAAACAGCTATGACC Amplify constructs 
 RP645 CCAGTCACGACGTTGTAAAACGAC Amplify constructs 
 SS2178 GTAAATTATTTAGCAAGTAAATTTTGGTG Sequence constructs 
 RP214 TATGGTCTCGGATCCTTTGGCTTTAACGAAATGTATGTGC Diagnose, sequence lef 
 RP215 TATGGTCTCCGGCCGTTTCAGTTATTCATTCTGGATAGTC Diagnose, sequence lef 
 SS2164 CACGAGAAGAGTATTTAAAGAAAATC Diagnose lef 
 SS2165 AACTATAGGACAATATTCATTACCATG Diagnose lef 
 SS2166 ATATCAAGTTTAATTGTTAAGTTTGAAGG Diagnose cya 
 SS2167 CCCGCGGCCGCAACCAAATGGTTTTCATTTCTTAG Diagnose cya 
 SS2168 CGCATATAAGCAAATACTTAATTGGTC Diagnose pagA 
 SS2169 GGATAGGGTTTAACAACTTAATAATCCC Diagnose pagA 
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dilutions of phages AP50 and γ were spotted on the lawn 
and incubated overnight at 37°C. 

Comparison of Assay Performance of BAP708  
Spores to Historical Data from Irradiation-Inactivated 
Select Agent B. anthracis Spores
We prepared liquid and filter extracted samples according 
to established protocols using 2 separate aliquots of live 
and irradiation-inactivated BAP708 spore preparations. 
We diluted spore stock (≈2.0 × 1010 CFU/mL) in 1× phos-
phate-buffered saline to a spiking concentration of 2.0 × 106 
CFU/mL and either extracted the stock directly as liquid 
samples or spiked it onto quarter filters, allowed to it dry, 
and extracted it as filter samples. We used both clean and 
simulated dirty filters. We extracted samples in accordance 
with an established single-tube extraction protocol using 
Amicon Ultra –0.5 Centrifugal filter devices (MilliporeSig-
ma). In brief, we extracted DNA by mechanical disruption 
using a bead beater (22) and size exclusion filtration and 
eluted results in a volume of 200 µL. We heat treated DNA 
extracts to inactivate any nuclease (65°C, 10 min) before 
use in PCR analysis. We used 5 µL of DNA in 5 different 
B. anthracis–specific real-time PCRs on the ABI 7500 or 
ABI 7900 platform (12).

Lateral Flow Immunoassay
We tested live and inactivated spores in a standard lateral 
flow immunoassay (LFI) that is designed to detect B. an-
thracis spores (S. Sozhamannan, unpub. data). We used 
100 µL of spores in each test and quantified the intensities 
of test and control lines using a thin layer chromatogra-
phy scanner and software for scanning LFIs (CAMAG-
TLC-3). We plotted results as relative absorbance units 
versus concentration of spores, set the background thresh-
old at 30 scanner units, and scored all results >30 units 
as positive. The measurements were done in quadrupli-
cate, and the minimal spore concentration that crossed the 
threshold was reported as the limit of detection using each 
spore preparation.

Results

Rationale for Construction of Recombinant Strains 
with Assay Targets
Mitigating the risk associated with irradiation-inactivated 
wild-type B. anthracis strains, such as Ames, required use of 
avirulent, excluded strains as reference materials for detec-
tion/diagnostic assay developmental efforts. However, assay 
targets for virulent strains most often are located in genes that 
are absent in the excluded strains. B. anthracis detection re-
lies on 3 specific markers, 1 each on the chromosome and 
the pXO1 and pXO2 replicons. Strains containing plasmid 
pXO2 are classified as select agents (23), and Sterne lacking 

pXO2 but carrying pXO1 can be pathogenic for some mice 
strains because of the presence of the toxin genes (pagA, lef, 
and cya) on pXO1 (24). Strains lacking either pXO1 or pXO2 
lack target(s) for the missing plasmid and hence are of lim-
ited utility as reference materials. Therefore, we decided to 
construct recombinant strains carrying all 3 assay targets in 
the background of a highly attenuated excluded strain. We 
chose a Sterne derivative, designated ΔSterne triple knockout 
strain (BAP417), in which all 3 toxin genes have been de-
leted (online Technical Appendix Table) (11) and that lacks 
both pXO1 and pXO2 assay targets (Figure 1, panel A), as 
confirmed by whole-genome sequence analyses (Figure 2). 
In this strain, assay signatures for pXO1 and pXO2 plasmids 
were introduced into the ΔpXO1 backbone as described in 
Materials and Methods.

Synthesis of Assay Target Cassette and Transfer  
of the Cassette into B. anthracis
Of 4 constructs made, in synthetic construct 4 described 
here, 5 signatures (PCR targets; i.e., amplicon sequences, 
including primer and probe sequences) and 2 bar codes were 
embedded. The bar codes are unique for each construct and 
can be used to track the strain and distinguish it from the wild 
type. In addition, stop codons in all 3 open reading frames 
were placed on the 5′ and 3′ ends of the cassette to prevent 
any fortuitous translation of the inserts from read-through 
from neighboring transcriptional signals (Figure 1, panel C).

We conducted transfer of the cassettes onto B. anthra-
cis ΔpXO1 as described previously (11). We determined the 
characteristics and predicted phenotypic properties of the re-
sulting final scarless construct (Table 2). The deletion-inser-
tion was verified by PCR (Figure 1, panels A, C) and further 
confirmed by whole-genome sequence analyses (Figure 2).

Characterization of the Recombinant Strain
We conducted a comprehensive phenotypic and genotypic 
characterization of the recombinant strain, BAP708, to 
establish its avirulent phenotype and the presence of as-
say targets for both molecular and immunoassays (Table 
3). The characterization included basic microbiological 
tests, such as colony morphology on selective agar plates; 
biochemical and phage sensitivity tests; molecular assays, 
such as PCR; immunoassays, such as LFI; whole-genome 
sequencing; and animal lethality.

PCR Analyses of Toxin Gene Deletions and Presence 
of the Cloned Cassettes
We conducted PCRs to confirm the toxin gene deletions 
and the presence of the cassette in BAP708. We used 
primers flanking the toxin genes as well as the inser-
tion site (11) to amplify the region. The double (pagA) 
and triple knockout strains showed the expected dele-
tions, and BAP708 showed an increase in fragment size  
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corresponding to cassette insertion at the expected loca-
tion (lef) (Figure 1, panels A, B). PCR products of ex-
pected sizes were obtained using DNA from the regulated 
strain B. anthracis Ames, whereas no products were ob-
tained using DNA from B. thuringiensis Al Hakam, indi-
cating absence of the toxin genes. In addition, a real-time 
PCR designed to distinguish this strain from wild-type 
virulent strains, such as Ames, detected BAP708 exclu-
sively (data not shown).

Whole-Genome Sequencing and Analysis
We used Illumina next-generation sequencing tech-
nology to produce whole-genome sequences of vari-
ous strains. Whole-genome sequences of the 3 parental 
strains have been deposited in GenBank under accession 
nos. BA500-NRIZ00000000, BA482-NRJA00000000, 
and BA417-NRJB00000000 (27). Analysis of the 
∆pXO1 toxin region indicated that the triple knockout 
strain (BAP417) and its derivative (BAP708) lacked the 
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Figure 1. Verification of toxin gene 
deletions and the genetic structure 
of the construct 4 cassette in 
Bacillus anthracis surrogate strain. 
A) PCR verification of toxin gene 
deletions in BA500 (Sterne 34F2) 
derivatives. Single colonies were 
processed and used as templates 
for PCR with respective primers 
as described in Methods. For each 
strain, primers were used to amplify, 
from left to right, the regions of cya 
(SS2166/SS2167), lef (SS2164/
SS2165), and pagA (SS2168/
SS2169) on pXO1. B) Schematic 
representation of BAP708 (construct 
4) cassette. Green bars represent 
the PCR signatures, red bars 
represent bar codes, and black 
boxes represent stop codons in all 
3 open reading frames. XbaI sites 
at the ends of the cassette used in 
subcloning of the insert are marked. 
C) PCR verification of the presence 
of construct 4 synthetic sequence 
cassette in BAP708, using primers 
immediately flanking the lef deletion 
region (RP214 and RP215). Strains 
and PCR primers are listed in Table 
1. Ladder indicates size in kbps. WT, 
wild-type. 

Figure 2. Whole-genome sequence verification of the deletion of toxin genes in Bacillus anthracis Sterne 34F2 derivatives. Comparative 
genomic view of the ≈35-kbp region of the pXO1 containing the toxin genes cya, pagA, and lef is shown. The bottom line indicates the 
sequence of Ames ancestor along with the annotations. Conservation of the same genetic structure in the grandparent strain BA500 is 
indicated. Deletions in the parent strains (DKO and TKO) and construct 4 are indicated by breaks in the lines and in the conservation 
percentage index at the bottom. DKO, double knockout; TKO, triple knockout. 
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pagA, lef, and cya genes that encode the 3 anthrax toxin 
subunits (Figure 2).

Sporulation
The infective form of B. anthracis is the spore, not the veg-
etative cell. Many detection/diagnostic assays target spore 
antigens (28). For immunoassays, the antigenic epitopes are 
most likely spore coat proteins, although there are immuno-
assays against anthrax toxin, which is produced by vegeta-
tive cells and secreted into the extracellular milieu (29). For 
nucleic acid–based tests, DNA extracted from spores is used 
as template to detect B. anthracis. Therefore, we assessed 
the spore-forming ability of BAP708. 34F2 and its derivative 
BAP708 produced spores efficiently (efficiencies ≈100% 
[Table 3]). The final titer for the BAP708 spore preparation 
was ≈1.5 × 1010 spores/mL, and the particle size was 1.153 
± 0.122 µm. Sporulation results for regulated B. anthracis 
Ames strain and the negative control B. thuringiensis Al 
Hakam strain have been published and were normal (16,25).

Phage Sensitivity
One diagnostic test recommended by CDC for the suspect-
ed presence of B. anthracis in a sample is sensitivity of 
the bacterial isolate from the sample to γ phage. AP50c is 
another phage that can be used to verify B. anthracis (30). 
The recombinant strain, BAP708, exhibited sensitivity to 
both phages, as did the parent strains (Table 3), although 
they were less sensitive than other strains, such as Sterne 
7702 (data not shown). In addition, bacteria in log phase 
were much more sensitive to infection by AP50c than 
were stationary phase cells (data not shown), which may 
be due to phase-dependent expression of the AP50c phage 
receptor, Sap (31,32). Regulated B. anthracis Ames strain 
was sensitive to both phages, and the negative control B. 
thuringiensis Al Hakam strain was resistant to both phages.

Molecular Assays
We assessed the performance of BAP708 in molecular 
assays (Table 4). Real-time PCRs using BAP708 and 
B. anthracis Ames produced expected results in accor-
dance with the assay targets present or introduced into 

the strain, whereas assays using the negative control  
B. thuringiensis Al Hakam strain did not produce a posi-
tive amplification.

Validation of Avirulent Nature of  
Recombinant Strain
We inoculated female A/J mice (6–8 weeks old) subcu-
taneously with spores of Sterne (34F2) or its derivative. 
The 50% lethal dose (LD50) in this model is 1.1 × 103 B. 
anthracis Sterne (pXO1+/pXO2−) spores (33), and the LD50 
of fully virulent strains, such as Ames, and other species 
of Bacillus, such as B. cereus G9241, have been reported 
(26,33,34). The calculated delivered LD50 equivalents are as 
follows: BAP417, 109.7; BAP482, 152.7; BAP708, 106.1; 
and 34F2, 164.8. The animals were monitored daily for clini-
cal signs for up to 14 days. Only the mice challenged with 
34F2 showed any signs of disease; these mice succumbed 
to the infection or were euthanized after meeting early-end-
point criteria within 48 h (Figure 3). All animals in the other 
groups showed no signs of disease, indicating the avirulent 
nature of the toxin gene deletion derivatives.

Comparisons of Assay Performance of Recombinant 
Strain to Wild-Type and Inactivated Wild-Type Spores
We tested live and inactivated BAP708 spores for perfor-
mance in immunoassays and PCRs to evaluate the effect 
of irradiation on assay targets. Unlike the near neighbor B. 
thuringiensis Al Hakam, BAP708 spores reacted positively 
in LFI, albeit weakly compared with historical reference 
materials, such as inactivated B. anthracis Ames (data not 
shown). PCR was done on DNA extracted in 2 different 
formats: liquid and spiked filter. All extracts reacted as ex-
pected in PCRs. These results were comparable to historical 
data obtained using irradiation-inactivated Ames spores. The 
inactivated B. thuringiensis Al Hakam spores treated and ex-
tracted similarly did not yield any positive results (Table 4).

Discussion
There are multiple instances of poor biosafety/biosecurity 
measures or laboratory accidents resulting in the release of 
harmful pathogens (4,35–37). These incidents underscore the 
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Table 2. Description of the DNA inserts in the recombinant Bacillus anthracis surrogate strain* 

Replicon of 
assay target WT gene Size, bp Assay 

WT insert 
size, bp (%)† 

Mutant insert 
size, bp‡ 

Predicted biological 
characteristic of 

recombinant product 

Antimicrobial 
resistance/sensitivity of 

recombinant product 
pXO2 capA 1,236 Signature 1 98 (7.9) 98 NC (ToxCap) SpcS, KanS, AmpS 
pXO1 pagA 2,295 Signature 2 110 (4.8) 113 NC (ToxCap) SpcS, KanS, AmpS 
pXO1 pagA 2,295 Signature 3 137 (6.0) 142 NC (ToxCap) SpcS, KanS, AmpS 
pXO2 capB 1,395 Signature 4 182 (13.0) 186 NC (ToxCap) SpcS, KanS, AmpS 
pXO1 pagA 2,295 Signature 5 153 (6.67) NA NC (ToxCap) SpcS, KanS, AmpS 
Bar code 1 NS 78 NA NA NA NA NA 
Bar code 2 NS 90 NA NA NA NA NA 
*Amp, ampicillin; Cap–, capsule negative; Kan, kanamycin; NA, not applicable; NC, no change from parent; NS, nonbiological, nonprotein-coding 
sequence; S, sensitive; Tox–, protective antigen (PA), lethal factor (LF), and edema factor (EF) negative; Spc, spectinomycin; WT, wild-type. 
†Percentage of the wild-type gene. 
‡Contain unique restriction sites. 
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lack of knowledge about factors influencing environmental 
survival of biological agents, the steps needed to ensure that 
established biosafety methods continue to work and meet  
expectations, and the need to acquire knowledge about how 
to recognize early any failure in established laboratory meth-
ods over time (1). We demonstrated an alternate approach 
that can potentially minimize risks associated with using 
BSATs and perhaps eliminate their use in some applications.

The need for BSATs and their derivatives for re-
search and countermeasure development is inevitable. 
Guaranteeing inactivation of BSATs, especially spores, 
without adversely affecting their diagnostic and thera-
peutic targets can be problematic. However, the strategy 
described here of genetically inactivating the organism 
to mitigate the risk is a safer approach. In this study, 
we chose a B. anthracis strain that carries one of the 
virulence plasmids (pXO1) and removed the toxin genes 
from that plasmid to make it completely avirulent. An-

other option would have been to introduce pXO1 and 
pXO2 assay targets into the chromosome in a pXO1− 
and pXO2− background. However, the copy numbers of 
pXO1 and pXO2 have been determined to be slightly 
higher than that of the chromosome (1, 2, and 4 cop-
ies for the chromosome, pXO2, and pXO1 respectively) 
(38). To maintain a slightly higher copy number of the 
introduced plasmid assay targets, we introduced the as-
say targets into the ∆pXO1 backbone rather than into the 
chromosome in a strain lacking both pXO1 and pXO2. 
This way, assay results would be comparable in terms 
of copy numbers and cycle threshold values to historical 
assay data produced from a strain such as Ames.

In introducing the assay targets, neither full-length 
genes nor any antibacterial drug marker were introduced. 
Moreover, the surrogate strain is similar to virulent B. an-
thracis with respect to its utility as a reference material, ex-
cept that it is risk-mitigated. In addition, unique bar codes 
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Table 3. Characterization of Bacillus anthracis surrogate strains* 

Strain Inserts 

Summary of assays performed 

WGS accession 
nos. 

Toxin 
deletion 

PCR 
Cassette 

PCR 
Signature 

PCR† 
Spore 

LFI 
Phage 

test AP50 
Phage 
test  

Sporulation 
percentage 

Animal 
model 

lethality 
BA500 None NRIZ00000000 WT NI ER + Sensitive Sensitive Normal 

(100%) 
Lethal 

BAP482 None NRJA00000000 ED NI ER + Sensitive Sensitive Normal 
(100%) 

Nonlethal 

BAP417 None NRJB00000000 ED NI ER + Sensitive Sensitive Normal 
(100%) 

Nonlethal 

BAP708 Signatures 
1–5 

Yes ED EI ER + Sensitive Sensitive Normal 
(100%) 

Nonlethal 

Ames None CP009979–
CP009981 

WT WT ER + Sensitive Sensitive Normal 
(25) 

(100%) 

Lethal 
(24) 

B. 
thuringiensis 
Al Hakam 

None CP009645–
CP009651 

NP NI ER  Resistant Resistant Normal 
(16) 

(100%) 

ND 

*ED, expected deletion; EI, expected insert; ER, expected result; LFI, lateral flow immunoassay; ND, not done; NI, no insert; NP, no PCR product; WGS, 
whole-genome sequence; WT, wild-type; +, positive; –, negative. 
†Results in Table 4. 

 

 
Table 4. Real-time PCR signature analyses in various Bacillus anthracis strains* 

Strain Material type Insert 
Molecular assay result 

Chr Sig 1 Sig 2 Sig 3 Sig 4 Sig 5 
BA500 Vegetative cells† None +  + +  + 
BAP482 Vegetative cells† None +  + +  + 
BAP417 Vegetative cells† None +      
BAP708 Vegetative cells† Signatures 1–5 + + + + + + 
Ames‡ Vegetative cells† Wild type + + + + + ND 
B. thuringiensis Al Hakam Vegetative cells† None      ND 
BAP708 Live spores-liquid extract Signatures 1–5 + + + + + ND 
BAP708 Live spores-filter extract Signatures 1–5 + + + + + ND 
BAP708 Inactivated spores-liquid extract Signatures 1–5 + + + + + ND 
BAP708 Inactivated spores-filter extract Signatures 1–5 + + + + + ND 
Ames‡ Inactivated spores-liquid extract Wild type + + + + + ND 
Ames‡ Inactivated spores-filter extract Wild type + + + + + ND 
B. thuringiensis Al Hakam Live spores-liquid extract None      ND 
B. thuringiensis Al Hakam Live spores-filter extract None      ND 
*Chr, chromosomal marker; ND, not done; Sig, signature; +, cycle threshold <35; –, cycle threshold >35. 
†Genomic DNA extracted from vegetative cells was used as template for PCR (equivalent to 10 and 50 copies or 100 and 500 copies for B. thuringiensis 
Al Hakam). 
‡Historical data. 
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have been introduced to distinguish the surrogate from the 
wild-type virulent agent and for forensic purposes.

The approach we describe can be easily adapted for 
other assay targets and applications. For example, genes 
encoding vaccine antigens, such as nonlethal variants of 
toxin genes, could be cloned and expressed in the recom-
binant strain. Because it is a platform technology, it would 
be relatively easy to construct strains for other assays by 
exchanging assay targets, which would also be safer and 
more cost-effective than handling BSATs and their deriv-
atives. Noninfectious virus-like particles carrying assay 
targets could be created for BSL3 and BSL4 viral agents 
(39,40). The major disadvantage to this approach is that 
for every new assay signature/target, a new strain needs 
to be constructed, which may entail initial investment of 
time and funds to create the framework. Another disad-
vantage is that not all applications can be fulfilled by any 
1 strain.

BSATs and inactivated BSATs pose risk and cost with 
respect to safety and security in production, validation, and 
shipping. Genetically inactivated and modified organisms 
provide almost the same level of assay capabilities as BSAT 
agents but with greatly reduced risk and cost. In addition, 
the recombinant construct described here is excluded from 
any regulatory concerns, such as need for exclusion from 
CDC select agent experiments, recombinant DNA advisory 
committee guidelines, or International Biological Weapons 
Convention regulations. Therefore, development of risk-

mitigated solutions, such as the one we describe, can help 
minimize and perhaps prevent mishaps, such as the inci-
dent that came to light in 2015.
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Oxacillinase (OXA)–48–like carbapenemases remain rela-
tively uncommon in the United States. We performed phe-
notypic and genotypic characterization of 30 Enterobacte-
riaceae producing OXA-48–like carbapenemases that were 
recovered from patients during 2010–2014. Isolates were 
collected from 12 states and not associated with outbreaks, 
although we could not exclude limited local transmission. 
The alleles β-lactamase OXA-181 (blaOXA-181) (43%), blaOXA-232 
(33%), and blaOXA-48 (23%) were found. All isolates were resis-
tant to ertapenem and showed positive results for the ertape-
nem and meropenem modified Hodge test and the modified 
carbapenem inactivation method; 73% showed a positive re-
sult for the Carba Nordmann–Poirel test. Whole-genome se-
quencing identified extended-spectrum β-lactamase genes 
in 93% of isolates. In all blaOXA-232 isolates, the gene was 
on a ColKP3 plasmid. A total of 12 of 13 isolates harboring  
blaOXA-181 contained the insertion sequence ΔISEcp1. In all 
isolates with blaOXA-48, the gene was located on a TN1999 
transposon; these isolates also carried IncL/M plasmids.

The prevalence of carbapenem-resistant Enterobacteria-
ceae (CRE) has been increasing in the United States 

since 2000 (1,2). This finding is problematic because treat-
ment options for CRE infection are limited, and these in-
fections are associated with a higher mortality rate than 
are infections with carbapenem-susceptible Enterobacte-
riaceae (3). Enterobacteriaceae might be resistant to car-
bapenems by a variety of mechanisms, the most concerning 
of which is production of carbapenemases (4). Although 
the Klebsiella pneumoniae carbapenemase is the most  

common carbapenemase reported in the United States, 
there have been reports of several other carbapenemases 
including the metallo-β-lactamases and, more recently, ox-
acillinase (OXA)–48–like carbapenemases (1,5–10).

OXA-48 is a member of the ambler class D β-lactamase 
family, first described in a K. pneumoniae isolate from 
Turkey in 2004 (11). The OXA-48 enzyme hydrolyzes 
penicillins efficiently, carbapenems slowly, and extended-
spectrum cephalosporins poorly; it is not inhibited by tazo-
bactam, sulbactam, or clavulanic acid (12). Since the initial 
report, OXA-48 has established reservoirs in Turkey, the 
Middle East, countries in North Africa, and throughout Eu-
rope (12). These reservoirs have been reported in multiple 
Enterobacteriaceae species in addition to K. pneumoniae, 
including Citrobacter freundii, Enterobacter cloacae, 
Escherichia coli, K. oxytoca, Serratia marcescens, and 
Providencia rettgeri (12). In addition to OXA-48, sever-
al variants with similar enzymatic profiles have been de-
scribed, including OXA-162, -181, -204, -232, -244, -245, 
-370, -436, -438, and -484; each variant differs from OXA-
48 by only a few amino acids (12–16). Other variants that 
do not hydrolyze carbapenems have also been described, 
including OXA-163, -247, and -405 (13,17,18).

The first description of isolates with β-lactamase OXA-
48–like (blaOXA-48–like) genes in the United States was from 
a surveillance study in 2013, which incidentally reported 2 
K. pneumoniae isolates (6). This description was followed 
shortly afterward by a report of 2 clinical K. pneumoniae 
isolates with blaOXA-48 –like genes in patients from 1 institu-
tion in Virginia who had traveled internationally (7). More 
recently, CRE with blaOXA-232 genes have been isolated in 
the United States (8). The Centers for Disease Control and 
Prevention (CDC) has collected multiple isolates harboring 
blaOXA-48–like genes from patients in the United States (19). 
We report the genotypic and phenotypic characterization 
of those isolates.
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Materials and Methods

Collection of Isolates
Isolates are submitted to CDC for antimicrobial suscepti-
bility testing (AST) for many reasons, including outbreak 
response, AST confirmation, and surveillance studies. Sur-
veillance studies include the Multi-Site Gram-Negative 
Surveillance Initiative, which is part of the Emerging Infec-
tions Program, and the Sentinel Study (5,20). All Entero-
bacteriaceae isolates received for AST at CDC during June 
1, 2010–October 31, 2012, with reduced susceptibility to 
carbapenems (MIC >1 μg/mL for any carbapenem), a posi-
tive modified Hodge test result, and a PCR-negative result 
for bla K. pneumoniae carbapenemase were retrospectively 
screened for blaOXA-48–like genes (n = 115). During Novem-
ber 1, 2012–September 30, 2014, all Enterobacteriaceae 
received at CDC were routinely tested for blaOXA-48–like 
genes by real-time PCR (n = 1,399). Submitting institutions 
were characterized by state and US Department of Health 
and Human Services (HHS) region (https://www.hhs.gov/
ash/about-ash/regional-offices/index.html).

Phenotypic Characterization of Isolates
We performed reference broth microdilution AST on all 
isolates by using in-house prepared frozen panels that in-
cluded carbapenems, cephalosporins, aztreonam, penicil-
lins, quinolones, trimethoprim/sulfamethoxazole, amino-
glycosides, chloramphenicol, tetracyclines, tigecycline, 
polymyxin B, and colistin (21,22). The modified Hodge 
test, Carba Nordmann–Poirel test, and the modified car-
bapenem inactivation method (mCIM) were performed on 
all blaOXA-48–like isolates according to Clinical and Labo-
ratory Standards Institute guidelines (22). We confirmed 
species identification by using the Biotyper 3.1 MALDI 
System (Bruker Daltronics, Billerica, MA, USA).

Genotypic Characterization of Isolates
The PCR for blaOXA-48–like genes was developed at CDC 
and detects blaOXA-48, blaOXA-162, blaOXA-163, blaOXA-181,  
blaOXA-204, blaOXA-232, blaOXA-244, blaOXA-245, blaOXA-247,  

blaOXA-370, blaOXA-405, blaOXA-438, blaOXA-484, and blaOXA-505 by 
using 2 sets of blaOXA-48–like primers/probes and a bacterial 
16S rRNA gene as an endogenous control for lysate valida-
tion and PCR amplification (Table 1). We extracted DNA 
by using the thermal/sodium hydroxide method for prepa-
ration of bacterial cell lysates (23). Cycling conditions were 
a 3-min enzyme activation step at 95°C, followed by 40 
cycles for 3 s at 95°C, and a final step for 30 s at 60°C 
(24).We characterized all isolates positive for blaOXA-48–like 
genes by using whole-genome sequencing (WGS). We ex-
tracted DNA by using the Maxwell 16 Cell Low Elution 
Volume DNA Purification Kit (Promega, Madison, WI, 
USA) and fragmented input genomic DNA (gDNA) with 
an absorbance ratio of 1.8–2.0 to ≈800 bp by using an ultra-
sonic fragmentation system (Covaris, Woburn, MA, USA).  
We prepared libraries by using the Ovation Ultralow DR 
Multiplex System 1-96 Kit (Nugen Technologies, Inc., San 
Carlos, CA, USA), then multiplexed, and sequenced with 
MiSeq V2.0 (Illumina, San Diego, CA, USA). We filtered 
raw Illumina sequencing reads for quality (average >Q20) 
and discarded trimmed reads <50 bp from the dataset by 
using SolexaQA version 3.1 (25). We then assembled clean 
reads into contigs by using SPAdes version 3.1.0 and 4 
k-mer sizes (k = 41, 79, 85, and 97) (26). Afterward, we 
mapped trimmed reads back to each assembled genome by 
using the Burrows-Wheeler Alignment tool for minor contig  
error correction (27).

We randomly selected K. pneumoniae isolates 1, 11, 
and 23, encoding blaOXA-181, blaOXA-232, and blaOXA-48, respec-
tively, as internal reference strains and sequenced them 
by using Single Molecule Real-Time Technology (Pacific 
Biosciences, Menlo Park, CA, USA) in addition to Illumina 
sequencing (Table 2). We extracted and purified gDNA by 
using the MasterPure Complete DNA and RNA Kit (Epi-
center, Madison, WI, USA), according to the manufactur-
er’s recommended protocol. We generated 10-kb libraries 
by using the SMRTbell Template Prep Kit 1.0 (Pacific Bio-
sciences) and sequenced libraries by using C4v2 Chemistry 
on the RSII Instrument (Pacific Biosciences). We assem-
bled data by using Hierarchical Genome-Assembly Process 

 
Table 1. Sequences of primers and probes used for identification of Enterobacteriaceae isolates with β-lactamase OXA-48like 
carbapenemases, United States* 
Primers and probes Sequence, 53 
16S rRNA, forward primer TGG AGC ATG TGG TTT AAT TCG A 
16S rRNA, reverse primer TGC GGG ACT TAA CCC AAC A 
16S rRNA, probe (CY5) CY5-CA CGA GCT GAC GAC ARC CAT GCA-BHQ 
OXA-48, forward 180 ACG GGC GAA CCA AGC AT 
OXA-48, reverse 239 GCG ATC AAG CTA TTG GGA ATT T 
OXA-48, probe 199 FAM-TT ACC CGC ATC TAC C-BHQ 
OXA-48, forward 722 TGC CCA CAT CGG ATG GTT 
OXA-48, reverse 781 CCT GTT TGA GCA CTT CTT TTG TGA 
OXA-48, probe 741 AG GGC TGC GCC AAG 
OXA-48 F1 ATG CGT GTR TTA GCC TTA TC 
OXA-48 R1 CTA KGG AAT WAT YTT YTC CTG 
*OXA, oxacillinase. 
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version 3.0 (Pacific Biosciences) and generated clean con-
sensus sequences by using Quiver (28).

We deposited all raw sequencing reads, Pacific Bio-
sciences assemblies, and MIC results in GenBank under 
BioProject PRJNA296771. We determined multilocus 
sequence types for each specimen by mapping clean Illu-
mina reads to allele sequences (http://www.pubmlst.org) 
by using SRST2 software (29). We described antimicrobial 
resistance genotype profiles from assembled Illumina and 
Pacific Biosciences contigs by using SSTAR V1.0 (30) in 
combination with the ARG-ANNOT (31) and ResFinder 
(32) repositories.

We used the PlasmidFinder database (http://www.
genomicepidemiology.org/) to detect plasmid replicon se-
quences among Illumina and Pacific Biosciences contigs 
to estimate the plasmid composition of each isolate (33). 
In addition, we predicted insertion sequences that might 

be associated with spread of antimicrobial resistance genes 
by using ISfinder (34). For isolates with blaOXA-48, we es-
timated the copy number of IS1R insertion sequences for 
determining Tn1999 variants by using blastn (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) and SPAdes K-mer cover-
age output (26,34–36). The clonality of our plasmids was 
also assessed, as was the location of blaOXA-48–like genes 
(online Technical Appendix, https://wwwnc.cdc.gov/EID/
article/24/4/17-1377-Techapp1.pdf). Because of a cluster 
of isolates from 1 state in this study, a phylogenetic tree 
and single-nucleotide polymorphism (SNP) tree matrix 
were produced by using RAxML version 8 (37) (online 
Technical Appendix).

Transformation Experiments
We randomly transformed 10 selected isolates (3 with  
blaOXA-48, 4 with blaOXA-181, and 3 with blaOXA-232) for  

 
Table 2. Phenotypic and genotypic characterization of Enterobacteriaceae harboring β-lactamase OXA-48like carbapenemase, 
United States* 
Isolate 
no. Species Year Source 

HHS 
region† 

MHT 
MEM mCIM 

Carba 
NP ST 

OXA 
allele 

NDM 
allele ESBLs 

1 Klebsiella 
pneumoniae 

2010 Urine 9 + + + ST34 181 None CTX-M-15 

2 K. pneumoniae 2011 Urine 9 + + + ST34 181 None CTX-M-15 
3 K. pneumoniae 2011 Urine 9 + + + ST34 181 None CTX-M-15 
4 K. pneumoniae 2011 Urine 9 + + + ST34 181 None CTX-M-15 
5 K. pneumoniae 2011 Respiratory 9 + + + ST34 181 None CTX-M-15 
6 K. ozaenae 2011 Respiratory 9 + + + None 181 None CTX-M-15 
7 K. pneumoniae 2011 Wound 10 + + + ST14 232 None CTX-M-15 
8 K. pneumoniae 2012 Peritoneal fluid 3 + + – ST43 181 None CTX-M-15 
9 K. pneumoniae 2012 Urine 5 + + + ST14 232 1 CTX-M-15 
10 K. pneumoniae 2012 Rectal swab 5 + + + ST14 232 1 CTX-M-15 
11 K. pneumoniae 2013 Urine 3 + + + ST14 232 1 CTX-M-15 
12 K. pneumoniae 2013 Respiratory 3 + + + ST14 232 1 CTX-M-15 
13 K. pneumoniae 2013 Respiratory 5 + + Ind ST147 181 None CTX-M-15 
14 Enterobacter 

aerogenes 
2013 Peritoneal fluid 3 + + + None 48 None None 

15 K. pneumoniae 2013 Urine 6 + + – ST16 232 None CTX-M-15 
16 K. pneumoniae 2013 Urine 6 + + – ST16 232 None CTX-M-15 
17 K. pneumoniae 2013 Urine 6 + + Ind ST16 232 None CTX-M-15 
18 K. pneumoniae 2013 Urine 5 + + + ST14 232 None CTX-M-15 
19 K. pneumoniae 2013 Respiratory 5 + + Ind ST43 181 None CTX-M-15 
20 K. pneumoniae 2013 Respiratory 5 + + + ST43 181 None CTX-M-15 
21 K. pneumoniae 2013 Urine 5 + + + ST15 48 None CTX-M-15 
22 K. pneumoniae 2014 Respiratory 1 + + + ST437 232 5 CTX-M-15, 

SHV-12 
23 K. pneumoniae 2014 Respiratory 5 + + + ST14 48 None CTX-M-14b, 

CTX-M-15 
24 Escherichia coli 2014 Urine 2 + + – None 181 None None 
25 K. pneumoniae 2014 Urine 2 + + + ST36 48 None None 
26 K. pneumoniae 2013 Urine 9 + + + ST34 181 None CTX-M-15 
27 K. pneumoniae 2013 Urine 9 + + Ind ST34 181 None CTX-M-15 
28 K. pneumoniae 2014 Respiratory 4 + + + ST101 48 None CTX-M-15 
29 K. pneumoniae 2014 Respiratory 4 + + + ST101 48 None CTX-M-15 
30 K. pneumoniae 2014 Unknown 4 + + + ST101 48 None CTX-M-15 
*ESBLs, extended-spectrum -lactamases; HHS, Health and Human Services; Ind, indeterminate; mCIM, modified carbapenem inactivation method; 
MEM, meropenem; MHT, modified Hodge test; NDM, New Delhi metallo-β-lactamase gene; NP, Nordmann–Poirel; OXA, oxacillinase; ST, sequence type 
(by multilocus sequence typing); –, negative; +, positive. 
†HHS regions: 1, Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, Vermont; 2,  New Jersey, New York; 3, Delaware, District of 
Columbia, Maryland, Pennsylvania, Virginia, West Virginia; 4, Alabama, Florida, Georgia, Kentucky, Mississippi, North Carolina, South Carolina, 
Tennessee; 5, Illinois, Indiana, Michigan, Minnesota, Ohio, Wisconsin; 6, Arkansas, Louisiana, New Mexico, Oklahoma, Texas; 7, Iowa, Kansas, Missouri, 
Nebraska; 8, Colorado, Montana, North Dakota, South Dakota, Utah, Wyoming; 9, Arizona, California, Hawaii, Nevada; 10, Alaska, Idaho, Oregon, 
Washington. 
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transformation experiments to better characterize plasmids 
harboring blaOXA-48–like genes. We subcultured parent iso-
lates on trypticase soy agar containing 5% sheep blood, 
placed them in 50 mL of tryptic soy broth containing er-
tapenem (1 μg/mL), and incubated them overnight at 35°C. 
We extracted plasmid DNA by using Plasmid Midi Kits 
(QIAGEN, Valencia, CA, USA), according to the manu-
facturer’s protocol. We digested intact plasmid DNA and 
gDNA with HindIII (New England Biolabs, Ipswich, MA, 
USA) and separated this DNA by electrophoresis on a 0.9% 
agarose gel.

We transformed 500 ng of plasmid DNA from each iso-
late into E. coli DH10B cells (Invitrogen, Carlsbad, CA, USA) 
by electroporation and incubated at 35°C for 2 h. Potential 
transformants were plated on Luria–Bertani agar containing 
ertapenem (1 μg/mL) and incubated overnight at 35°C. Four 
colonies from each transformant plate were screened for  
blaOXA-48–like genes by using PCR. Transformant plasmid 
DNA was digested and separated by gel electrophoresis 
along with digested parent plasmid DNA to ensure that trans-
formant plasmids were also present in parental cells.

We characterized confirmed transformants by us-
ing AST, the modified Hodge test, and WGS with MiSeq 
V2.0 (Illumina), as described previously. Trimmed reads 
from transformants were mapped to the genome sequence 
of E. coli K12, substrain DH10B (GenBank accession no. 
NC_010473.1), by using Bowtie 2 software (38,39). Un-
mapped reads were extracted by using bam2fastq (https://
gsl.hudsonalpha.org/information/software/bam2fastq) 
and were considered to represent plasmid DNA harboring  
blaOXA-48–like genes (https://gsl.hudsonalpha.org/informa-
tion/software/bam2fastq). We subsequently assembled 
these unmapped reads by using SPAdes software and 
screened generated contigs for antimicrobial drug resis-
tance genes by using SSTAR V1.0 and for plasmid replicon 
sequences by using the PlasmidFinder database (26,30,33).

Results

Epidemiology of Isolates
We included all 30 US isolates in our collection that were 
positive for a blaOXA-48–like carbapenemase gene in this 
study. Isolates were submitted from patients in 12 states 
representing 8 HHS regions: one from region 1, two from 
region 2, four from region 3, three from region 4, eight 
from region 5, three from region 6, eight from region 9, and 
one from region 10. K. pneumoniae predominated (n = 27, 
90%), although single isolates of K. ozaenae, Enterobacter 
aerogenes, and E. coli (n = 1 each, 3%) were also found. 
Isolates were collected from a variety of sources: urine (n = 
15, 50%), respiratory samples (n = 10, 33%), peritoneal flu-
ids (n = 2, 7%), wounds (n = 1, 3%), rectal swab specimens 
(n = 1, 3%), and unknown sources (n = 1, 3%) (Table 2).

Phenotypic Characterization of Isolates
All submitted isolates with a blaOXA-48–like carbapenemase 
gene showed resistance to ertapenem and all penicillins 
tested (including those with β-lactamase inhibitors). Most 
showed intermediate resistance or resistance to imipenem 
(n = 30, 100%), meropenem (n = 28, 93%), doripenem (n = 
28, 93%), ceftriaxone (n = 29, 97%), ceftazidime (n = 27, 
90%), and cefepime (n = 28, 93%). In addition, all isolates 
had a colistin MIC <2 μg/mL (Table 3). Results for the er-
tapenem modified Hodge test, meropenem modified Hodge 
test, and mCIM were positive for all isolates harboring  
blaOXA-48–like genes. The Carba Nordmann–Poirel test re-
sult was positive for 73% of isolates, indeterminate in 13%, 
and negative in 13% (Table 2).

Transformation Experiments
We purified plasmid DNA from 10 isolates (3 with  
blaOXA-48, 4 with blaOXA-181, and 3 with blaOXA-232) for trans-
formation into E. coli DH10B. Transformants were ob-
tained for each preparation from strains harboring blaOXA-48 
and blaOXA-232, as confirmed by PCR and phenotypic and 
genotypic characterization of each transformant (Table 4). 
Transformation was unsuccessful for all DNA preparations 
from strains with blaOXA-181 (isolates 1, 2, 26, and 27).

When we compared transformants with parent strains, 
most of which harbored multiple plasmids and numerous re-
sistance genes, transformants were confirmed to carry only 
1 plasmid and typically showed greater susceptibility to 
extended-spectrum cephalosporins but retained resistance to 
>1 carbapenem. As confirmed by WGS, we found that ESBL 
genes were not typically present on the same plasmid as  
blaOXA-48–like genes; only 1 transformant (23T) carried a plas-
mid harboring blaCTX-M-14b on the IncL/M plasmid carrying 
blaOXA-48. Similar to the parent strain, strain 23T showed in-
creased MICs to cephalosporins and carbapenems, although 
the carbapenem MICs were lower than both the parent strain 
and other transformants carrying only an OXA-48–like 
carbapenemase (Table 4). None of the plasmids harboring  
blaOXA-48–like genes encoded additional carbapenemases.

Genotypic Characterization of Isolates
We confirmed by using WGS the presence of blaOXA-48–
like genes in every isolate, including the alleles blaOXA-48 
(n = 7, 23%), blaOXA-181 (43%), and blaOXA-232 (33%). The 
gene blaNDM was identified in 5 isolates with blaOXA-232. 
Nearly all isolates (93%) contained >1 ESBL gene, includ-
ing blaSHV-12, blaCTX-M-14b, and blaCTX-M-15 (Table 2). We also 
found aminoglycoside, fluoroquinolone, sulfonamide, tri-
methoprim, tetracycline, chloramphenicol, macrolide, and 
fosfomycin resistance genes. Multilocus sequence typing 
of 27 K. pneumoniae isolates showed ST34 (n = 7), ST14 
(n = 7), ST16 (n = 3), ST43 (n = 3), and ST101 (n = 3) to be 
most common in this collection (Table 2).
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Isolates 1, 11, and 23 (carrying blaOXA-181, blaOXA-232, 
and blaOXA-48, respectively) were randomly chosen for Pa-
cific Biosciences WGS in addition to Illumina WGS. Iso-
late 1 had 2 plasmids and encoded 20 antimicrobial drug 
resistance genes, including 3 chromosomal copies of the 
ESBL CTX-M-15; blaOXA-181 was also chromosomally lo-
cated, with an upstream ΔISEcp1 insertion sequence. The 

ΔISEcp1 insertion sequence has been described elsewhere 
(40–42). Isolate 11 had 4 plasmids and encoded 34 anti-
microbial drug resistance genes, including plasmid-medi-
ated blaCTX-M-15 and blaNDM-1 genes. The blaOXA-232 allele in 
isolate 11 was found on a ColKP3 plasmid (plasmid size 
6,139 bp, G + C content 52.17%); upstream of blaOXA-232, 
there was a ΔISEcp1 insertion sequence. The sequence 

 
Table 3. MIC results for Enterobacteriaceae harboring β-lactamase oxacillinase-48–like carbapenemases, United States* 
Isolate 
no. Species 

Drug, MIC, g/mL 
ETP MEM IMP DOR TZP CRO CAZ FEP CIP COL TIG AMK 

1 Klebsiella pneumoniae >4 4 4 4 >128 >32 >32 >32 >8 <0.25 2 4 
2 K. pneumoniae >8 4 2 4 >128 >32 >128 >32 >8 <0.5 2 >64 
3 K. pneumoniae >8 4 2 4 >128 >32 >128 >32 >8 1 1 >64 
4 K. pneumoniae 8 2 4 2 >128 >32 >128 >32 >8 0.5 <0.5 >64 
5 K. pneumoniae 8 2 2 2 >128 >32 >128 >32 >8 0.5 <0.5 >64 
6 K. ozaenae >8 4 4 4 >128 >32 >128 >32 >8 0.5 1 >64 
7 K. pneumoniae >8 >8 4 >8 >128 >32 >128 >32 >8 1 4 32 
8 K. pneumoniae >8 8 4 8 >128 >32 >128 >32 >8 0.5 1 16 
9 K. pneumoniae >8 >8 >64 >8 >128 >32 >128 >32 >8 0.5 2 >64 
10 K. pneumoniae >8 >8 64 >8 >128 >32 >128 >32 >8 1 2 >64 
11 K. pneumoniae >8 >8 64 >8 >128 >32 >128 >32 >8 0.5 2 >64 
12 K. pneumoniae >8 >8 >64 >8 >128 >32 >128 >32 >8 0.5 2 >64 
13 K. pneumoniae >8 >8 4 8 >128 >32 128 >32 >8 0.5 4 >64 
14 Enterobacter aerogenes 2 2 4 2 >128 <1 <1 1 <0.25 0.5 <0.5 <1 
15 K. pneumoniae >8 >8 8 >8 >128 >32 >128 >32 >8 0.5 4 >64 
16 K. pneumoniae >8 >8 8 >8 >128 >32 >128 >32 >8 0.5 4 >64 
17 K. pneumoniae >8 >8 2 8 >128 >32 >128 >32 >8 0.5 4 >64 
18 K. pneumoniae >8 >8 64 >8 >128 >32 >128 >32 >8 0.5 2 >64 
19 K. pneumoniae >8 >8 8 >8 >128 >32 >128 >32 >8 2 1 <1 
20 K. pneumoniae >8 >8 8 >8 >128 >32 >128 >32 >8 2 1 <1 
21 K. pneumoniae 2 0.25 2 0.5 >128 >32 64 >32 >8 0.5 1 >64 
22 K. pneumoniae >8 >8 32 >8 >128 >32 >128 >32 >8 0.5 4 >64 
23 K. pneumoniae >8 4 4 4 >128 >32 128 >32 >8 0.5 4 64 
24 Escherichia coli 4 0.5 2 0.5 >128 8 2 8 >8 0.5 <0.5 2 
25 K. pneumoniae >8 8 4 8 >128 2 <1 2 <0.25 1 <0.5 <1 
26 K. pneumoniae >8 8 4 8 >128 >32 >128 >32 >8 0.5 1 >64 
27 K. pneumoniae >8 2 2 2 >128 >32 128 >32 >8 0.5 4 <1 
28 K. pneumoniae >8 >8 4 >8 >128 >32 >128 >32 >8 1 1 8 
29 K. pneumoniae >8 >8 32 >8 >128 >32 >128 >32 >8 0.5 <0.5 8 
30 K. pneumoniae >8 >8 8 >8 >128 >32 >128 >32 >8 0.5 1 8 
*Not all drugs tested are listed. bla, -lactamase; AMK, amikacin; CAZ, ceftazidime; CIP, ciprofloxacin; COL, colistin; CRO, ceftriaxone; DOR, doripenem; 
ETP, ertapenem; FEP, cefepime; IMP, imipenem; MEM, meropenem; TIG, tigecycline; TZP, piperacillin/tazobactam. 

 

 
Table 4. Plasmid transformation of Enterobacteriaceae producing OXA-48–like carbapenemases, United States* 

Isolate no.† 
MIC, g/mL 

MHT MEM 
OXA 
allele Plasmid replicon type 

ESBL 
CTX-M ETP MEM CRO TZP AMK 

R <0.12 <0.12 <1 <4 <1 –    
7 >8 >8 >32 >128 32 + 232 ColKP3, IncR, 

IncFIB(pQIL) 
15 

7T >8 4 <1 >128 <1 + 232 ColKP3  
9 >8 >8 >32 >128 >64 + 232 ColKP3, IncR, IncHI1B, 

IncFIB(K) 
15 

9T >8 8 <1 >128 <1 + 232 ColKP3  
11 >8 >8 >32 >128 >64 + 232 ColKP3, IncR, IncHI1B, 

IncFIB(K) 
15 

11T >8 8 ≤1 >128 <1 + 232 ColKP3  
23 >8 4 >32 >128 64 + 48 IncL/M 14b, 15 
23T 4 1 >32 >128 16 + 48 IncL/M 14b 
25 >8 8 2 >128 <1 + 48 IncL/M  
25T >8 8 <1 >128 <1 + 48 IncL/M  
28 >8 >8 >32 >128 8 + 48 IncL/M, IncR, ColRNAI  
28T >8 8 <1 128 <1 + 48 IncL/M  
*AMK, amikacin; CRO, ceftriaxone; ESBL, extended-spectrum -lactamase; ETP, ertapenem; MEM, meropenem; MHT, modified Hodge test; OXA, 
oxacillinase; R, recipient strain before transformation (Escherichia coli DH10B); T, transformant; TZP, piperacillin/tazobactam; –, negative; +, positive. 
†Isolates 1, 2, 26, and 27 did not have any transformants. 
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of this plasmid (pColKP3_DHQP1300920) has been de-
posited in GenBank under accession no. CP016920.1. 
pColKP3_DHQP1300920 was most similar to a ColKP3 
plasmid previously deposited under GenBank accession 
no. JX423831 (100% query coverage, 99% sequence sim-
ilarity) (Figure 1) (43).

Isolate 23 had 3 plasmids and encoded 16 antimicro-
bial drug resistance genes, including 2 ESBLs (plasmid-
mediated CTX-M-14b and CTX-M-15). blaOXA-48 was pres-
ent on an IncL/M plasmid (plasmid size 72,093 bp, G + C 
content 50.55%). This plasmid contained 89 open reading 
frames, including those for several antimicrobial drug re-
sistance genes (blaCTX-M-14b, [streptomycin] strA, strB, and 
[aminoglycoside] aph(3′)-VIb), in addition to blaOXA-48, 
which appears to have been inserted into the plasmid by 
transposon Tn1999.2 (GenBank accession no. JN714122). 
The sequence of this plasmid (pIncL_M_DHQP1400954) 
has been deposited in GenBank under accession no. 
CP016927.1. This plasmid, pIncL_M_DHQP1400954, 
was most similar to pOXA48-Pm (GenBank accession no. 
KP025948) (95% query coverage, 99% sequence similar-
ity) (Figure 2) (44).

We identified no SNPs when we compared Illumina 
and Pacific Biosciences genome sequences for the same 
isolate for isolates 1, 11, and 23. This finding indicates 
that Pacific Biosciences sequences can be used as a map-
ping reference. We compared Illumina sequence data for 
the remaining clinical isolates, which were not subjected to 
Pacific Biosciences sequencing, against the Pacific Biosci-
ences genomes according to blaOXA-48–like allele. For all 10 
isolates containing blaOXA-232, the gene was co-located with 
the ColKP3 replicon gene and a ΔISEcp1 upstream inser-
tion sequence (upstream of blaOXA-232) on an ≈6 kb contig. 
Pacific Biosciences sequence analysis of isolate 23 con-
firmed the presence of blaOXA-48 on transposon Tn1999.2; 
blaOXA-48 was found on a variant of transposon Tn1999 in 
all instances. In 3 isolates (23, 28, and 29), coverage of the 
IS1R insertion sequence was similar to the overall assem-
bly coverage suggestive of the Tn1999.2 variant identified  

in isolate 23 by Pacific Biosciences sequencing. Howev-
er, in 4 isolates (14, 21, 25, and 30), coverage of the IS1R 
insertion sequence was much higher than the overall as-
sembly coverage, indicating multiple occurrences of this 
locus, suggestive of a different Tn1999 variant. Of the 13 
isolates containing blaOXA-181, 12 had an upstream insertion 
sequence ΔISEcp1. In isolate 1, which was sequenced by 
using Pacific Biosciences technology, blaOXA-181 was con-
firmed as being chromosomally located. Finally, given 
the geographic association of several isolates carrying  
blaOXA-181, we created a phylogenetic tree and SNP matrix 
table for the 7 K. pneumoniae isolates from 1 state in HHS 
region 9 (Table 5; Figure 3).

Discussion
The increasing prevalence of CRE in the United States 
poses a challenge to patients, clinicians, and public health. 
The diversity of carbapenemases, including the OXA-48–
like enzymes reported in this study, is an ongoing diagnos-
tic challenge to clinical microbiology laboratories because 
of the variety of phenotypes displayed by isolates produc-
ing different, and sometimes multiple, carbapenemases. 
OXA-48 has been described as the phantom menace be-
cause of its subtle phenotype in the absence of co-resis-
tance mechanisms (12).

In this study, all isolates with blaOXA-48–like genes 
showed resistance to ertapenem, and most showed in-
termediate resistance or resistance to meropenem, cef-
triaxone, ceftazidime, and cefepime. Three tests for car-
bapenemase production were performed on the isolates 
in this study. The modified Hodge test, performed for 
ertapenem or meropenem, and the mCIM showed posi-
tive results for all isolates with blaOXA-48-like genes. The 
Carba Nordmann–Poirel test showed positive results for 
73% of all isolates, which is consistent with other studies 
that have shown that this test had a sensitivity of 72%–
76% for OXA-48–like carbapenemase producers (45,46). 
All isolates in this study would be identified as CRE by 
the current CDC and Council of State and Territorial  

Figure 1. Sequence structure of 2 β-lactamase OXA-232 (blaOXA-232) plasmids tested during phenotypic and genotypic characterization 
of Enterobacteriaceae producing OXA-48–like carbapenemases, United States. Top plasmid is from isolate 11 in this study (pColKP3_
DHQP1300920) (6,139 bp), and bottom plasmid is from Potron et al. (43) (GenBank accession no. JX423831). Arrows indicate direction 
of transcription. Unlabeled arrows indicate other genes. OXA, oxacillinase; repA, COLe type replicase.
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Epidemiologists definitions (https://www.cdc.gov/hai/ 
organisms/cre/definition.html) (47).

The 10 isolates that harbored blaOXA-232 were all found 
on a small ColKP3 plasmid, and this association has been 
reported by Potron et al. (43). Likewise, the 7 isolates pro-
ducing OXA-48 carried blaOXA-48 on a similar genetic en-
vironment to those reported (44,48,49). Isolate 23, which 
was sequenced by using Illumina and Pacific Biosciences 
technology, harbored blaOXA-48 on an IncL/M plasmid. The 
other 6 isolates, which were sequenced only by using Il-
lumina technology, all had the IncL/M replicon gene. In 
addition, blaOXA-48 was always associated with a variant 
of transposon TN1999, as discerned on the basis of the 
copy number of IS1R insertion sequences (36). Because 
these IS1R sequences are identical and duplicated, Illu-
mina technology often fails to assemble these as separate 
loci but instead produces a single locus with high cover-
age. Comparing coverage of the IS1R insertion sequence 
to the overall coverage of the assembly sequence enabled 
us to estimate the presence of the TN1999 variant by us-
ing isolate 23 as the reference. In 12 of 13 isolates with  
blaOXA-181, we found an upstream ΔISEcp1 element inserted 
upstream of the blaOXA-181 cassette. blaOXA-181 is often asso-
ciated with ISEcp1, which might facilitate its spread (50).

The transformation experiment helped to clarify our 
understanding of the plasmids harboring blaOXA-48–like 
genes. Transformation experiments were successful for 
each of the parent strains carrying blaOXA-48 or blaOXA-232. 
Carbapenem and penicillin MICs were not different be-
tween the parent and transformant, but transformant MICs 
were comparatively lower for cephalosporins and ami-
noglycosides. This finding supports the genotypic data, 
which indicated that ESBL genes and other β-lactamase 
genes did not cotransfer with the plasmid encoding  
blaOXA-48–like genes. One transformant (23T) did not have 
decreased cephalosporin MICs when compared with its 
parental strain, which is consistent with Pacific Biosci-
ences sequencing of this isolate, which showed blaCTX-M-14b 
to be on the same IncL/M plasmid as blaOXA-48. The unsuc-
cessful transformation attempts of blaOXA-181–containing 
strains 1, 2, 26, and 27 were explained by WGS evidence 
that blaOXA-181 was chromosomally located in isolate 1.

We also detected a possible reservoir of isolates with bla-
OXA-48–like genes in the United States. Among the 13 isolates 
with blaOXA-181, 8 were from 1 state in HHS region 9 and con-
tained blaCTX-M-15, blaSHV-26, and ampH. Seven of these isolates 
were K. pneumoniae belonging to ST34, and 5 were collected 
during June 2010–May 2011 (Tables 2, 5; Figure 3).

Figure 2. Sequence structure of 2 β-lactamase OXA-48 (blaOXA-48) plasmids tested during phenotypic and genotypic characterization 
of Enterobacteriaceae producing OXA-48–like carbapenemases, United States. Top plasmid is from isolate 23 in this study (pIncL_M_
DHQP1400954) (72,093 bp), and bottom plasmid is from Chen et al. (44) (GenBank accession no. KP025948). Arrows indicate direction 
of transcription. Unlabeled arrows indicate other genes. Gray area indicates regions of homology, white lines indicate nonhomologous 
regions, and dark gray lines indicate inversions. aph, aminoglycoside; OXA, oxacillinase; repA, IncL/M type replicase; str, streptomycin.

 
Table 5. SNP matrix for 7 Klebsiella pneumoniae isolates with β-lactamase oxacillinase-181–like carbapenemases from HHS region 9, 
United States* 

Isolate no. 
Isolate no. 

26 27 4 5 1 2 3 
26 0 31 33 17 32 27 28 
27 31 0 27 15 28 23 26 
4 33 27 0 6 13 10 8 
5 17 15 6 0 5 3 1 
1 32 28 13 5 0 7 9 
2 27 23 10 3 7 0 6 
3 28 26 8 1 9 6 0 
*Genetic diversity ranged from 1 to 33 high-quality SNPs that were called in an 5-Mb core genome, which equals 90% of the reference genome size 
(isolate 1 sequenced by using Pacific Biosciences [Menlo Park, CA, USA] technology). bla, -lactamase; HHS, Health and Human Services; SNP, single-
nucleotide polymorphism. 
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This study had several limitations. The collection of 
isolates in this study might not be representative of all  
isolates with blaOXA-48–like genes in the United States. 
There is also a reporting bias because only isolates sent 
to CDC were included. CDC receives isolates as part of 
outbreak investigations, surveillance studies, and to con-
firm AST results, but there is no national requirement to 
submit carbapenemase-producing isolates. Thus, unusually 
resistant isolates are more likely to be sent to the CDC and 
included in this study. Also, no prevalence rates of Entero-
bacteriaceae with blaOXA-48–like genes in the United States 
can be inferred because there is not an evaluable denomi-
nator. In addition, almost all the isolates we studied were 
clinical isolates; colonizing isolates might have different 
phenotypic characteristics.

Another limitation is that the 10 isolates selected for 
the transformation experiment and the 3 isolates selected 
for Pacific Biosciences sequencing might not have been 
representative of the other isolates in this collection. Ide-
ally, all isolates would have been sequenced by using Pa-
cific Biosciences technology and been a part of the trans-
formation experiment, but this testing was not performed 
because of limited resources. In addition, the decisions 
regarding which isolates to select for transformation ex-
periments and sequencing by using Pacific Biosciences 
technology were made before WGS was complete. In 
retrospect, it would have been better to select blaOXA-181 
isolates that were hypothesized to be on a plasmid for 

the transformation experiment; instead, chromosomal  
blaOXA-181 isolates were selected. Thus, the blaOXA-181 gene 
loci for the isolates in this study are inconclusive.

In summary, the continued increase of CRE in the 
United States is a major problem, and the increasing preva-
lence of OXA-48–like carbapenemases is also concerning. 
We found Enterobacteriaceae in the United States with 
blaOXA-48–like genes on similar mobile genetic elements to 
those described elsewhere and that displayed relatively re-
sistant AST profiles. The first step in continued detection 
of CRE producing these and other carbapenemases is iden-
tifying all carbapenem resistance among Enterobacteria-
ceae, including resistance to ertapenem. Future prospective 
investigations are needed to determine the true prevalence 
of OXA-48–like carbapenemases in the United States.
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Severe bacterial infections are a leading cause of death 
among neonates in low-income countries, which harbor 
several factors leading to emergence and spread of multi-
drug-resistant bacteria. Low-income countries should priori-
tize interventions to decrease neonatal infections; however, 
data are scarce, specifically from the community. To assess 
incidence, etiologies, and antimicrobial drug–resistance 
patterns of neonatal infections, during 2012–2014, we con-
ducted a community-based prospective investigation of 981 
newborns in rural and urban areas of Madagascar. The inci-
dence of culture-confirmed severe neonatal infections was 
high: 17.7 cases/1,000 live births. Most (75%) occurred dur-
ing the first week of life. The most common (81%) bacteria 
isolated were gram-negative. The incidence rate for multi-
drug-resistant neonatal infection was 7.7 cases/1,000 live 
births. In Madagascar, interventions to improve prevention, 
early diagnosis, and management of bacterial infections in 
neonates should be prioritized.

Most deaths of children <5 years of age (6.3 million in 
2013) still occur in low-income countries; a leading 

cause is infectious disease (1). In these countries, deaths of 
neonates are particularly concerning; in 2013, there were 
20 deaths/1,000 live births, 23% directly attributable to se-
vere infections (1–3). Each year in low-income countries, 
7 million possible (clinical signs with no bacteriological 
documentation) severe neonatal bacterial infections occur 
(4,5). In these countries, multiple factors lead to enhanced 
emergence and spread of drug-resistant bacteria (e.g., an-
timicrobial drug misuse, poor quality or counterfeit drugs, 

and substandard hygiene and living conditions) (6,7). This 
phenomenon involves gram-positive (Staphylococcus au-
reus and Streptococcus pneumoniae) and gram-negative 
(Haemophilus influenzae, Enterobacteriaceae) bacteria (8). 
These pathogens, especially those acquired in hospitals, are 
becoming increasingly resistant to multiple drugs; for most 
populations in these settings, the antimicrobial drugs re-
quired to treat these infections are not affordable (9).

Because few data on the burden of invasive bacterial 
infections and resistance patterns in low-income countries 
are available, we do not have an accurate picture of their 
true burden among the youngest children. Indeed, most 
studies of antimicrobial drug resistance in neonates were 
conducted >10 years ago. Data about antimicrobial drug 
resistance were sparse and often relied on few isolates; no 
clear conclusions have been made with regard to Entero-
bacteriaceae resistance to third-generation cephalosporins 
(6%–97% of infections) or methicillin resistance among S. 
aureus (0–67%) (10,11). Moreover, data regarding infec-
tions occurring in the community, which may differ from 
those in hospitalized persons, are especially lacking. To our 
knowledge, incidence rates for severe resistant infections 
in neonates have not been estimated (10,11).

In low-income countries, investment and mobiliza-
tion to control neonatal infections and antimicrobial drug 
resistance remain extremely low. As long as the real bur-
den of these events remains unknown, the scope for public 
health decision-making will be limited (10,12). Therefore, 
to assess incidence, etiologies, and antimicrobial drug–re-
sistance patterns of neonatal infections, we conducted a 
prospective study of a cohort of 981 newborns enrolled at 
birth in rural and urban communities in Madagascar, one of 
the poorest countries in the world, where the mortality rate 
for neonates is high (13). 

Methods
This study was part of the Bacterial Infections and Anti-
microbial Drug Resistant Diseases among Young Children 
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in Low-Income Countries (BIRDY project, http://www.
birdyprogram.org). The BIRDY project investigates and 
responds to consequences of bacterial sepsis and antimi-
crobial drug resistance in children <2 years of age (proto-
col in online Technical Appendix, https://wwwnc.cdc.gov/
EID/article/24/4/16-1977-Techapp1.pdf). The study was 
authorized by the Institut Pasteur in Paris and by the Ethics 
Committee in Madagascar. Informed consent was obtained 
for all participants.

Study Areas and Study Population
The study population included all neonates born in 3 dis-
tricts (Avaradoha, Besarety, and Soavinadriana) of Anta-
nanarivo (the capital of Madagascar, with a catchment area 
population of 14,997 and 4,128 women of childbearing 
age) and those of the rural city of Moramanga (catchment 
area population of 17,159 and 3,795 women of childbear-
ing age) (Figure 1). These areas were chosen because their 
populations, from poor to extremely poor, were representa-
tive of the general population. 

Recruitment

Before Birth
We exhaustively identified pregnant women within the 
study areas during their routine third trimester antenatal 
visit and pre-enrolled those who met the following criteria: 
routine residence in the study area with no plan to move 
away during the follow-up period and no opposition to the 
research being conducted or to the collection of biological 
samples (online Technical Appendix). We actively moni-
tored preincluded women to ensure enrollment of their neo-
nates at birth. At the time of preinclusion or at delivery, 
a vaginal swab sample was collected from the pregnant 
women to detect group B Streptococcus (GBS).

At Birth
To ensure the exhaustiveness of live-birth recruitment, 
all newborns were eligible at birth, even if their mothers 
had not been pre-enrolled. Neonate inclusion criteria were 
similar to preinclusion criteria of pregnant women: neo-
nates born to parents living in the study area with no plan 
to move during the follow-up period; those whose legal 
guardians were informed and had no objection to the study 
procedures and collection of biological samples; and those 
for whom written consent was obtained from at least 1 le-
gal guardian.

We collected fecal samples from the mothers perinatal-
ly to test for extended-spectrum β-lactamase (ESBL)–pro-
ducing Enterobacteriaceae. We also collected the mothers’ 
sociodemographic, medical, and obstetric characteristics; 
delivery information; and the neonates’ anthropometric 
measurements and Apgar scores.

The neonates were examined at birth, and risk factors for 
infection (online Technical Appendix) were assessed. The 
presence of risk factors for infection led immediately to col-
lection of a placental biopsy sample and collection of gastric 
fluid (before the first feeding), deep auditory canal samples, 
and anal swab samples from the neonate to document peri-
natal bacterial colonization. We then referred neonates with 
suspected infection to a participating hospital for evaluation. 
When indicated, antimicrobial drugs were empirically admin-
istered according to the World Health Organization (WHO) 
criteria. For these neonates, we obtained blood samples and 
lumbar puncture samples (if indicated) beforehand (14).

Follow-Up Evaluations
We actively and prospectively followed up on all neonates 
during their first month of life. To detect early signs of  

Figure 1. Locations of Antananarivo and Moramanga in 
Madagascar. 
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infection, we arranged for home visits to be conducted 
twice during the first week of life, beginning within 3 days 
after delivery. Routine checkups were then conducted 
weekly during the first month. We conducted active moni-
toring to minimize the number of missed or uncharacter-
ized suspected infections and to obtain anthropometric 
measurements. Throughout follow-up, we asked mothers 
to contact an investigator whenever the child had a fever 
or showed signs suggestive of infection (online Technical 
Appendix). If that occurred, the child was evaluated by a 
physician. When indicated, we collected samples including 
blood cultures according to the protocol and recorded clini-
cal presentation, final diagnosis, and collected samples.

We adapted clinical criteria for infection and flow 
charts for bacterial sampling from WHO recommendations 
(online Technical Appendix). Decisions regarding antimi-
crobial drug treatments were left to the attending physi-
cians to decide according to local protocols.

Bacteriology Analyses
All samples were transported within hours to Institut Pas-
teur in Madagascar for analysis. Specimen sampling, bac-
terial isolation, and species identification were performed 
according to the procedures recommended by the French 
Society for Microbiology (15). Antimicrobial susceptibili-
ties were determined by use of the disk-diffusion method, 
according to the recommendations of the French Soci-
ety for Microbiology (online Technical Appendix) (15).  
Suspected ESBL-producing Enterobacteriaciae were con-
firmed by use of the double-disk synergy test. Escherichia 
coli ATCC 25922 was used for quality control strains.

Classification Procedures
All cases for whom clinical or biological criteria for bacte-
rial infection occurred during the neonatal period (includ-
ing biological markers of infection based on C-reactive 
protein or complete blood count when available) were re-
viewed by an epidemiologist, a neonatologist, and a micro-
biologist to classify them and exclude nonsevere cases and 
contaminants. We defined severe bacterial infection as 1) 
presence of clinical signs of sepsis according to the WHO 
guidelines (online Technical Appendix) and 2) a positive 
culture from blood or cerebrospinal fluid or urine (bacterial 
and leukocyte counts >105 and 104, respectively) or um-
bilical purulent discharge in case of omphalitis-associated 
sepsis. We defined 3 periods: very early (0–3 days), early 
(0–6 days), and late (7–30 days). We considered multidrug-
resistant infections to be those caused by pathogens resis-
tant to >1 agent in >3 antibacterial categories (16).

Statistical Analyses
For our analyses, we used Stata version 12 (StataCorp, 
LLC, College Station, TX, USA). We used descriptive 

statistics (e.g., proportions, means, and SDs) to summa-
rize characteristics of mothers and neonates. We compared 
differences in proportions and means by using the χ2 and 
Student t tests, respectively. p<0.05 was considered sig-
nificant. We calculated the person-time (no. days followed 
until event [infection]) and then estimated the incidence of 
culture-confirmed severe neonatal infections per 1,000 live 
births. We calculated 95% CIs for all rates.

Results

Characteristics of Mothers and Neonates
From September 2012 through October 2014, we ap-
proached 1,030 pregnant women, of whom 54 refused 
to be included and 976 were enrolled (Table 1; Figure 
2); of those included, 393 (40.3%) were from the urban 
site and 583 (59.7%) from the rural site. On average, 
the women were 26.1 years of age (range 14–48 years 
of age) and 33.7% were primigravidae. A total of 351 
(37%) women gave birth at home. At delivery, 981 live 
neonates were included; mean ± SD birth weight was 
2,952.6 ± 504.4 g; of these neonates, 161 (16%) were 
premature (<37 weeks’ gestation).

Incidence of Neonatal Infections
A total of 16 neonates were classified as having culture-
confirmed severe infection (online Technical Appendix). 
Of these, 12 (75%) infections occurred during the first week 
of life. The incidence rates were 17.7 (95% CI 10.8–28.9) 
culture-confirmed cases of severe neonatal infection and 
13.3 (95% CI 7.5–23.4) culture-confirmed cases of early-
onset severe neonatal infections per 1,000 live births. The 
incidence rates for culture-confirmed severe neonatal infec-
tions were 14.8 (95% CI 7.4–29.5)/1,000 live births in rural 
sites and 22.2 (95% CI 11.1–44.4)/1,000 live births in ur-
ban sites. The incidence rates for culture-confirmed severe 
neonatal infections were 15.6 (95% CI 7.0–34.6)/1,000 
live births at home and 19.4 (95% CI 10.4–36.0)/1,000 live 
births at healthcare facilities. Final clinical diagnoses were 
sepsis for 13 and meningitis for 3 neonates.

Samples and Pathogens 
We cultured 144 blood (including 65 [45.1%] at birth), 79 
urine, and 7 cerebrospinal fluid samples from neonates with 
clinical signs of infection (Table 2). Among blood samples, 
results of 9 (6.3%) were positive and 8 (5.5%) others were 
considered to be contaminated. Among urine samples, re-
sults were positive for 39 (49.4%), of which 3 were asso-
ciated with severe neonatal infection. One (14.3%) cere-
brospinal fluid sample was culture-positive for Pasteurella 
spp., and 2 (28.6%) others grew gram-negative bacteria 
that could not be further identified. Gram-negative rods 
were detected in 13 (81.2%) samples from the 16 neonates 
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with culture-confirmed severe infections; the most preva-
lent pathogen was Klebsiella spp.

Antibacterial Resistance 
Among the 11 samples with gram-negative rods that could 
be tested for antimicrobial drug susceptibility, more than 
half showed resistance to cefotaxime (6/10) and more than 
one third were resistant to gentamicin (4/10) and ciproflox-
acin (4/11) (online Technical Appendix Table 2). Among 
the 14 isolates for which antimicrobial drug resistance data 
were available, 5 isolates were resistant to ciprofloxacin 
and 9 were resistant to co-trimoxazole. Of the 6 Klebsiella 
spp. isolates, 4 were ESBL producers. The isolated Staphy-
lococcus epidermidis strain was resistant to methicillin.

 A total of 11 isolates were resistant to >1 antimicrobial 
drug of the combination recommended by WHO for cases 
of neonatal sepsis (ampicillin and gentamicin); 4 were re-
sistant to both drugs. The incidence rates for severe neona-
tal infection resistant to 1 drug recommended by WHO was 
7.7 (95% CI 3.7–16.2) cases/1,000 live births and to both 
drugs was 4.4 (95% CI 1.6–11.7) cases/1,000 live births. 
Seven isolates were multidrug resistant, and the incidence 
rate for multidrug-resistant severe neonatal infection was 
7.7 (95% CI 3.7–16.2) cases/1,000 live births.

Clinical Outcomes
In total, 19 neonates, including 2 sets of twins and 1 other 
twin, died during the follow-up period. Four died at home 
with no etiology documented, 3 deaths were the direct con-
sequence of severe prematurity, 1 was caused by birth inju-
ry, and 1 was caused by neonatal tetanus. The 10 remaining 

infants who died showed clinical signs of severe infec-
tion; no blood cultures could be performed before death. 
Six neonates were premature. All deliveries took place in 
healthcare facilities, except for 1, which occurred at home. 
The mother of a pair of twins was positive for vaginal car-
riage of GBS. A total of 4 neonates received a combination 
of gentamicin and a third-generation cephalosporin, and 
5 received penicillin in addition to the 2 other drugs. All 
neonatal deaths except 1 occurred in the first week of life. 
None of the 16 neonates with a culture-confirmed severe 
infection died.

Discussion
Incidence of culture-confirmed severe neonatal infections 
in a community-based cohort of neonates in Madagascar 
was high (17.7 cases/1,000 live births). These infections 
are usually difficult to document, especially where women 
frequently deliver their babies at home, because neonates 
may show few symptoms before the infections progress 
rapidly. By using active community recruitment and fol-
low-up, we were able to identify severe neonatal bacterial 
infections, including those with very early onset. Also, per-
forming blood cultures before initiating antimicrobial drug 
therapy increased the likelihood of identifying a pathogen.

In low-income countries, incidence estimates for se-
vere neonatal infections are few and the available data 
are heterogeneous (10). On the basis of community re-
cruitment, Darmstadt et al. estimated an incidence rate 
of confirmed severe neonatal infection of 2.9 (95% CI 
1.9–4.2)/1,000 live births almost 10 years ago in Bangla-
desh; this rate is much lower than the one we found (17). 

 
Table 1. Characteristics of mothers and neonates enrolled in study of bacterial infections in neonates, Antananarivo and Moramanga, 
Madagascar, 2012–2014 
Characteristic Urban site, no. (%) Rural site, no. (%) p value 
Pregnant women*†   
 Parity    
  Primigravida 144 (37) 185 (32) >0.99 
  Multigravida 249 (63) 398 (68) 
 Education    
  None or primary 119 (30) 145 (25) <0.001 
  Partial secondary 171 (44) 334 (57) 
  Completed secondary or university 103 (26) 104 (18) 
 No. antenatal visits at enrollment    
  0–1 45 (11) 47 (8) 0.01 
  2–4 239 (61) 408 (70) 
  >4 109 (28) 128 (22) 
Neonates‡    
 M 215 (55) 277 (47) 0.03 
 F 179 (45) 310 (53)  
 Premature, <37 wk of gestation 77 (19) 84 (14) 0.6 
 Risk factors for infection at delivery    
  Fetid amniotic fluid 39 (9.9) 42 (7.1) 0.13 
  Prolonged membrane rupture 13 (3.3) 15 (2.6)  
  Maternal fever at delivery 5 (1.2) 9 (1.5)  
  Difficult birth 25 (6.3) 56 (9.5)  
*Mean ( SD, minimum–maximum) age of urban mothers 25.8 (6.7, 14.3–43.5) years and of rural mothers 26.2 (6.5, 14.3–48.1) years; p = 0.4. 
†Total = 976 pregnant women (393 urban and 583 rural), including 17 who had twin pregnancies and 12 who had stillbirths. 
‡Total = 981 (394 urban and 587 rural). Mean ( SD) weights of 954 neonates at delivery were 2,921 (515.9) g for urban and 2,973 ( 495.7) g for rural 
sites; p = 0.12. 
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However, the findings of Darmstadt et al. may be underesti-
mated because of delayed care seeking and a shorter active 
surveillance period.

Our incidence estimate is lower than the 44.8 early-
onset infections/1,000 live births found by Turner et al. on 
the Thailand–Myanmar border; their estimate was based 
on a clinical definition of infections and was thus pos-
sibly overestimated (18). Also, our incidence risk (1.6%, 
16/981) is lower than the pooled incidence risk for pos-
sible severe bacterial infection (7.6%) estimated by Seale 
et al. in a metaanalysis of 22 studies (5). However, the 
designs of the studies contributing to the Seale analysis 
varied widely. Our community-based study with pre-en-
rollment of pregnant women before delivery is likely to 
reflect a higher ascertainment.

The bacterial isolation rate in blood culture is low 
(≈10%) for infected neonates in high-income and low-
income countries (19). Blood cultures require that trained 
staff collect these samples before any antimicrobial drug 
use is initiated. These practices are not routine in low-
income countries, and some highly suspected infections 
could not be bacteriologically confirmed, even in the set-
ting of our research protocol, which included continuous 
training. However elevated, the incidence rate of con-
firmed severe infections may therefore be underestimated 
in our study.

As a comparison, in 2008, the United States reported 
0.77 early-onset infections/1,000 live births (20). Although 
most studies in high-resource settings focus on the early 
neonatal period and are not population based, our results 
clearly suggest a much higher burden of neonatal infections 
in Madagascar than in high-income countries.

Most (75%) neonatal infections occurred during the 
first week after birth, most during the first 3 days. This find-
ing confirms that community-based active surveillance in 
the very early period of life is crucial for capturing infec-
tions in neonates (4). This result also points out the value of 
reinforcing interventions and research programs targeting 
the perinatal period.

Gram-negative bacteria were predominant; the most 
prevalent pathogen isolated was Klebsiella spp. In a review 
of studies reporting the etiology of serious bacterial infec-
tions in community settings, Zaidi et al. found that Kleb-
siella spp., E. coli, and S. aureus were the most prevalent 
bacteria isolated during the first week of life (21–25). In 
our study, S. aureus was not predominant. It is possible that 
healthcare workers caring for mothers and neonates in our 
study were more prone to use clean birth kits distributed by 
the BIRDY program and to follow good hygiene practices, 
potentially minimizing horizontal transmission of S. aureus 
to newborns.

The overall burden of GBS infection in the develop-
ing world is not clear; incidence ranges from 0.3 to 0.6 

infections/1,000 live births (26). Our study identified no 
GBS infections. One possible explanation for this low inci-
dence is that several early-onset GBS infections may have 
not been identified because of rapid death (27). However, 
this hypothesis is unlikely because we performed close 
and active surveillance directly after birth and no deaths 
occurred during the very short period between delivery 
and neonate enrollment. However, we cannot exclude 
the possibility that GBS might have been responsible for 
some cases of infection that could not be bacteriologically 
confirmed for neonates with clinical signs of sepsis, in-
cluding some who died. In the context of GBS vaccine 
development, if confirmed, this low incidence may bring 
into question the potential cost-effectiveness of maternal 
vaccination in low-income countries.

We found that the proportion of multidrug-resistant 
infections was significant (50%, 7/14); 28.6% (4/14) of 
Enterobacteriaceae were ESBL producers, and 1 of the 
2 Staphylococcus spp. isolates was resistant to methicil-
lin. One striking result of our study, however, is the rela-
tively low incidence of antimicrobial drug–resistant in-
fections (≈7.7 infections/1,000 live births). We found no 
carbapenemase-producing Enterobacteriaceae. In most 
published studies, assessment of antimicrobial drug resis-
tance at the community level is based on the proportion of 
resistant infections at hospital admission, which may lead 
to biased conclusions because of variability in care access 

Figure 2. Flowchart for study of bacterial infections in neonates, 
Antananarivo and Moramanga, Madagascar, 2012–2014.
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and case severity. Our results enabled a more complete 
picture of this issue and suggest that multidrug-resistant 
infections in the community may be less problematic than 
previously estimated.

Nevertheless, more than three quarters (11/14) of the 
pathogens we isolated were resistant to at least 1 antimi-
crobial drug recommended by WHO, including 4 isolates 
resistant to both recommended drugs (14). These findings 
are consistent with those of several studies conducted in 
hospital or community settings, which also highlight re-
duced susceptibility to at least 1 antimicrobial drug recom-
mended for empirical treatment (resistance ranging from 
43% to 97%) (19,22,28). In contrast, we observed that the 
most frequent attitude of physicians in Madagascar was 
to prescribe 3 antimicrobial drugs, including ampicillin, a 
third-generation cephalosporin, and gentamicin, when in-
vasive bacterial neonatal infection was suspected. The use 
of large and unnecessarily broad-spectrum therapy may 
contribute to increased rates of antimicrobial drug resis-
tance. The development of rapid diagnostic tests to iden-
tify pathogens and their antimicrobial drug susceptibility 
may therefore prevent unnecessary use of broad-spectrum 
antimicrobial drugs.

Our study has some limitations. We cannot exclude 
the possibility that 4 pathogens, including one ESBL-
producing Enterobacteriaceae, which we documented in 
the community, might have been acquired in the hospital 
because the infections occurred after 48 hours in neonates 
born in a healthcare facility. However, no hospitalization 
during pregnancy was recorded for the mothers of any of 
these 4 neonates. Also, because the neonates were enrolled 
in a research study, their standard of care might have been 
higher, including better hand hygiene, than that for most of 
the population. This Hawthorne effect might have induced 

bias in our results, such as an underestimation of Staph-
ylococcus-associated infections (29). We also probably 
changed the evolution of these severe bacterial infections 
by improving early diagnosis and providing better care. 
These actions might have helped avoid deaths of neonates, 
which would otherwise have occurred, and contributed to 
our underestimation of case-fatality ratio.

In conclusion, incidence of bacterial infections among 
neonates in a community-based cohort in Madagascar was 
high, although incidence of multidrug-resistant bacterial 
infections was relatively low. Most of these infections oc-
curred during the first week of life. Our findings suggest that 
public health measures to decrease deaths from severe bac-
terial infection among neonates should focus on improving 
prevention, early diagnosis, and management of infections 
and prioritizing intervention strategies according to success-
es with vaccines, clean deliveries, and care of neonates. Cur-
rent knowledge gaps, including those associated with local 
burden, bacterial etiology, and antimicrobial drug resistance 
profiles of severe bacterial infections in low-income coun-
tries, prevent us from having a clear picture of the situation. 
Recently, several international bodies called for global action 
to combat antimicrobial drug resistance, deemed a “global 
health security threat” (11,30). Although antimicrobial drug 
resistance is a real threat, more community data are clearly 
needed in countries with limited resources so they can select 
and prioritize effective preventive and treatment strategies to 
tackle bacterial infections in neonates.
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Table 2. Pathogens isolated and characteristics of neonates with culture-confirmed severe infections, Antananarivo and Moramanga, 
Madagascar, 2012–2014* 

Pathogen 
No. 

isolates 
Neonate age at infection, d Sample 

type, no. 
Place of birth 

 
Premature 

 
Site 

0–3 4–6 7–13 14–30 Home HCF No Yes Urban Rural 
Gram-positive               
 Staphylococcus aureus 1    1 Blood, 1 1    1  1  
 S. epidermidis 1    1 Blood, 1 1    1  1  
 Streptococcus pneumoniae 1    1 Blood, 1 1   1   1  
Gram-negative               
 Klebsisella pneumoniae 4 1 3   Blood, 2; 

urine, 2 
1 3  4   1 3 

 K. oxytoca 2 1 1   Blood, 1; 
urine, 1 

 2  2   2  

 Escherichia coli 2 2    Blood, 2 1 1  1 1   2 
 Enterobacter cloacae 1 1    Blood, 1 1   1 1   1 
 Acinetobacter baumanii 1 1    Umbilical, 

1 
 1  1    1 

 Pasteurella spp. 1    1 Spinal tap, 
1 

 1  1    1 

Gram-negative staining† 2 2    Spinal tap, 
2 

 2  2 2   2 

*HCF, healthcare facility. 
†Pathogens identified by staining as gram-negative but could not be cultured and, therefore, were not further identified. 
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Because ≈90% of malaria cases occur in Africa, emergence 
of artemisinin-resistant Plasmodium falciparum in Africa pos-
es a serious public health threat. To assess emergence of 
artemisinin-resistant parasites in Uganda during 2014–2016, 
we used the recently developed ex vivo ring-stage survival 
assay, which estimates ring-stage–specific P. falciparum 
susceptibility to artemisinin. We conducted 4 cross-sectional 
surveys to assess artemisinin sensitivity in Gulu, Uganda. 
Among 194 isolates, survival rates (ratio of viable drug-
exposed parasites to drug-nonexposed controls) were high 
(>10%) for 4 isolates. Similar rates have been closely associ-
ated with delayed parasite clearance after drug treatment and 
are considered to be a proxy for the artemisinin-resistant phe-
notype. Of these, the PfKelch13 mutation was observed in 
only 1 isolate, A675V. Population genetics analysis suggest-
ed that these possibly artemisinin-resistant isolates originat-
ed in Africa. Large-scale surveillance of possibly artemisinin-
resistant parasites in Africa would provide useful information 
about treatment outcomes and help regional malaria control.

Despite reports of decreasing incidence and deaths 
from malaria, this disease remains a global health 

problem; in 2016, an estimated 216 million new cases 

and 445,000 deaths occurred (1). One of the main causes 
for the reduction of the malaria burden is the global de-
ployment of artemisinin-based combination therapies as 
a first-line treatment (1). However, since first reported 
in 2007–2008 (2), artemisinin-resistant Plasmodium fal-
ciparum parasites have spread into the Greater Mekong 
Subregion of Southeast Asia (3,4). In western Cambodia, 
recent increases in the prevalence of piperaquine-resistant 
parasites have further reduced effectiveness of dihydroar-
temisinin/piperaquine (5).

Until now, there was no clear evidence for the emer-
gence of P. falciparum artemisinin-resistant isolates in 
Africa (6). The standard for monitoring the emergence of 
artemisinin resistance has been the effectiveness of arte-
misinin-based combination therapies. In high-transmission 
regions, as in many parts of Africa where most persons 
have some immunity to malaria, partially immune persons 
may, however, experience some response to drug treatment 
even if they are infected by drug-resistant parasites (7,8). 
Interpretations of drug effectiveness could also be made 
difficult with the widely used ex vivo conventional drug-
susceptibility assay (3,9,10) because reduced susceptibility 
to artemisinin is limited to the very narrow early ring stage 
of the parasites (10–12).

The recently developed ring-stage survival assay 
(RSA) can evaluate ring-stage–specific reduction of arte-
misinin susceptibility (12). In this assay, ring-stage para-
sites are exposed to 700 nmol/L of dihydroartemisinin for 
6 h and then cultured for 66 h in the absence of the drug. 
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Levels of artemisinin susceptibility are estimated accord-
ing to the survival rate (i.e., the ratio of viable parasites 
exposed to 700 nmol/L dihydroartemisinin to parasites cul-
tured simultaneously in drug-free medium). In a study of 
isolates from 31 persons in Cambodia, all isolates classi-
fied as artemisinin resistant by ex vivo conventional assay 
(having parasite clearance half-lives >5 h after artemisinin 
treatment [4,13]) also had an ex vivo survival rate >10% 
by RSA (12).

In Africa, few attempts have been made to detect ar-
temisinin-resistant parasites by using ex vivo RSA. So far, 
only 2 studies have been reported, both of which showed 
the absence of P. falciparum isolates with survival rates 
>10% (14,15). Close monitoring is nevertheless valuable 
because parasites resistant to all widely used antimalarial 
drugs (chloroquine [16], pyrimethamine [17], and sulfa-
doxine [18]) have migrated from Southeast Asia to sub-Sa-
haran Africa. Also reported in Africa is indigenous emer-
gence of parasites, albeit all of minor lineages, resistant to 
these antimalarial drugs (19,20). 

During 2014–2016, to assess artemisinin sensitivity 
in Gulu, northern Uganda, we performed 4 cross-sectional 
surveys. We evaluated the emergence of artemisinin resis-
tance by using 3 methods: ex vivo RSA for dihydroartemis-
inin; conventional ex vivo drug susceptibility assay; and 
genotyping of PfKelch13, the gene responsible for artemis-
inin resistance in Southeast Asia (21–24).

Materials and Methods

Study Site, Design, and Patients
During 2014–2016, we conducted 4 cross-sectional surveys 
in Gulu, northern Uganda (Figure 1). In this region, malaria 
transmission is high; estimated prevalence is ≈60%. Each 
year, weak seasonal fluctuation is observed; peaks occur 
in May and October. All 4 surveys were performed during 
peak malaria seasons: October–November 2014, May–June 
2015, October–November 2015, and June–July 2016. The 
major mosquito vector in this region is Anopheles funestus 
(25), and the entomological inoculation rate was estimated 
at >100 infective mosquito bites/person/year (26). Since 
2004, artemether/lumefantrine has been used as a first-line 
treatment for uncomplicated malaria (27). Persons who vis-
ited St. Mary’s Hospital Lacor, Gulu, Uganda, with signs 
and symptoms suggestive of malaria were screened by mi-
croscopic examination of Giemsa-stained blood smears. 
We enrolled those with P. falciparum monoinfection (para-
sitemia >0.1%) if written informed consent was obtained 
from a parent/guardian (for patients <7 years of age), from 
a parent/guardian and from the patient (for patients 7–17 
years of age), or from adult patients (>18 years of age). 
Ethics approval for the study was obtained from the Lacor 
Hospital Institutional Research and Ethics Committee (LH 

021/09/13), the Ugandan National Council for Science and 
Technology (HS 1395), and the institutional review board 
at Juntendo University in Tokyo, Japan (2014168).

Ex Vivo RSA 
We performed the ex vivo RSA as described previously, 
with some modifications (12,28). In brief, 1 mL of ve-
nous blood was immediately transferred to the hospital 
laboratory. After plasma removal, erythrocyte pellets were 
washed 3 times in RPMI-1640 (Thermo Fisher Scientific, 
Waltham, MA, USA) with 100 µg/mL gentamicin. Washed 
infected erythrocytes were suspended in RPMI-1640, 25 
mM HEPES (4-[2-hydroxyethyl]-1-piperazineethanesul-
fonic acid), 2 mM l-glutamine supplemented with 100 µg/
mL gentamicin and heat-inactivated 10% serum type AB 
from Japanese volunteers, and stored at 4°C before initia-
tion of the ex vivo RSA. All procedures were performed 
within 4 h after blood collection. 

The next morning, 100 µL/well of parasite culture 
mixture adjusted to 2% hematocrit was dispensed with 
700 nmol/L dihydroartemisinin (Tokyo Chemical Indus-
try Co. Ltd, Tokyo, Japan). As nonexposed control, 0.1% 
DMSO (dimethyl sulfoxide) was used. Parasitemia >1% 

Figure 1. Site of study of ex vivo ring-stage Plasmodium  
falciparum survival rates, Gulu (black circle), northern Uganda, 
2014–2016.

Artemisinin-Resistant P. falciparum, Uganda
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was adjusted to 1% by adding uninfected O-type erythro-
cytes. Cultures were incubated in a gas atmosphere with 
5% CO2 and 5% O2 by using the AnaeroPack malaria cul-
ture system (Mitsubishi Gas Chemical Co. Inc., Tokyo, 
Japan). After 6 h of exposure to dihydroartemisinin, pel-
lets were washed 3 times in RPMI-1640 with gentamicin, 
resuspended in fresh culture medium, and incubated for 
another 66 h. Assays were performed in duplicate for all 
samples except those obtained October–November 2014 
because of insufficient sample volume. 

At the end of the culture period, by counting 20,000 
erythrocytes and using thin blood smears, 2 investiga-
tors independently determined the number of viable 
parasites with normal morphologic appearance that de-
veloped into ring stages, trophozoites, and schizonts. 
Parasites that appeared pyknotic were considered to be 
dead (28,29). When the proportion of viable parasites 
in the nonexposed culture at 72 h was higher than the 
initial parasitemia at 0 h, the samples were considered 
to be interpretable (29). The investigators calculated 
survival rates as the ratios of parasites in exposed and 
nonexposed cultures (12); if the survival rates calculated 
by 2 researchers differed by >50%, a third researcher as-
sessed the slides. Based on previous comparative stud-
ies of ex vivo RSA and in vivo drug susceptibility tests 
(12), the cutoff for a high survival rate by RSA was 
>10%. This cutoff has 89% sensitivity and 91% specific-
ity in predicting parasites likely to have >5 h of clear-
ance half-life after artemisinin treatment. As a reference 
for ex vivo RSA, we used laboratory-adapted artemis-
inin-susceptible (3D7) and artemisinin-resistant clones 
(MRA-1236 and MRA-1240) (12). The P. falciparum 
artemisinin-resistant strains IPC 3445 Pailin Cambodia 
2010 (MRA-1236) and IPC 5202 Battanbang Cambodia 
2011 (MRA-1240) were contributed by Didier Ménard 
and provided by the Malaria Research and Reference 
Reagent Resource Center (part of BEI Resources, Na-
tional Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health, Rockville, MD, USA).

Ex Vivo Conventional Drug-Susceptibility Assay
For each sample, 100 μL of parasite culture with parasit-
emia adjusted to 0.05% at 2.5% hematocrit was pipetted 
per well into predosed culture plates and incubated under 
the same conditions as the ex vivo RSA for 72 h. Wells 
A–H were dosed with 0 (control), 0.25, 0.5, 1, 2, 4, 8, or 
16 nmol/L of dihydroartemisinin, respectively. Samples 
were then frozen (–20°C overnight) and thawed until com-
plete hemolysis was obtained. We assessed parasite growth 
by using an ELISA that quantifies parasite histidine-rich 
protein 2, as reported previously (30). We established the 
effective concentration of dihydroartemisinin needed to in-
hibit growth of P. falciparum by 50% (IC50) by nonlinear 

regression in the online ICEstimator software (http://www.
antimalarial-icestimator.net) (31).

Genotyping
We extracted parasite DNA from blood-spotted filter pa-
per (ET31CHR; Whatman Limited, Kent, UK) by using 
QIAcube (QIAGEN, Hilden, Germany). The sequence 
of 6 propeller domains in PfKelch13 was determined as 
previously reported (32). From isolates showing high 
RSA rates of survival, we determined the following 6 
mutations suggested as background genetic changes for 
artemisinin resistance as described (32,33): D193Y in 
ferredoxin (fd), T484I in multidrug resistance protein 
2 (mdr2), V127M in apicoplast ribosomal protein S10 
(arps10), I356T in chloroquine resistance transporter 
(crt), V1157L in protein phosphatase (pph), and C1484F 
in phosphoinositide-binding protein (pibp). Samples with 
minor peaks >50% the height of the major peak were con-
sidered mixed genotypes.

Whole-Genome Sequencing and Variant Detection
For 3 isolates with high survival rates by RSA, we ex-
tracted genomic DNA from leukocyte-removed blood with 
Acrodisc filters (Pall Corporation, New York, NY, USA) 
by using a QIAamp DNA Blood Mini Kit (QIAGEN). We 
prepared DNA libraries by using a TruSeq DNA PCR-Free 
Library Preparation Kit (Illumina, San Diego, CA, USA) 
after amplification of the genomic DNA with an Illustra 
GenomiPhi DNA Amplification Kit (GE Healthcare, Chi-
cago, IL, USA) or without genome amplification with 
a Nextera XT DNA Sample Prep Kit (Illumina). We ob-
tained ≈1–1.5 Gb of data per sample, consisting of paired-
end reads 100 or 150 bp long by using Illumina instruments 
(Miseq and Hiseq2000). Data are available at the DDBJ 
Sequence Read Archive (http://trace.ddbj.nig.ac.jp/dra/in-
dex.html) under accession nos. DRA005346, DRA005347, 
and DRA005348.

For comparative analyses, we obtained raw sequence 
data (fastq files) of 31 P. falciparum isolates from vari-
ous regions in Asia (n = 19) and Africa (n = 12) from the 
Short Read Archive at the National Center for Biotechnol-
ogy Information (https://www.ncbi.nlm.nih.gov/sra) (online 
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/24/4/17-0141-Techapp1.pdf). Among 19 isolates 
from Asia, 6 harbored mutant alleles in PfKelch13. We 
mapped all short-read data onto the 3D7 reference genome 
(National Center for Biotechnology Information BioProject 
ID PRJNA148) by using CLC Genomics Workbench soft-
ware (QIAGEN) with default parameters. We then used the 
resulting files for detecting single-nucleotide polymorphisms 
(SNPs) by using the Basic Variant Detection program in 
CLC Genomics Workbench. SNPs were called at all genom-
ic positions with >80% frequency of >10 reads support.
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Population Genetic Analyses
To clarify lineages of isolates exhibiting high rates of sur-
vival according to RSA, we performed principal compo-
nent analysis and STRUCTURE analysis (34). SNPs with 
minor allele frequency >25% were used after standardiza-
tion. For principal component analysis, we used BellCurve 
for Excel (Social Survey Research Information Co., Ltd, 
Tokyo, Japan). We used STRUCTURE 2.3.3 to assign 
individual isolates from all populations to 2 clusters (i.e., 
K = 2). For each run, a burn-in period of 10,000 steps was 
followed by 10,000 iterations under the admixture model 
and the assumption of uncorrelated haplotype frequencies 
among populations.

Results

Ex Vivo RSA
In the ex vivo RSA study, we enrolled 249 patients (Table 
1). Most patients were children; median age was 3 years. 
Fever >37.5°C was reported for 83% of patients. Other 
signs and symptoms were present for 7%–22% of enrolled 
patients. Examination of blood smears and species-specific 
PCR revealed that all blood samples contained monoinfec-
tions with P. falciparum.

We obtained successful ex vivo RSA results for dihy-
droartemisinin for 194 (77.9%) patients. Unsuccessful re-
sults were mostly caused by insufficient parasite growth (n 
= 28) or inability to count 20,000 erythrocytes because of 
low-quality blood smears and limited amounts of blood (n 
= 27). We found no significant differences for patient back-
ground characteristics or parasitemia in all enrolled and ex 
vivo RSA–successful patients (Table 1; online Technical 
Appendix Table 2). Artemisinin-susceptible laboratory 
clone 3D7 showed no parasites at 700 nmol/L, whereas 
artemisinin-resistant laboratory clones MRA-1236 and 
MRA-1240 showed survival rates (± SEM) of >10% (14.3 
± 0.5% and 27.0 ± 2.7%, respectively) (Table 2).

Among the study samples, 4 (2.1%) were classified as 
having high parasite survival rates by RSA; mean survival 
rates (± SEM) ranged from 13.3% ± 1.5% (isolate H2) to 
34.3% (isolate H1) (Figure 2, Table 2). We assayed all ex-
cept 1 isolate (H1) in duplicate. We observed these resistant 

isolates in all sampling periods except October–November 
2015. One isolate (H1) had higher survival rates (34.3%) than 
the 2 artemisinin-resistant laboratory clones from Cambodia 
(MRA-1236 and MRA-1240). Developmental stages of the 
parasites at enrollment were microscopically determined (on-
line Technical Appendix Figure). In the 3 isolates with high 
survival rates by RSA, proportions of early ring-stage para-
sites at enrollment were high (72%–98%) (online Technical 
Appendix Table 3), except for 1 isolate (H3), which had a 
lower proportion of early ring-stage parasites. For parasites 
with survival rates ≈10% (I1, I5, and I7), early ring-stage par-
asites were ≈51.9%–57.7% and the rest were late ring-stage 
parasites. These observations show that the developmental 
stages of the parasite before start of the RSA was not biased or 
skewed so as to influence RSA results. In fact, survival rates 
of samples with an almost 50:50 ratio of parasites in early and 
late stages might be underestimated because susceptibility to 
artemisinin occurs only during the early ring stage (10–12).

 
Table 1. Baseline characteristics of patients enrolled in study of 
Plasmodium falciparum ex vivo RSA survival rates, Uganda, 
2014–2016* 

Characteristics Enrolled 
RSA results 

obtained 
No. patients 249 194 
 2014 Oct 16 15 
 2015 May 74 43 
 2015 Oct 63 51 
 2016 June 96 85 
Sex, no. patients   
 M 126 92 
 F 123 102 
Age, y   
 Median (IQR) 3.0 (2.0–4.5) 2.9 (2.0–4.4) 
Fever >37.5°C   
 No. (%) patients 207 (83) 177 (92) 
 Median (IQR) body  
 temperature, °C 

39 (38.0–39.4) 39 (38.3–39.5) 

Signs and symptoms, % patients  
 Cough 22 29 
 Vomiting 21 25 
 Abdominal pain 11 21 
 Headache 10 19 
 Diarrhea 7 10 
 Convulsion 7 8 
Day 0 parasitemia, 
median (IQR), % 

1.71 (0.17–4.13) 1.95 (0.85–4) 

*IQR, interquartile range; RSA, ring-stage survival assay. 

 

 
Table 2. Characteristics of Plasmodium falciparum isolates with high ex vivo ring-stage survival rates and patients enrolled in study of 
Plasmodium falciparum survival rates, Uganda, 2014–2016* 

Sample name 
Patient 
age, y 

Patient 
sex Signs and symptoms 

Day 0 
parasitemia, % 

Early ring-stage 
parasites at day 0, % 

Mean parasite 
survival rate, %, 

 SEM 
H1 3.0 M Fever, headache, cough 0.85 80.4 34.3 
H2 2.0 M Fever 15.0 98.2 13.3 ± 1.5 
H3 3.2 M Fever 0.76 51.9 18.9 ± 0.9 
H4 4.5 F Fever 2.56 72.0 18.1 ± 1.4 
3D7 NA NA NA NA NA 0 ± 0 
MRA-1236 NA NA NA NA NA 14.3 ± 0.5 
MRA-1240 NA NA NA NA NA 27.0 ± 2.7 
*Survival rate, parasitemia at 700 nmol/L dihydroartemisinin exposed/parasitemia at 0 nmol/L control  100; mean value  SEM in 2 (H2, H3, and H4) and 
3 (3D7, MRA-1236, and MRA-1240) independent trials. Day 0, day of enrollment. NA, not applicable. 
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Conventional Ex Vivo Drug Susceptibility Assay  
for Dihydroartemisinin
We performed a conventional ex vivo dihydroartemisinin-
susceptibility assay in all but 1 survey (June–July 2016) 
and successfully determined ex vivo RSA and conventional 
ex vivo IC50 values for 93 patients (Figure 3). IC50 values 
were not correlated with survival rates by RSA. Geometric 
mean IC50 for isolates with high survival rates by RSA (3.3 
nmol/L) were similar to those for the artemisinin-suscepti-
ble isolates (2.25 nmol/L).

Genotypes of PfKelch13 and Potential  
Background Mutations
Only 5 (2.6%) isolates (C469Y, M472V, A621S, V666I, 
A675V) harbored nonsynonymous mutations at propel-
ler domains in PfKelch13, all of which were observed as 
singletons (online Technical Appendix Table 4). Among 4 
parasites with high survival rates by RSA, 1 harbored the 
A675V mutation and the other 3 harbored the wild-type 
allele (Figure 2). We observed no background genetic 
changes for artemisinin resistance (D193Y in fd, T484I in 
mdr2, V127M in arps10, I356T in crt, V1157L in pph, and 
C1484F in pibp; data not shown).

Lineages of Parasites with High Survival Rates by RSA
To clarify whether parasites with high survival rates by 
RSA indigenously originated in Africa or migrated from 
Southeast Asia, we performed principal component and 
STRUCTURE analyses. Whole-genome sequences were 
determined for all except 1 (H1) parasite isolate with a 
high survival rate by RSA. As reference, we used 31 P. 
falciparum isolates with origins from Asia or Africa. High-
quality whole-genome sequence data enabled identification 
of 174,266 SNPs, of which 168,908 were biallelic SNPs. 
Among these, we used 14,341 SNPs with minor allele 
frequency >25% for the analyses. In principal component 

analysis, the first principal component clearly separated 
isolates from Africa from those from Southeast Asia (Fig-
ure 4, panel A). All 7 reference isolates harboring mutant 
PfKelch13 were located in the cluster from Southeast Asia. 
In contrast, all 3 isolates from Uganda with high survival 
rates by RSA were inside the cluster from Africa. STRUC-
TURE analysis also clarified the distinct population struc-
ture of isolates from Southeast Asia compared with all 
isolates from Africa, including the 3 isolates with high sur-
vival rates by RSA (Figure 4, panel B).

Discussion
Emergence and spread of artemisinin-resistant P. falci-
parum outside the Greater Mekong Subregion pose a seri-
ous public health threat, especially in sub-Saharan Africa, 
the region that in 2015 accounted for 90% of global ma-
laria cases and 92% of malaria deaths (35). The recently 
developed ex vivo RSA found that 4 (2.1%) isolates from 
Uganda showed high (>10%) survival rates, levels of which 
are reported to be closely associated with slow-clearing 
P. falciparum infections (12). Among these, mutation in 
PfKelch13 was observed in only 1 isolate. Population ge-
netic analysis with whole-genome sequences demonstrated 
that these isolates belong to the cluster from Africa, sug-
gesting an indigenous origin rather than migration from 
Southeast Asia.

So far, 2 ex vivo RSA results have been reported in sub-
Saharan Africa: in Cameroon (15) and in Kampala, Uganda, 
≈300 km from our study site (14). Neither study found iso-
lates with high survival rates. In our analysis, 4 (2.1%) iso-
lates had survival rates >10%. In addition, 3 (1.5%) isolates 
with survival rates of ≈10% had lower proportions of early 
ring-stage parasites (51.9%–57.7%) at patient enrollment. 
Because artemisinin resistance is known to be confined to 
the early ring stage (10–12), the observed survival rate for 
these isolates might be underestimated. For our analysis, we 

Figure 2. Distribution of ex 
vivo ring-stage Plasmodium 
falciparum survival rates, by 
RSA during each study period, 
2014–2016. Susceptibility 
to dihydroartemisinin was 
determined by using ex vivo RSA 
survival rates. Survival rate was 
calculated as follows: (parasitemia 
at 700 nmol/L dihydroartemisinin 
exposed/parasitemia at 0 nmol/L 
control) × 100. Broken line 
indicates the cutoff value for what 
we consider to be high ex vivo 
RSA survival rates (>10%). RSA, 
ring-stage survival assay.
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assumed that an overall 2%–4% of isolates had artemisinin-
resistant potential. Since the discovery of PfKelch13 as an 
artemisinin-resistant responsible gene in 2013 (21), numer-
ous molecular epidemiologic studies identified >200 muta-
tions in this gene (4,35,36). The correlation with clinical and 
laboratory artemisinin resistance in 6 mutations (N458Y, 
Y493H, R539T, I543T, R561H, C580Y) has been validated 
(37). In our study, 1 isolate with a high survival rate by RSA 
harbored a mutation allele in PfKelch13 (A675V). This mu-
tation is reported to have a level of parasite clearance half-
life similar to that of the most prevalent C580Y mutation 
(4,38) and has thus been regarded as candidate artemisinin-

related mutation (37). The allele is distributed in Southeast 
Asia (Thailand–Myanmar border) and sub-Saharan Africa 
(Democratic Republic of the Congo and Rwanda) (4,38–40). 
However, our population genomic analysis revealed that this 
isolate belongs to African lineage, suggesting that artemis-
inin-resistant migration of A675V from Southeast Asia to 
Africa is less likely than the indigenous emergence of this 
mutation in Africa.

Three other isolates with high survival rates by RSA 
harbored a wild-type allele in PfKelch13. A similar find-
ing in Cambodia has been recently reported (41). The para-
siticidal mechanism of artemisinin is known to result from 
induction of highly reactive carbon-centered radicals that 
inactivate multiple crucial proteins (42). To combat this ef-
fect, resistant parasites are believed to enhance the oxida-
tive stress response, altering the cell cycle (29,36,39,43–
45). Recent population transcriptome analyses that used 
1,043 clinical P. falciparum isolates obtained directly from 
patients with acute falciparum malaria demonstrated asso-
ciations between PfKelch13 mutations and upregulation of 
unfolded protein response, one of the stress response sys-
tems, and PI3K/PI3P/AKT pathways (46). One possible hy-
pothesis to explain the absence of a PfKelch13 mutation in 
the ex vivo RSA artemisinin-resistant isolates is the activa-
tion of alternate pathways by yet unknown mechanism(s).

Witkowski et al. showed a strong correlation between 
ex vivo RSA survival rates and in vivo parasite clearance 
half-lives in Cambodia (12). When the ex vivo RSA sur-
vival rate cutoff of 10% is applied to their study, 29 of 30 
infections are accurately identified as artemisinin resistant 
and artemisinin susceptible (12). This cutoff point produced 
89% sensitivity and 91% specificity for in vivo artemisinin 
resistance in the parasites from Cambodia (12). However, a 
similar correlation study is lacking for isolates from Africa. 
Because many factors such as levels of host immunity and 
pharmacokinetics could complicate drug clinical effective-
ness, further correlation of ex vivo RSA and in vivo studies 
is strongly required in the various malaria-endemic regions 
with different population ethnicities and malaria ecologies.

Our study has several limitations. Parasites were not 
cryopreserved; thus, survival rate was not reconfirmed by 
in vitro RSA with culture-adapted parasites. Reconfirma-
tion was not performed because of the difficulties in logis-
tics and cryopreservation of natural parasites at our field 
site and transportation to our laboratory. However, we 
performed ex vivo RSA duplicate (except during October–
November 2014), enabling confirmation via independently 
performed assays. In addition, we did not obtain clinical 
confirmation of artemisinin resistance for all 4 isolates with 
high survival rates by RSA because clinical study in 2014 
was performed only during October–November, and only 
in 9 random isolates was artemether/lumefantrine treat-
ment efficacy assessed.

Figure 3. Distribution of IC50 of Plasmodium falciparum values 
by dihydroartemisinin in conventional ex vivo drug susceptibility 
assay. IC50 values to dihydroartemisinin in conventional ex vivo 
drug susceptibility assay are plotted. Geometric mean IC50 
values in isolates with survival rates of 0, >0 to <10%, and >10% 
(high RSA survival) were 3.0 nmol/L (n = 74), 1.9 nmol/L (n = 
14), and 3.3 nmol/L (n = 3), respectively. In the conventional 
ex vivo drug susceptibility assay, replication of parasites was 
monitored after continuous exposure to dihydroartemisinin for 72 
h. Dashed line indicates geometric mean IC50 value of all isolates 
(2.25 nmol/L). IC50, concentration needed to inhibit 50% growth; 
RSA, ring-stage survival assay.
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In the conventional ex vivo artemisinin susceptibil-
ity assay, parasites are exposed to dihydroartemisinin for 
48–72 h, affecting trophozoite and schizont stages. Strictly, 
therefore, this assay theoretically underestimates the level 
of artemisinin resistance. Using ex vivo assays, we found 
that the mean IC50 in isolates with high survival rates by 
RSA was similar to that for those isolates characterized as 
having low survival rates or those that are completely sus-
ceptible (showed no survival by RSA). This finding was 
similar to previous field observations in Cambodia, where 
a lack of correlation was found between ex vivo survival 
rates by RSA and IC50s to dihydroartemisinin in conven-
tional ex vivo drug susceptibility assay (12), supporting the 
notion that conventional ex vivo assays may not be useful 
for properly distinguishing isolates with decreased artemis-
inin susceptibility in the field.

In conclusion, our analysis has revealed the poten-
tial emergence of P. falciparum with high survival rates 
by RSA in Uganda. One of these parasites harbored a 
PfKelch13 A675V mutation. Because ≈90% of malaria 
cases occur in Africa (35), emergence and spread of arte-
misinin resistance impose substantial obstacles for effec-
tive malaria control and the approach toward elimination. 
It is thus imperative to perform further intensive surveil-
lance for artemisinin resistance in various malaria-endemic  

regions in Africa and to elucidate genetic changes that con-
fer resistance to artemisinin in parasites in Africa. Use of 
ex vivo RSA would help solve these challenges.
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Antimicrobial
Resistance

Antibiotics and similar drugs, together called  
antimicrobial agents, have been used for the 
past 70 years to treat patients who have infec-
tious diseases. Since the 1940s, these drugs have 
greatly reduced illness and death from infectious 
diseases. However, these drugs have been used 
so widely and for so long that the infectious or-
ganisms the antibiotics are designed to kill have 
adapted to them, making the drugs less effective.

Each year in the United States, at least 2 million 
people become infected with bacteria that are re-
sistant to antibiotics and at least 23,000 people 
die each year as a direct result of these infections.

®
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In healthcare settings, Acinetobacter spp. bacteria com-
monly demonstrate antimicrobial resistance, making them 
a major treatment challenge. Nearly half of Acinetobacter 
organisms from clinical cultures in the United States are 
nonsusceptible to carbapenem antimicrobial drugs. Dur-
ing 2012–2015, we conducted laboratory- and population-
based surveillance in selected metropolitan areas in Colo-
rado, Georgia, Maryland, Minnesota, New Mexico, New 
York, Oregon, and Tennessee to determine the incidence 
of carbapenem-nonsusceptible A. baumannii cultured from 
urine or normally sterile sites and to describe the demo-
graphic and clinical characteristics of patients and cases. 
We identified 621 cases in 537 patients; crude annual inci-
dence was 1.2 cases/100,000 persons. Among 598 cases 
for which complete data were available, 528 (88.3%) oc-
curred among patients with exposure to a healthcare facil-
ity during the preceding year; 506 (84.6%) patients had an 
indwelling device. Although incidence was lower than for 

other healthcare-associated pathogens, cases were asso-
ciated with substantial illness and death.

The bacterium Acinetobacter baumannii is a recog-
nized cause of healthcare-associated illness, including 

pneumonia, bacteremia, and urinary tract infections (UTIs) 
(1–3). Acinetobacter isolates often demonstrate resistance 
to multiple classes of antimicrobial drugs, leading to treat-
ment challenges. A Centers for Disease Control and Pre-
vention (CDC) report, Antimicrobial Resistance Threats 
in the United States, 2013, highlighted multidrug-resistant 
Acinetobacter as a serious threat that causes ≈7,000 infec-
tions and ≈500 deaths in the United States each year (4).

Carbapenems are often used to treat multidrug-resis-
tant bacterial infections, such as those caused by Acineto-
bacter spp. Nearly half of Acinetobacter strains isolated 
from persons with healthcare-associated infections report-
ed to the CDC National Healthcare Safety Network in 2014 
were carbapenem-nonsusceptible (5). Infections with car-
bapenem-resistant A. baumannii have been associated with 
death rates as high as 52% (6–10).

Preventing the transmission of resistant organisms, in-
cluding carbapenem-resistant A. baumannii, is a major public 
health priority (11). To identify opportunities for prevention, 
the Emerging Infections Program (EIP) conducts population- 
and laboratory-based surveillance for carbapenem-nonsus-
ceptible A. baumannii in 8 US metropolitan areas through its 
Multi-site Gram-negative Surveillance Initiative (MuGSI). 
Our objective was to describe the epidemiology and estimate 
the crude population-based incidence of carbapenem-nonsus-
ceptible A. baumannii during the first 4 years of surveillance.

Methods

Surveillance Catchment Area
Surveillance was population-based and conducted in 3 
metropolitan areas in 2012: Atlanta, Georgia (estimated 
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population 3,991,607); Minneapolis and St. Paul, Minne-
sota (1,761,282); and Portland, Oregon (1,766,135). Four 
more metropolitan areas were added in 2013: Denver, 
Colorado (2,694,886); Baltimore, Maryland (1,934,018); 
Albuquerque, New Mexico (676,685); and Rochester, 
New York (749,600). One other site, Nashville, Tennessee 
(1,653,871), was added in 2014. The total population under 
surveillance in 2015 was ≈15.2 million, which included 31 
counties in the identified metropolitan areas (12). The proj-
ect comprised cases for which samples were collected for 
culture of carbapenem-nonsusceptible A. baumannii during 
January 1, 2012–December 31, 2015.

Case Definition and Epidemiologic Classification
We defined a case as the first isolation of carbapenem-
nonsusceptible A. baumannii complex in a 30-day period 
from a normally sterile body site or urine specimen of a 
surveillance catchment area resident. Carbapenem non-
susceptibility was based on antimicrobial drug susceptibil-
ity test results generated by the local clinical laboratory’s 
primary testing method and 2012 Clinical and Laboratory 
Standards Institute interpretive criteria for meropenem 
and imipenem nonsusceptibility (MIC >2 µg/mL) (13). 
For doripenem, nonsusceptibility was defined using the 
2012 Food and Drug Administration’s breakpoint (MIC 
>1 µg/mL) (https://druginserts.com/lib/rx/meds/doribax/
page/3/). Most clinical laboratories in the EIP catchment 
area used automated testing instruments for primary an-
timicrobial susceptibility testing (14). Respiratory cul-
tures, although clinically important for carbapenem-non-
susceptible A. baumannii, were not included as part of  
this surveillance.

We considered a sample collected for initial culture to 
be hospital-collected if it was collected in a short-stay acute-
care hospital inpatient setting. We considered a sample to 
be other healthcare–collected if it was collected in any of 
the following settings: long-term care facility ([LTCF]; i.e., 
nursing home, skilled nursing facility, inpatient hospice, or 
physical rehabilitation facility); long-term acute-care hos-
pital (LTACH); dialysis center; outpatient care center (i.e., 
outpatient surgery center, urgent care, private doctor’s of-
fice/clinic); or the emergency department or observation 
units in an acute-care hospital.

Case Identification and Data Collection
To identify cases, we actively collected reports of all 
carbapenem-nonsusceptible A. baumannii isolates from 
clinical laboratories serving the catchment areas. We re-
viewed the patient address that accompanied the isolate to 
determine whether the patient resided in the surveillance 
catchment area. We abstracted inpatient and outpatient 
medical records using a standardized case report form. 
Information collected was patient demographics, location 

of sample collection, healthcare exposures, types of in-
fection diagnosed, underlying conditions, and patient out-
comes. Death was determined at discharge if the sample 
had been collected from a hospital inpatient; 30 days after 
the sample collection date if the sample was collected in 
an outpatient dialysis center, LTCF, or LTACH; and on 
the date of visit if the sample was collected in an outpa-
tient setting. We calculated a Charlson Comorbidity In-
dex score on the basis of underlying conditions abstracted 
from the medical record (15,16). We collected additional 
data elements if the sample was urine: method of urine 
collection, colony count of organisms isolated from the 
urine sample, and signs and symptoms documented in the 
medical record during the 2 calendar days before through 
the 2 calendar days after sample collection. We distin-
guished UTIs from colonization on the basis of the fol-
lowing criteria: 1) urine sample positive for >105 CFU/mL 
carbapenem-nonsusceptible A. baumannii; and 2) signs or 
symptoms consistent with UTI documented in the medi-
cal record during the 2 calendar days before through the 2 
calendar days after sample collection. We further catego-
rized UTIs as catheter-associated if a urinary catheter was 
in place in the 2 days before sample collection and if the 
case-defining sample was a catheter urine specimen for 
the same organism.

Statistics
To compare incidence between sites and over time, we 
linked annual case counts reported by each EIP surveil-
lance site with annual US Census population counts for 
the corresponding counties. We also stratified counts from 
both data sources and linked them by age, sex, and race 
to enable adjustment of potential confounding factors. We 
imputed cases with missing values for race in accordance 
with the distribution of known race among patients by age 
category. Incidence rates, calculated from case counts, 
were expressed as number of infections per 100,000 popu-
lation, and precision was quantified using 95% CIs assum-
ing a Poisson distribution (17). We compared stratified 
rates for each site to the combined EIP population using 
standardized incidence ratios, an indirect method of rate 
standardization appropriate for small event counts. The 
combined EIP population served as the standard popula-
tion. We calculated exact Poisson confidence intervals 
around the standardized incidence ratios using a formula 
relating the χ2 and Poisson distributions (18) and calcu-
lated p values using Miettinen’s modification for Mid-P 
exact test for counts <100 and Byar’s approximation of 
the Poisson method for counts >100 (19). We calculated 
adjusted incidence rates by multiplying the site-specific 
standardized incidence ratios adjusted for age, sex, and 
race by the crude incidence rate of the standard popula-
tion (20). We assessed change in incidence over time  
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using incidence rate ratios (IRRs) obtained from a Poisson 
regression model adjusting for site, age, race, and sex with 
2013 as the reference year. We limited analysis to sites 
contributing data annually during 2013–2015 (i.e., we ex-
cluded Tennessee data).

Analyses were conducted to describe patients’ 
healthcare exposures, outcomes, demographic informa-
tion, and antimicrobial drug susceptibility information for 
cases and for unique patients. Patients with complete case 
report form data as of August 26, 2016, were included 
in analyses of healthcare exposures and demographic and 
clinical characteristics and outcomes, and all cases (some 
patients contributed multiple cases to the analysis) were 
included in the antimicrobial drug susceptibility analy-
sis. We calculated p values for comparison of categorical 
variables using the χ2 test or the Fisher exact test when 
cell size was <5. Data management and analyses were 
conducted using SAS version 9.4 (SAS Institute Inc., 
Cary, NC, USA).

Ethics Review
Human subjects advisors in CDC’s National Center for 
Emerging and Zoonotic Infectious Diseases determined 
the EIP’s MuGSI to be a nonresearch activity; therefore, 
CDC institutional review board review was not required. 
This study also underwent ethics review at each of the par-
ticipating EIP sites and was either approved with waiver of 
informed consent or deemed a nonresearch activity.

Results

Incidence Rates, Standardized Infection Rate Ratios, 
and Trends
The overall crude incidence rate was 1.2 (95% CI 1.1–
1.3)/100,000 persons for 2012–2015 (Table 1). Crude in-
cidence rates varied by EIP site during the 4-year period; 
the highest rates occurred in Maryland. Standardized in-
cidence ratios were significantly higher than expected for 

Maryland (p = 0.00) and Georgia (p = 0.001) and signifi-
cantly lower than expected for Colorado (p = 0.000), Min-
nesota (p = 0.000), New Mexico (p = 0.000), New York (p 
= 0.000), Oregon (p = 0.000), and Tennessee (p = 0.041) 
(Table 1). When we accounted for age, sex, race, and site, 
among the 7 sites that participated during 2013–2015, the 
adjusted IRRs did not differ (0.83 [95% CI 0.67–1.03]; p 
= 0.09). In 2014, the adjusted IRR decreased 24% from 
that of 2013 (0.76 [95% CI 0.61–0.95]; p = 0.02). During 
the surveillance period, 1 facility accounted for much of 
the decrease from 2013 to 2014, consistent with resolu-
tion of an outbreak. When we removed this facility from 
this temporal analysis, the change from 2013 to 2014 was 
no longer significant (adjusted IRR 0.82 [95% CI 0.66–
1.03]; p = 0.09).

Cases and Patients
A total of 621 carbapenem-nonsusceptible A. bauman-
nii cases from 537 unique patients were reported during 
the study period. Most cases occurred in Georgia (300 
[48.3%]), followed by Maryland (236 [38.0%]), Minne-
sota (26 [4.2%]), Colorado (26 [4.2%]), and Tennessee (19 
[3.1%]). New York, Oregon, and New Mexico reported 8, 4, 
and 2 cases, respectively. Of the 537 patients, 119 (22.2%) 
had >2 carbapenem-nonsusceptible A. baumannii cultures; 
these repeat positives accounted for 203 of all cases during 
the 4-year surveillance period (range 2–8 cultures/patient).

Among the 513 patients with complete case report 
form data, 178 (34.7%) were female, and median age was 
58.6 years (range 0–102 years). Information about underly-
ing conditions was available for 512 patients. The median 
Charlson Comorbidity Index score was 2.9 (range 0–13). 
Sixteen (3.1%) patients had no identified underlying con-
ditions at the time of sample collection. The following 
underlying conditions were reported in >25% of patients: 
neurologic problems (277 [54.0%]), decubitus or pressure 
ulcers (275 [53.6%]), diabetes (216 [42.1%]), and chronic 
pulmonary disease (139 [27.1%]).

 
Table 1. Case counts and incidence of carbapenem-nonsusceptiable Acinetobacter baumannii in Emerging Infections Program sites, 
United States, 2012–2015* 

Area 
No. cases, N = 621 

 
Crude annual incidence rates‡ (95% CI) 

aSIR§ (95% CI) 
aIR§ for all 

years 2012† 2013 2014 2015 2012† 2013 2014 2015 
CO ND 11 7 8  ND 0.4 (0.2–0.8) 0.3 (0.1–0.6) 0.3 (0.1–0.6) 0.4 (0.3–0.6) 0.4 
GA 111 78 47 64  2.9 (2.4–3.5) 2.0 (1.6–2.5) 1.2 (0.9–1.5) 1.6 (1.2–2.1) 1.2 (1.1–1.4) 1.2 
MD ND 77 81 78  ND 4.0 (3.2–5.0) 4.2 (3.3–5.2) 4.0 (3.2–5.0) 2.5 (2.2–2.9) 3.0 
MN 2 10 7 7  0.12 (0–0.4) 0.6 (0.3–1.1) 0.4 (0.2–0.8) 0.4 (0.2–0.8) 0.4 (0.2–0.5) 0.4 
NM ND 0 1 1  ND 0 (0–0.4) 0.2 (0–0.8) 0.2 (0–0.8) 0.1 (0–0.4) 0.1 
NY ND 4 1 3  ND 0.5 (0.2–1.4) 0.1 (0–0.7) 0.4 (0.1–1.2) 0.3 (0.1–0.6) 0.4 
OR 0 4 0 0  0 (0–0.2) 0.2 (0.1–0.6) 0 (0–0.2) 0 (0–0.2) 0.1 (0–0.1) 0.1 
TN ND ND 12 7  ND ND 0.7 (0.4–1.3) 0.4 (0.2–0.9) 0.6 (0.4–1.0) 0.7 
Total 113 184 156 168  1.6 (1.3–1.9) 1.4 (1.2–1.6) 1.0 (0.9–1.2) 1.1 (0.9–1.3) ND ND 
*The study areas were Denver, CO; Atlanta, GA; Baltimore, MD; Minneapolis/Saint Paul, MN; Albuquerque, NM; Rochester, NY; Portland, OR; Nashville, 
TN. aIR, annual incidence rate; aSIR, adjusted standardized incidence ratio; ND, no data available. 
†Only 3 Emerging Infections Program sites participated in 2012. 
‡Per 100,000 population. 
§Adjusted for age, race, and sex. 
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Most of the 598 cases were based on isolation of car-
bapenem-nonsusceptible A. baumannii from urine (429 
[71.7%]), followed by blood (157 [26.3%]). Other sterile 
sites from which carbapenem-nonsusceptible A. baumannii 
was isolated were bone (8 [1.3%]), joint/synovial fluid (2 
[0.3%]), peritoneal fluid (2 [0.3%]), pleural fluid (1 [0.2%]), 
and other normally sterile sites (3 [0.5%]). For 4 cases, both  
blood and urine samples were collected on same date, and 
both grew carbapenem-nonsusceptible A. baumannii.

For most (503 [84.1%]) cases, at least 1 type of infec-
tion was associated with the carbapenem-nonsusceptible 
A. baumannii from the sample collected. Among those, 
UTI was the most common infection type reported (328 
[65.2%]), followed by bacteremia (158 [31.4%]), septic 
shock (55 [10.9%]), and pneumonia (33 [6.6%]). For most 
(403 [80.1%]) cases, only 1 infection type was reported; 
100 (19.9%) had >2 types of infection.

Of the infections in the 429 cases for which carbapen-
em-nonsusceptible A. baumannii was isolated from urine, 
115 (26.8%) met criteria for a UTI based on our definition. 
Of these, fever was the only symptom reported in 76 (66%) 
cases. A provider documented UTI in the medical record 
for 328 (76.5%) cases; of these, only 96 (29.3%) met the 
criteria for a UTI based on our definition.

Of the 598 cases, 228 (38.1%) were identified from 
cultures of hospital-collected samples. Of these, 85 (14.2%) 
samples were collected in the intensive care unit (ICU), and 
148 (24.8%) were collected >3 days after hospital admis-
sion. The median time between admission and sample col-
lection was 7 days (range 0–341 days). The remaining 370 
(61.9%) samples were collected outside of the acute-care 
hospital setting (other healthcare–collected): 210 (35.1%) 
in the emergency department of an acute-care hospital, 
101 (16.9%) in an LTCF, 31 (5.2%) in an LTACH, and 28 
(4.7%) in an outpatient setting (e.g., private doctors’ of-
fices or clinics). Of the 210 cases with samples collected in 
an emergency department, 177 (84.2%) were subsequently 
admitted to the acute-care hospital.

Previous Healthcare Exposure
For nearly all cases (590 [98.7%]), healthcare exposure in 
the year before sample collection or an indwelling device 
around the time of sample collection was documented (Ta-
ble 2). Admission to a short-stay acute-care hospital (469 
[78.4%] patients) or LTCF (360 [60.2%]) were the most 
frequent healthcare exposures documented. Additionally, 
14.0% of cases occurred in patients admitted to an LTACH. 
Among the 506 (84.6%) cases for which an indwelling de-
vice was documented in the 2 days before specimen col-
lection, a urinary catheter (399 [66.7%]) was the most 
common device. For 8 (<1%) cases, healthcare exposure 
during the previous year was not identified; of these, 2 
case-patients traveled internationally in the 2 months be-
fore sample collection.

Outcomes of Cases
For 449 (75.1%) cases, patients were hospitalized at the 
time of or within 30 days after sample collection (Table 
3). Of these cases, 168 (37.4%) patients were admitted to 
the ICU on the day of or within 7 days after sample collec-
tion. Death was assessed at different time points depending 
on where the patient was treated. The overall death rate of 
17.9% (106/594 cases) was significantly higher for cases 
for which carbapenem-nonsusceptible A. baumannii was 
isolated from a sterile site than for those for which carbape-
nem-nonsusceptible A. baumannii was isolated only from 
urine (41.3% vs 8.3%; p<0.0001). Among case-patients 
who died, carbapenem-nonsusceptible A. baumannii was 
isolated within 7 days of death for 61.3% (65/106).

Antimicrobial Drug Susceptibilities
Antimicrobial drug susceptibility information from local 
clinical laboratories was available for all 621 cases (Table 
4). Most isolates were susceptible to at least 1 aminogly-
coside (72.9%). Isolates from urine samples were signifi-
cantly more likely than those from sterile site samples to be 
susceptible to fluoroquinolones (4.6% vs. 0.6%; p = 0.02); 

 
Table 2. Previous healthcare exposures among 598 carbapenem-nonsusceptible Acinetobacter baumannii cases in Emerging 
Infections Program sites, United States, 2012–2015* 
Healthcare exposure No. (%) 
Healthcare facility exposure in the year before sample collection† 528 (88.3) 
 Previous acute care hospitalization 469 (78.4) 
 Residence in long-term care facility 360 (60.2) 
 Inpatient or outpatient surgery 199 (33.3) 
 Admission to long-term acute care hospital‡ 73 (14.0) 
Current hemodialysis treatment 66 (11.0) 
Any indwelling device in place in the 2 calendar days before sample collection 506 (84.6) 
 Urinary catheter 399 (66.7) 
 Central venous catheter 222 (37.1) 
 Other§ 269 (45.0) 
No healthcare exposure 8 (1.3) 
*The study areas were Denver, CO; Atlanta, GA; Baltimore, MD; Minneapolis/Saint Paul, MN; Albuquerque, NM; Rochester, NY; Portland, OR; Nashville, 
TN. 
†Sum of subcategory percentages >100 due to patients with multiple healthcare exposures in year before case. 
‡2013–2015 cases only. 
§Other indwelling devices: endotracheal or nasotracheal tube, tracheostomy, gastrostomy tube, nephrostomy tube, nasogastric tube. 
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susceptibilities based on specimen source did not differ sig-
nificantly for other antimicrobial drugs.

Discussion
Data from population-based surveillance covering 8 geo-
graphically diverse metropolitan areas in the United States 
show that the overall incidence of carbapenem-nonsuscep-
tible A. baumannii infection during 2012–2015 was low 
(1.2 cases/100,000 persons). Cases occurred almost exclu-
sively in patients who stayed overnight in healthcare fa-
cilities or had indwelling devices. The crude mortality rate 
was 17.9%, approximately double that for patients with 
carbapenem-resistant Enterobacteriaceae (CRE) from the 
same catchment areas (21). For most cases, samples for 
culture were collected outside of short-stay acute-care hos-
pitals, indicating that efforts to prevent transmission should 
include a variety of healthcare settings. These unique data, 
which include clinical data and isolate reports from a vari-
ety of healthcare settings and patients, highlight potential 
opportunities to reduce transmission.

The incidence rates for carbapenem-nonsusceptible 
A. baumannii are lower than those reported from the iden-
tical EIP catchment areas for CRE (2.93 cases/100,000 
population) (21) and substantially lower than rates reported 
from EIP for invasive methicillin-resistant Staphylococcus 
aureus (25.1/100,000) (22) and for Clostridium difficile 
(141.77/100,000) infections (23). The reasons for the lower 
incidence of carbapenem-nonsusceptible A. baumannii in 
this population than for other healthcare-associated patho-
gens are not clear but might be related to the low virulence 
of carbapenem-nonsusceptible A. baumannii (2) and the 
lack of dominant, well-adapted clones capable of spreading 
easily from person to person or within healthcare environ-
ments in our specific surveillance areas (1,2,24). However, 
because this surveillance is population-based, we were un-
able to measure the incidence of carbapenem-nonsuscep-
tible A. baumannii within individual healthcare facilities, 
where it could be substantial.

Nearly all incident carbapenem-nonsusceptible A. 
baumannii cases were healthcare-associated; the most 
common exposures were admission to a short-stay acute-
care hospital or residence in an LTCF during the previous 
year or the presence of an indwelling device. Similarly, 
Zeana et al. found multidrug-resistant phenotypes only 
among the hospital strains of A. baumannii collected from 
2 US hospitals and from the community (25). Our findings 
support current recommendations to focus on preventing 
A. baumannii transmission in long-term care and acute-
care hospital settings (26). In addition, the large propor-
tion of patients transferred to LTCFs (60.2%) highlights 
the critical need for reporting patient multidrug-resistant 
organism status at interfacility transfer to ensure no gaps 
exist in the application of appropriate precautions. We 
observed substantial heterogeneity in adjusted incidence 
rates among EIP sites: a 20-fold difference between the site 
with the highest incidence (Maryland, 2.29 cases/100,000 
persons) and the site with the lowest incidence (Oregon, 
0.07/100,000). Similar geographic heterogeneity has been 
described with CRE (21) and might reflect several factors, 
including the underlying resistance mechanisms present or 
circulating among organisms in a specific location, length 
of time the organisms have been present in the region, and 
the implementation of infection control interventions to 
control spread.

Yearly adjusted incidence rates did not change sig-
nificantly during 2013–2015 in the EIP surveillance catch-
ment area. Although not always concordant with changes 
in incidence rates, the percentage of Acinetobacter spp. 
resistant to a carbapenem from healthcare-associated infec-
tions reported to the National Healthcare Safety Network 
decreased slightly from 2011 to 2014; in 2014, the percent-
age of Acinetobacter spp. nonsusceptible to a carbapenem 
was 50%, compared with 58% in 2011 (5,27). By contrast, 
before 2012, multiple US reports documented increases 
in resistant Acinetobacter (28–30). In a small study of 
clinical isolates conducted in Detroit during 2003–2008, 

 
Table 3. Outcomes for 598 Acinetobacter baumannii cases in Emerging Infections Program sites, United States, 2012–2015* 
Outcome No. (%) 
Hospitalized at, or within 30 d after, date of specimen collection, n = 598 449 (75.1) 
 Admission to intensive care unit on day of or within 7 d after sample collection, n = 449 168 (37.4) 
 Discharge location after acute care hospitalization among patients who survived, n = 356†  
  Long-term care facility 187 (52.5) 
  Private residence 131 (36.8) 
  Long-term acute care hospital 34 (9.6) 
  Other  1 (0.3) 
Died,‡ n = 594 106 (17.9) 
 Among cases with a sterile site culture, n = 172§ 71 (41.3) 
 Among cases with a positive urine culture, n = 422§ 35 (8.3) 
*The study areas were Denver, CO; Atlanta, GA; Baltimore, MD; Minneapolis/Saint Paul, MN, Albuquerque, NM; Rochester, NY; Portland, OR; Nashville, 
TN. 
†Three case-patients were discharged to unknown locations. 
‡Death was determined at discharge for hospital inpatients; 30 d after sample collection for case-patients identified in outpatient dialysis, long-term care, 
and long-term acute care hospitals; and at evaluation for outpatients. For 4 case-patients, outcome was unknown. The 1 patient who had a blood sample 
and a urine sample was counted in the “sterile site culture” category. 
§Significant difference in death by specimen source (p<0.0001). 

 



RESEARCH

732 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018

the total number of patients with A. baumannii increased 
from 1.7/1,000 patient days in 2003 to 3.7/1,000 patient 
days in 2008; among these same patients the percentage of 
Acinetobacter isolates that were susceptible to imipenem 
decreased from 99% in 2003 to 42% in 2008 (29). In an-
other US study of susceptibility results from  hospital clini-
cal microbiology laboratories contributing data to the Eu-
rofins laboratory testing network across the United States, 
the percentage of A. baumannii isolates that were resistant 
to carbapenems increased from 21% in 2003–2005 to 48% 
in 2009–2012 (30). The relatively small number of cases 
and relatively short interval in our evaluation preclude us 
from identifying a clear trend in disease; additional years of 
surveillance data are needed to clarify these trends and the 
factors contributing to resistance and incidence differences 
across geographic regions.

Antimicrobial drug susceptibility testing performed 
at local laboratories demonstrated high levels of resis-
tance to other antimicrobial drugs in addition to car-
bapenems. Most isolates were also nonsusceptible to 
cephalosporins, fluoroquinolones, trimethoprim/sulfa-
methoxazole, ampicillin/sulbactam, and piperacillin/
tazobactam. Most remained susceptible to at least 1 
aminoglycoside and, for the subset for which a result 
was available, to colistin and tigecycline. The 3 drug 
classes to which most isolates were susceptible can be 
associated with substantial toxicities or treatment failure 
(29) and are generally considered second-line agents for 
treatment. Although we did not collect data on carbape-
nem-nonsusceptible A. baumannii infection treatment 
and were unable to determine the proportion of deaths 
attributable to Acinetobacter infection, the limited avail-
ability of drugs to which carbapenem-nonsusceptible  

A. baumannii isolates were susceptible could have con-
tributed to the overall death rate of 41% for cases for 
which carbapenem-nonsusceptible A. baumannii was 
isolated from a sterile site.

Our findings are subject to several limitations. First, 
because not all local clinical laboratories serving the 
catchment area participated during the entire period, these 
results underestimate the true incidence of carbapenem-
nonsusceptible A. baumannii, particularly among specific 
populations, such as dialysis patients and LTCF residents. 
Second, although Acinetobacter can be isolated from 
sputum and other nonsterile sites, these sources were 
not included in the surveillance, which resulted in an 
underestimation of the total number of cases. Third, we 
did not collect carbapenem-nonsusceptible A. baumannii 
isolates and therefore were unable to describe resistance 
mechanisms. A better understanding of these mechanisms 
could inform prevention and control strategies. Going 
forward, isolate collection through CDC’s Antimicrobial 
Resistance Laboratory Network will help to define Aci-
netobacter resistance mechanisms in the United States. 
Fourth, although 15 million persons live in the areas un-
der surveillance, the data demonstrate considerable geo-
graphic heterogeneity; therefore the results of this analy-
sis might not be generalizable to all areas of the United 
States. Fifth, use of the population of the catchment area 
is an imperfect denominator to represent the burden of 
disease attributable to a pathogen largely concentrated 
within selected healthcare facilities. Sixth, data were 
retrospectively abstracted from medical records, and the 
quality and completeness of such records can vary among 
healthcare systems and facility types, resulting in under-
reporting of some data elements. Finally, our incidence 

 
Table 4. Antimicrobial susceptibility of 621 carbapenem-nonsusceptible Acinetobacter baumannii isolates reported by local clinical 
laboratories in Emerging Infections Program sites, United States, 2012–2015* 

Antimicrobial agent 
No. susceptible isolates/no. isolates tested (%) 

p value† Total (%) Sterile site cultures, n = 173 Urine cultures, n = 425 
Any aminoglycoside‡ 421/577 (72.9) 123/166 (74.1) 298/411 (72.5) 0.70 
 Tobramycin 308/541 (56.9) 92/158 (58.2) 216/383 (56.4) 0.70 
 Amikacin 254/416 (61.1) 71/121 (58.7) 183/295 (62.0) 0.52 
 Gentamicin 175/571 (30.7) 49/163 (30.1) 126/408 (30.9) 0.85 
Any fluoroquinolone‡ 20/575 (3.5) 1/164 (0.6) 19/411 (4.6) 0.02 
 Levofloxacin 15/432 (3.5) 1/120 (0.8) 14/312 (4.5) 0.08 
 Ciprofloxacin 10/522 (1.9) 1/145 (0.7) 9/377 (2.4) 0.30 
Any extended-spectrum -lactam‡ 114/577 (19.8) 27/165 (16.4) 87/412 (21.1) 0.20 
 Ceftazidime 72/447 (16.1) 17/129 (13.2) 55/318 (17.3) 0.28 
 Cefepime 68/562 (12.1) 18/161 (11.2) 50/401 (12.5) 0.67 
 Piperacillin/tazobactam 4/113 (3.5) 1/37 (2.7) 3/76 (1.9) >0.99 
Other     
 Ampicillin/sulbactam 180/498 (36.1) 47/146 (32.2) 133/352 (37.8) 0.24 
 Colistin 114/122 (93.4) 36/39 (92.3) 78/83 (94.0) 0.73 
 Trimethoprim/sulfamethoxazole 83/483 (17.2) 26/142 (18.3) 57/341 (16.7) 0.67 
 Tigecycline 74/120 (61.7) 27/40 (67.5) 47/80 (58.8) 0.35 
*The study areas were Denver, CO; Atlanta, GA; Baltimore, MD; Minneapolis/Saint Paul, MN, Albuquerque, NM; Rochester, NY; Portland, OR; Nashville, 
TN. 
†The 2 test or Fisher exact test was used to test the null hypothesis “carbapenem-nonsusceptible A. baumannii isolates antimicrobial susceptibility did 
not differ for sterile site vs. urine cultures.” Fisher exact test was used when >1 cell size was <5. 
‡Includes the antimicrobial drugs listed below. 
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case definition was based on a 30-day period; extending 
the interval between incident cases or excluding recurrent 
cases would have resulted in a lower incidence rate.

In summary, we present population-based carbapenem-
nonsusceptible A. baumannii incidence rates in the United 
States and provide additional information about the epide-
miology of carbapenem-nonsusceptible A. baumannii. These 
data, along with data from the National Healthcare Safety 
Network, provide early evidence that carbapenem resis-
tance among A. baumannii isolates might have plateaued, 
although additional years of surveillance in both systems 
are needed to confirm this observation. Despite a currently 
low population-based incidence, the medical complexity of 
carbapenem-nonsusceptible A. baumannii patients, along 
with treatment challenges posed by high levels of resistance 
to noncarbapenem antimicrobial drugs and high death rates, 
highlight the need for additional work in healthcare settings 
to contain carbapenem-nonsusceptible A. baumannii spread.
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Ceftriaxone remains a first-line treatment for patients in-
fected by Neisseria gonorrhoeae in most settings. We in-
vestigated the possible spread of a ceftriaxone-resistant 
FC428 N. gonorrhoeae clone in Japan after recent isola-
tion of similar strains in Denmark (GK124) and Canada 
(47707). We report 2 instances of the FC428 clone in 
Australia in heterosexual men traveling from Asia. Our 
bioinformatic analyses included core single-nucleotide 
variation phylogeny and in silico molecular typing; phylo-
genetic analysis showed close genetic relatedness among 
all 5 isolates. Results showed multilocus sequence type 
1903; N. gonorrhoeae sequence typing for antimicrobial 
resistance (NG-STAR) 233; and harboring of mosaic penA 
allele encoding alterations A311V and T483S (penA-
60.001), associated with ceftriaxone resistance. Our re-
sults provide further evidence of international transmission 
of ceftriaxone-resistant N. gonorrhoeae. We recommend 
increasing awareness of international spread of this drug-
resistant strain, strengthening surveillance to include iden-
tifying treatment failures and contacts, and strengthening 
international sharing of data.

Ceftriaxone is among the last remaining recommended 
therapies for treating Neisseria gonorrhoeae infec-

tions and is used in many countries around the world as part 
of a dual therapy with azithromycin. Cephalosporin resis-
tance in N. gonorrhoeae has been associated with modifica-
tions of the penA gene, which encodes penicillin-binding 
protein 2 (PBP2), a target for β-lactam antimicrobial drugs 
(1). During 2009–2015, several ceftriaxone-resistant (MIC 
0.5–4 mg/L) N. gonorrhoeae strains were reported: in 2009, 
H041 in Japan (2); in 2010, F89 in France (3); in 2011, 
F89 in Spain (4); in 2013, A8806 in Australia (5); in 2014, 
GU140106 in Japan (6); and in 2015, FC428 and FC460 
in Japan (7). However, until 2017, all of these strains were 
considered to have occurred sporadically because, except 
for limited transmission of F89 among persons in France 
and Spain during 2010–2011, there had been no reports of 
sustained transmission of these strains identified nationally 
or internationally. In 2017, this changed, substantiated by 
independent reports from Canada (8) and Denmark (9) of 
gonococcal isolates that had substantive similarity to the 
previously described FC428 strain in Japan.

The first reported case of the FC428 ceftriaxone-re-
sistant N. gonorrhoeae strain was in Japan during January 
2015 in a heterosexual man in his twenties who had urethri-
tis (7). The FC428 isolate was resistant to ceftriaxone (MIC 
0.5 mg/L), cefixime (MIC 1 mg/L), and ciprofloxacin (MIC 
>32 mg/L); susceptible to spectinomycin (MIC 8 mg/L) and 
azithromycin (MIC 0.25 mg/L); and, unlike all previously 
described ceftriaxone-resistant strains, a penicillinase-pro-
ducing N. gonorrhoeae (PPNG; MIC ≥32 mg/L) bacterium. 
The patient was treated successfully with a single dose of 
spectinomycin 2 g intramuscularly (IM); however, a second 
isolate with an identical susceptibility profile (FC460) was 
subsequently cultured from the same patient 3 months later, 
suggesting reinfection by a separate contact. 

In Canada, during January 2017, a gonococcal isolate 
(47707) (8) of similar susceptibility to the first reported case 
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(including ceftriaxone-resistant MIC 1 mg/L and PPNG; 
Table 1 [10]) was isolated from a sample collected from a 
23-year-old woman. This patient had no history of travel, 
but her male partner, who had been treated empirically 
and had no culture results available, reported sexual con-
tact during travel in China and Thailand during the fall of 
2016. She was successfully treated with combination ther-
apy of a single dose each of cefixime (800 mg orally) and 
azithromycin (1 g orally) and an additional dose 13 days 
later of azithromycin (2 g orally). The strain from Denmark 
(GK124) was also isolated in January 2017, had a similar 
susceptibility profile to FC428, and was obtained from a 
heterosexual man in his twenties who had reported unpro-
tected sexual contact with women from Denmark, China, 
and Australia (9). The patient was successfully treated with 
single doses of ceftriaxone (0.5 g IM) and azithromycin 
(2 g orally). Here, we report additional FC-428–like cases 
among persons in Australia, providing further evidence of 
the sustained international transmission of a ceftriaxone-
resistant N. gonorrhoeae strain.

Methods
We confirmed N. gonorrhoeae isolates by using matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometry (Bruker Daltonics, Melbourne, Victoria, 
Australia; bioMérieux, Brisbane, Queensland, Australia). 
We determined antimicrobial susceptibilities of N. gon-
orrhoeae to ceftriaxone, penicillin, tetracycline, azithro-
mycin, gentamicin, and ciprofloxacin by using Etest (bio-
Mérieux) and spectinomycin by using the agar dilution 
method (11). We interpreted MIC on the basis of interpretive  

criteria from the Clinical and Laboratory and Standards 
Institute (12): penicillin resistance (MIC ≥2.0 mg/L); tet-
racycline resistance (MIC ≥2.0 mg/L); ciprofloxacin re-
sistance (MIC ≥1.0 mg/L); and spectinomycin resistance 
(MIC ≥128.0 mg/L). Because the Clinical and Laboratory 
Standards Institute does not have an azithromycin break-
point, and ceftriaxone breakpoints only state susceptibil-
ity (≤0.25 mg/L), we used the European Committee on 
Antimicrobial Susceptibility Testing (13) breakpoints for 
ceftriaxone resistance (MIC>0.12 mg/L) and azithromycin 
resistance (MIC>0.5 mg/L). β-lactamase production was 
analyzed by using nitrocefin (Thermo-Fisher Scientific, 
Melbourne, Victoria, Australia). We subcultured isolates 
on GC agar base with Vitox Supplement (Thermo-Fisher 
Scientific) and incubated for 24 h at 35°C in a 5% CO2 
atmosphere with or without antimicrobial drugs and stored 
in Tryptone (Thermo-Fisher Scientific) soya broth with 
10% glyercol at –80°C.

Genomic Analyses
We put each isolate from Japan and Australia through DNA 
extraction, library preparation, and sequencing (Illumina, 
San Diego, CA, USA). From the strains from Japan, FC428 
and FC460, we extracted DNA samples with the DNeasy 
Blood & Tissue Kit (QIAGEN, Tokyo, Japan). We created 
multiplexed libraries with Nextera XT DNA sample prep 
kit (Illumina) and generated paired-end 300-bp indexed 
reads on the Illumina MiSeq platform (Illumina) yielding 
6,121,575 reads/genome and genome coverage of 845× for 
FC428 and 1,272,909 reads/genome and genome coverage 
of 845× for FC460.

 
Table 1. Phenotypic and molecular characterization of ceftriaxone-resistant Neisseria gonorrhoeae* 

Isolate 
ID Year 

Country 
(ref) 

MIC, mg/L 

MLST porB tbpB 
NG-

MAST penA 
NG-

STAR CEF CFM SPX TET  CIP AZM GEN PCN 
β-lac, 
PPNG 

FC428 2015 Japan 
(7) 

0.5 1 8 0.5 >32 0.25 8 ≥32 + 1903 1053 21 3435 60.001 233 

FC460 2015 Japan 
(7) 

0.5 1 8 0.5 >32 0.25 8 ≥32 + 1903 1053 21 3435 60.001 233 

GK124 2017 DEN (9) 0.5 1 8 NA >32 0.5 NA >256 NA 1903 1053 33 1614 NA NA 
47707 2017 Canada 

(8) 
1 2 16 4 32 0.5 8 ≥256 + 1903 1053 33 1614 60.001 233 

A7846 2017 AUS 
(This 
study) 

0.5 NA 8 2 >32 0.25 4 ≥32 + 1903 1053 33 1614 60.001 233 

A7536 2017 AUS 
(This 
study) 

0.5 NA 8 4 >32 0.25 4 ≥32 + 1903 9300 21 15925 60.001 233 

F89 2010 France 
(3,10) 

1 2 16 4 >32 1 8 1 – 1901 908 110 1407 42.001 16 

A8806 2013 AUS 
(5,10) 

0.5 2 16 4 >32 1 4 2 – 7363 1059 10 4015 64.001 227 

H041 2009 Japan 
(2) 

2 4 16 2 >32 0.5 4 4 – 7363 2594 10 4220 37.001 226 

*AUS, Australia; AZM, azithromycin; β-lac, β-lactamase; CEF, ceftriaxone; CFM, cefixime; CIP, ciprofloxacin; DEN, Denmark; GEN, gentamicin; 
MLST, multilocus sequence type; NG-MAST, Neisseria gonorrhoeae multi-antigen sequence type; NG-STAR, Neisseria gonorrhoeae sequence type for 
antimicrobial resistance; NA, not available; PCN, penicillin; PPNG, penicillinase-producing N. gonorrhoeae; ref, reference; SPX, spectinomycin; TET, 
tetracycline; +, positive; –, negative. 
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To analyze the strains from Australia, A7536 and A7846, 
we extracted DNA on the QIAsymphony SP (QIAGEN) by 
using the DSP DNA Mini Kit (QIAGEN). We prepared the 
libraries according to manufacturer instructions for the Nex-
tera XT library preparation kit (Illumina) and sequenced on 
the NextSeq 500 (Illumina) by using the NextSeq 500 Mid 
Output V2 kit (Illumina). Sequencing generated 6,763,774 
reads and genome coverage of 361× for A7536 and 3,672,072 
reads and genome coverage of 202× for A7846.

We then provided sequencing data to the Canadian Na-
tional Microbiology Laboratory, where bioinformatic anal-
yses were performed as previously described (14). Quality 
reads were assembled by using SPAdes (15) (http://bioinf.
spbau.ru/spades) and annotated with Prokka (16) (https://
github.com/tseemann/prokka), and produced an average of 
86 contigs per isolate, an average contig length of 26,276 
nt, and an average N50 length of 68,884 nt. Quality metrics 
for whole-genome sequencing (WGS) are shown in online 
Technical Appendix Table 1 (https://wwwnc.cdc.gov/EID/
article/24/4/17-1873-Techapp1.pdf). A core single-nucleo-
tide variation (SNV) phylogeny was created by mapping 
reads to FA1090 (GenBank accession no. NC_002946.2) 
by using a custom Galaxy SNVPhyl workflow (17). Repeti-
tive and highly recombinant regions with >2 SNVs per 500 
nt were removed from the analysis. The percentage of valid 
and included positions in the core genome was 97.6%; 567 
sites were used to generate the phylogeny. We used a meta-
alignment of informative core SNV positions to create a 
maximum-likelihood phylogenetic tree for A7536, A7846, 
FC428, FC460, and 47707 (Figure). The H041, F89, and 
A8806 ceftriaxone-resistant strains (available in the World 
Health Organization [WHO] reference panel as WHO-X, 

WHO-Y, and WHO-Z, respectively) (10) were included 
for comparison. WGS read data for A7536, A7846, FC428, 
and FC460 are available under BioProject PRJNA416507, 
and previously reported 47707 was submitted under Bio-
Project PRJNA415047 (8) .

We implemented N. gonorrhoeae multiantigen se-
quence typing (NG-MAST) (18), multilocus sequence 
typing (MLST) (19), and N. gonorrhoeae sequence typ-
ing for antimicrobial resistance (NG-STAR) (20) by using 
gene sequences extracted in silico from WGS data. We 
submitted the sequences to the NG-MAST (http://www.
ng-mast.net/), Neisseria MLST (http://pubmlst.org/neis-
seria/), and NG-STAR (https://ngstar.canada.ca) databases 
to determine respective sequence types. Sequence data for 
the GK124 strain (9) were not available for these analyses; 
however, a summary of the documented susceptibility and 
MLST and NG-MAST data is provided (Table 1).

Results

Case Histories and Isolate Details
The first documented case-patient in Australia was a man 
in his forties who was visiting from the Philippines. He 
went to a sexual health clinic in Adelaide in April 2017 
reporting urethral discharge and dysuria. He reported re-
cent heterosexual contact with multiple female sex workers 
in Cambodia and the Philippines; it was unclear where the 
infection was acquired. An N. gonorrhoeae isolate (A7846) 
of similar susceptibility to FC428 (showing the character-
istic ceftriaxone resistance and PPNG; Table 1) was cul-
tured. The patient was treated with a 1-time dose combina-
tion therapy of ceftriaxone (500 mg IM) and azithromycin  

Figure. Core single-nucleotide 
variation (SNV) phylogenetic 
tree of ceftriaxone-resistant 
Neisseria gonorrhoeae isolates. 
The maximum-likelihood 
phylogenetic tree is rooted on 
the reference genome of N. 
gonorrhoeae FA1090 (GenBank 
accession no. NC_002946.2). 
Isolates are indicated by 
country and year. Strains F89, 
A8806, and H041 (World Health 
Organization [WHO] reference 
panel WHO-Y, WHO-Z, and 
WHO-X, respectively) are 
previously reported ceftriaxone-
resistant reference strains (10). 
Scale bar indicates estimated 
evolutionary divergence 
between isolates on the basis 
of average genetic distance 
between strains (estimated number of substitutions in the sample/total number of high-quality SNVs). MLST, multilocus sequence type; 
NG-MAST, Neisseria gonorrhoeae multiantigen sequence type; NG-STAR, Neisseria gonorrhoeae sequence type for antimicrobial 
resistance; PenA, penicillin-binding protein 2.
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(1 g orally). A test result 7 days after treatment was nega-
tive for N. gonorrhoeae.

A second case-patient in Australia was a man visiting 
from China. He was in his early 40s and described symp-
toms of urethral discharge and dysuria to a general practi-
tioner in Sydney in August 2017. He reported heterosexual 
contact in China, but none in Australia. An isolate (A7536) 
of similar susceptibility to FC428 (ceftriaxone-resistant 
and PPNG; Table 1) was cultured. The patient was treated 
with a 1-time dose combination therapy of ceftriaxone (500 
mg IM) and azithromycin (1 g orally); he returned to China 
shortly thereafter. Attending physicians advised him to re-
turn to follow up for test of cure and to trace contacts, but 
follow-up was not confirmed.

Core SNV phylogenetic analysis results (Figure) 
showed a close genetic relatedness among the FC428, 
FC460, 47707, A7536, and A7846 isolates. These isolates 
were distinct from the other previously described F89, 
A8806, and H041 ceftriaxone-resistant strains; the 2 groups 
of isolates were separated from each other by an average 
of 292 core SNVs. We detected no SNVs in the 2 isolates 
from Japan (FC428, FC460 collected from the same patient 
3 months apart). For other isolates, 12 SNVs separated 
FC428 from both 47707 and A7536; 17 SNVs separated 
FC428 and A7846 (47707, A7536, and A7846 shared 8 
identical SNVs); 8 SNVs separated 47707 and A7536; 5 
SNVs separated 47707 and A7846; and 11 SNVs separated 
A7536 and A7846 (online Technical Appendix Table 2).

Molecular typing of FC428, FC460, 47707, A7536, 
and A7846 from the WGS showed an identical MLST of 
ST1903, which was also reported for GK124 from Den-
mark (9) (Table 1). We observed different NG-MAST: 
ST3435 for FC428 and FC460; ST1614 for 47707, A7846, 
and GK124; and ST15925 for A7536. FC428, FC460, 
47707, A7536, and A7846 were of the same NG-STAR, 
ST233, which was characterized by a mosaic penA-60.001 
allele that had only been reported previously for FC428 
and 47707 (8). This allele encodes key alterations A311V 
and T483S in PBP2 (Table 2; also observed for GK124) 

that are linked to ceftriaxone resistance, some of which are 
also present among the previously described ceftriaxone-
resistant strains (Table 2 [1]). We observed additional re-
sistance mutations for FC428, FC460, 47707, A7536, and 
A7846 by using the NG-STAR designations, including the 
previously described alleles mtrR-1 (promoter-35A dele-
tion); porB-8 (PorB G120K, PorB A121D); ponA-1 (PonA 
L421P); gyrA-7 (GyrA S91F, GyrA D95A); and parC-3 
(ParC S87R).

Discussion
The recent reports of the N. gonorrhoeae FC428 clonal 
strain in Denmark, Canada, and now Australia provide new 
evidence that there is sustained international transmission 
of a ceftriaxone-resistant N. gonorrhoeae strain. This strain 
appears to have been circulating globally for >2 years. 
Thus, it is highly likely this strain is prevalent elsewhere, 
possibly in Asia, but undetected. There are serious gaps 
in N. gonorrhoeae antimicrobial resistance surveillance 
worldwide (21), and we estimate that samples from as few 
as 0.1% of the estimated 80 million cases of N. gonorrhoe-
ae reported globally each year (22) are tested for antimicro-
bial resistance. Therefore, there are many opportunities for 
such strains to avoid detection.

Fortunately, the ceftriaxone MICs of the FC428 clon-
al strain remain lower than the H041 strain from Japan 
(MIC 2 mg/L) (2), and further, the FC428 strain does not 
exhibit resistance to azithromycin (Table 1). Therefore, 
treatment failure is arguably less likely against FC428 
infections than in H041 and F89 infections, particularly 
when using ceftriaxone and azithromycin dual therapy; 
treatment failure was not observed in our study. Never-
theless, previous pharmacodynamic analyses indicate that 
ceftriaxone MICs of 0.5–1.0 mg/L can result in treatment 
failures with ceftriaxone 250 mg monotherapy and even 
(albeit to a lesser extent) when 1.0 g doses are used (23). 
As such, a dissemination of the FC428 clone could offset 
dual therapy guidelines because azithromycin resistance 
is being increasingly reported (24,25).

 
Table 2. PenA types identified in ceftriaxone-resistant Neisseria gonorrhoeae strains* 
PenA 
type Strain ID Amino acid position in PenA protein (2,18) 
  34711111222222222223333333333333333333333333344444444444444444444555555555555555555 

51000467000013678891112222223333444445777788800011134456666677888001111344455555677 
   01403123440295811263467890125123563467836914702384882356903146251367323602367756 

                                           
0 M32091 MCAKDDVNYGEDQQAADRRAIVAGTDLNERLQPSPR.SRGAEFEITLNRRPAVLQIFESRENPTTAFANVAAHGGAPPKII.A 
37 H041 ....E.ASHAGEE..VEKQVMPS.V.TTDTFL.ATQ.TMTPK.DVSV.K..VEVKVIA.KKEASI.LVY...N.ST.VQVVNV 
42 F89 ....E.ASHAGEE..VEKQ.MTS.V.ATDTFLSATQ.TMTPK.DV..S.QKVEVKVIA.KKEA..PLVY...N.S........ 
60 FC428/ 

FC460/ 
A7536/ 
A7846/ 
47707 

...................VMTS.V.PTDTFL.ATQ.TMTPK.DV..S.QKVEVKVIA.KKEASI.LVY...N.ST.VQVVNV 

64 A8806 ....E.ASHAGEE......VMTS.V.PTDTFL.ATQ.TMTPK.DV..S.QKVEVKVIA.KKEASI.LVY...N.ST.VQVVNV 
*Arrows indicate key amino acid positions associated with high-level β-lactam resistance. PenA, penicillin-binding protein 2. 
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The cases of N. gonorrhoeae described here and the 
circumstances under which these analyses took place are 
also a timely reminder of the need for international collabo-
ration in addressing the overall N. gonorrhoeae problem 
and highlight the benefits of rapid access to genomic data 
by using electronic communications. In fact, in the absence 
of WGS data, it would have been very difficult to identify 
the links between these isolates. Not only have we been 
able to use these tools to readily identify the problem but 
we also arguably achieved identification in a sufficiently 
timely manner as to enable countries to put in place inter-
ventions that can limit further the spread of this strain, in-
cluding intensifying follow-up and contact tracing. 

Differences in extraction and sequencing procedures 
among the 3 countries could introduce variations in DNA 
concentrations that might affect the quality of the sequenc-
ing, such as number of reads and depth of coverage. This 
limitation was minimized because downstream processing 
of the data, such as assembly and reference mapping soft-
ware algorithms, standardizes input data before detailed 
analyses of the genomes are conducted. Laboratory and ep-
idemiologic findings are critical for surveillance that close-
ly tracks the dissemination and emergence of epidemic 
antimicrobial-resistant strains and for rapid recognition and 
implementation of control measures to limit the expansion 
of clones through sexual networks. We recommend that 
health departments in all countries be made aware of this 
spreading resistant strain and strengthen N. gonorrhoeae 
antimicrobial-resistance monitoring, including treatment 
failure identification, adequate follow-up and contact trac-
ing of cases, and STI prevention programs.

In conclusion, international collaboration based on 
WGS typing methods revealed the dissemination of a cef-
triaxone-resistant N. gonorrhoeae in Japan, Canada, and 
Australia. Sustained transmission spanning 2 years sug-
gests unidentified cases are likely present in other loca-
tions. These findings warrant the intensification of surveil-
lance strategies and establishment of collaborations with 
other countries to monitor spread and inform national and 
global policies and actions.
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Neisseria gonorrhoeae, the causative pathogen of gon-
orrhea, has been designated an urgent antimicrobial drug 
resistance threat by the Centers for Disease Control and 
Prevention. Since the introduction of antimicrobial drugs 
in the first half of the 20th century, N. gonorrhoeae has 
successively developed resistance to each antimicrobial 
agent recommended for gonorrhea treatment. In the Unit-
ed States, the prevalence of resistance in N. gonorrhoeae 
often varies by sex of partner and by geographic region. 
Prevalence is often greater in isolates from gay, bisexual, 
and other men who have sex with men than those from 
men who have sex only with women, and prevalence is 
often highest in the West and lowest in the South. Resis-
tant strains, in particular penicillinase-producing N. gon-
orrhoeae, fluoroquinolone-resistant N. gonorrhoeae, and  
gonococcal strains with re-
duced cephalosporin suscep-
tibility, seemed to emerge ini-
tially in the West (Hawaii and 
the West Coast) before spread-
ing eastward across the coun-
try. These geographic patterns 
seem to support the idea that 
importation of resistant strains 
from other regions of the 
world, such as eastern Asia, is 
a primary factor of the emer-
gence of resistant gonococci 
in the United States. Whereas 
antimicrobial drug prescribing patterns have been clearly 
associated with the emergence of resistance in other bac-
terial pathogens, the degree to which domestic antimicro-
bial use and subsequent selection pressure contributes to 
the emergence of gonococcal antimicrobial resistance in 
the United States is unclear. Using an ecologic approach, 
we sought to investigate the potential geographic and tem-
poral association between antimicrobial drug susceptibil-
ity among US N. gonorrhoeae isolates and domestic out-
patient antimicrobial drug prescribing rates in the United 
States during 2005–2013.

Visit our website to listen: 
https://www2c.cdc.gov/podcasts/

player.asp?f=8647449
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We describe imipenem-resistant and imipenem-susceptible 
clinical isolates of Clostridium difficile ribotype 017 in Portu-
gal. All ribotype 017 isolates carried an extra penicillin-bind-
ing protein gene, pbp5, and the imipenem-resistant isolates 
had additional substitutions near the transpeptidase active 
sites of pbp1 and pbp3. These clones could disseminate 
and contribute to imipenem resistance.

Clostridium difficile, a toxin-producing, spore-forming 
bacillus, is a main cause of nosocomial antimicrobial 

drug–associated diarrhea in industrialized countries (1). 
C. difficile infection (CDI) usually develops in previously 
hospitalized persons with a recent history of antimicrobial 
drug use and causes illness with symptoms ranging from 
mild diarrhea to potentially lethal pseudomembranous 
colitis (2). Antimicrobial drugs disrupt the protective gut 
microbiota, enabling ingested C. difficile spores to germi-
nate in the colon and providing a selective advantage to 
nonsusceptible strains (3). CDI is mainly mediated by the 
TcdA and TcdB toxins, though some strains additionally 
produce a binary toxin. Multiple antimicrobial drugs can 
promote CDI, and cephalosporins and fluoroquinolones 
have been associated with a higher risk for CDI (3). Mul-
tidrug resistance is frequently found in epidemic C. dif-
ficile strains; determinants of resistance are often found 
in horizontally transferable mobile genetic elements (4). 
In past decades, CDI prominence has increased because 
of a sudden rise in outbreaks and an increase in disease 
severity and death (5). This shift was mainly associated 
with the dissemination of fluoroquinolone-resistant PCR 
ribotype (RT) 027, which has been responsible for hos-
pital outbreaks worldwide. Strains of other ribotypes, 
including RT078 and RT017, which have enhanced  

virulence, have emerged (6). In particular, RT017, the 
most common toxin A–negative, toxin B–positive ribo-
type, is widespread in Asia and is common in Europe (7–
9). In a pan-European study of ≈900 C. difficile strains, 
the overall rate of resistance to imipenem, an antimicrobi-
al drug of the carbapenem class, currently widely used as 
a last-line drug to treat infections by gram-negative bacte-
ria, was found to be 7.41%, and the geometric mean (GM) 
MIC of imipenem for RT017 strains was 5.91 mg/L (8). 
In another study, isolates collected in a South Korea hos-
pital during 2000–2009 were analyzed, and a resistance 
rate to imipenem of 8% (12% among RT017 isolates)  
was found (10).

The Study
We characterized 191 C. difficile isolates collected dur-
ing September 2012–September 2015 from 15 hospitals in 
Portugal (online Technical Appendix, https://wwwnc.cdc.
gov/EID/article/24/4/17-0095-Techapp1.pdf). We found 
24 (12.6%) were resistant to imipenem. Of these 24 iso-
lates, 22 were RT017, 1 was RT014, and 1 was RT477. 
The MIC for imipenem for RT017, the imipenem-resistant 
isolates, was >32 mg/L (Table 1); the MIC for the 2 non-
RT017 isolates was 16 mg/L. The 22 imipenem-resistant 
RT017 isolates were found at hospital A throughout the 
study period, suggesting the existence of a persistent clone, 
a finding supported by whole-genome sequencing data (on-
line Technical Appendix). Among the 25 RT017 isolates, 
3 were imipenem-susceptible and from hospital B (MIC 
range 1.5–3 mg/L) (Table 1).

RT017 C. difficile strains are frequently resistant to 
clindamycin, erythromycin, moxifloxacin, tetracycline, 
or rifampin (individually or in combination) (8,10). In 
this study, the 22 RT017 imipenem-resistant isolates 
were also found to be resistant to all of these antimicro-
bial drugs and showed higher meropenem and ertapenem 
MICs than those of the RT017 imipenem-susceptible 
isolates (Table 1; online Technical Appendix; online 
Technical Appendix Figure). Multidrug resistance to 
noncarbapenem antimicrobial drugs correlated with the 
presence of several genetic determinants, many located 
in mobile genetic elements (Figure 1; online Technical 
Appendix), in line with the idea that multidrug-resistant 
strains have a selective advantage (4) and that horizon-
tal gene transfer plays a major role in the evolution of  
this pathogen (11).

Imipenem Resistance in Clostridium difficile  
Ribotype 017, Portugal
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Through whole-genome sequencing, we found 13 sin-
gle-nucleotide polymorphisms (SNPs) that differentiated 
the imipenem-resistant and imipenem-susceptible RT017 
isolates (Table 2; Figure 1; online Technical Appendix). 
We found 2 SNPs in the genes coding for 2 high molecular 
weight (HMW) penicillin-binding proteins (PBPs) (Fig-
ure 1). HMW PBPs, which are bifunctional enzymes con-
taining transglycosylase and transpeptidase domains, are 
categorized into class A, and PBPs lacking the transgly-
cosylase domain are categorized into class B. The transpep-
tidase domain harbors 3 functional motifs (SXXK, SXN, 
and KTG[T/S]) that comprise the active site. Carbapenems 
block cell wall synthesis by inhibiting transpeptidase activ-
ity (12). One of the mutations found in the imipenem-resis-
tant isolates affected the gene coding for PBP1, the single 
class A bifunctional peptidoglycan synthase of C. diffi-
cile; the mutation resulted in the amino acid substitution 
Ala555Thr close to the SSN functional motif (Figure 2). 
The second mutation was found in the gene encoding for 
the PBP3 class B transpeptidase and caused the amino acid 
replacement Tyr721Ser between the SXN and KTGT mo-
tifs (Figure 2). Neither of these changes was found in the 
3 imipenem-susceptible RT017 isolates (Figure 1). More-
over, the 2 non-RT017 imipenem-resistant isolates, with a 
MIC for imipenem lower than that of the RT017 isolates, 
revealed either the Ala555Thr change or a different substi-
tution (Leu543His), both in PBP1, also close to the func-
tional motif SXN (Table 2). Modified PBPs with reduced 
affinity for the antimicrobial drug have been associated 
with resistance to β-lactams and specifically to imipenem 
in several microorganisms (12). We found no differences 
between the imipenem-resistant and imipenem-susceptible 
RT017 isolates in genes encoding other peptidoglycan 
synthases (Figure 1). It is possible that the substitutions in 
PBP1 and PBP3 in RT017 confer high-level resistance to 

imipenem and reduced susceptibility to other carbapenems, 
and at least in the RT014 and RT477 isolates studied, the 
single Ala555Thr substitution (or other substitutions in the 
vicinity of the SXN motif) is sufficient for an intermediate 
level of resistance.

However, all RT017 isolates studied herein, as well as 
the previously annotated strains M68 (GenBank accession 
no. NC_017175) and BJ08 (accession no. CP003939), 
have a fifth HMW class B PBP, PBP5, encoded in a mo-
bile element (online Technical Appendix). Whether PBP5 
contributes to imipenem resistance remains to be deter-
mined. Moreover, in imipenem-resistant isolates, the key 
sporulation-specific gene sigK, which is contiguous to 
pbp2, is interrupted by the 17-kb skincd element (13), and 
the pbp5 region is contiguous to a transposon-like ele-
ment carrying the ermB gene (shown as PUBMLST allele 
8; https://pubmlst.org/bigsdb?db=pubmlst_cdifficile_se
qdef&page=alleleInfo&locus=ermB&allele_id=8). It is 
unknown whether these genetic differences contribute to 
imipenem resistance.

Conclusions
Imipenem resistance in C. difficile RT017 probably in-
volves the acquisition of mutations in both pbp1 and pbp3 
that lead to amino acid substitutions close to the func-
tional motifs of their transpeptidase domains. These sub-
stitutions might decrease the affinity of PBP1 and PBP3 
for imipenem, enabling peptidoglycan synthesis in the 
presence of the antimicrobial drug. Considering that the 
presence of an additional PBP (PBP5) is a characteris-
tic of RT017 strains, we suggest that PBP5 facilitates the 
expression of imipenem resistance through acquisition of 
mutations in pbp1 and pbp3. In strains of other ribotypes 
lacking PBP5, such as the RT014 and RT477 isolates 
herein described, mutations in pbp1 might only lead to 
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Table 1. Susceptibility of Clostridium difficile RT017 imipenem-resistant isolates from hospital A and imipenem-susceptible isolates 
from hospital B to 11 antimicrobial drugs, Portugal* 

Hospital 
Resistance 
breakpoint† 

Antimicrobial drug, MIC breakpoints, mg/L 
IMP‡ ETP‡ MRP‡ MXF†§ MTZ†§ VAN†§ CLI‡ CHL‡ RIF† TGC† TET‡ 
>16 >16 >16 >4 >2 >2 >8 >32 >0.004 >0.25 >16 

A, 22 
isolates 

MIC range >32 3–16 1.5–4 >32 <0.016–1 0.38–2 >256 2–6 >32 <0.016–0.094 16–32 
GM MIC 32 7.56 2.31 32 0.12 0.73 256 3.29 32 0.025 18.08 

MIC90 32 12 3 >32 0.38 2 256 4 32 0.032 32 
MIC50 32 6 2 >32 0.19 0.75 256 3 32 0.023 16 

% Resistant 100 4.5 0 100 0 0 100 0 100 0 100 
B, 3 
isolates 

MIC range 1.5–3 1.5–2 0.5–1.5 1.5 <0.016–0.25 0.38–0.75 >256 3–4 >32 <0.016–0.023 16 
GM MIC 2.08 1.82 0.83 1.5 0.072 0.60 256 3.30 32 0.020 16 

MIC90 3 2 1.5 1.5 0.25 0.75 256 4 32 0.023 16 
MIC50 2 2 0.75 1.5 0.094 0.75 256 3 32 0.023 16 

% Resistant 0 0 0 0 0 0 100 0 100 0 100 
p value  <0.0001 <0.0001 <0.0001 <0.0001 0.45 0.56 ND 0.98 ND 0.41 0.51 
*CHL, chloramphenicol; CLI, clindamycin; ETP, ertapenem; GM, geometric mean; IMP, imipenem; MIC50, minimal inhibitory concentration for 50% of 
strains; MIC90, minimal inhibitory concentration for 90% of strains; MRP, meropenem; MTZ, metronidazole; MXF, moxifloxacin; ND, not done; RIF, 
rifampin; TGC, tigecycline; VAN, vancomycin. 
†European Committee on Antimicrobial Susceptibility Testing breakpoint. 
‡Clinical and Laboratory Standards Institute breakpoint. 
§Previously determined (9). 
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intermediate levels of resistance. We further suggest that 
the spreading of pbp5 might contribute to the dissemina-
tion of high-level imipenem resistance.

Portugal has a high rate of healthcare-associated 
infections and is a major consumer of carbapenems (1). 
Although carbapenem consumption has not been di-
rectly linked to C. difficile resistance, we speculate that 
the emergence of resistance and reduced susceptibility 
to these antimicrobial drugs might recapitulate the sce-
nario observed with fluoroquinolone-resistant RT027 in 
the United States, where fluoroquinolones were the most 
prescribed antimicrobial drug (14). Our findings further 
reinforce the need for the responsible use of antimicrobial  

drugs; the emergence of carbapenem resistance in multi-
drug-resistant C. difficile clones might result in the dis-
semination of resistant strains.

Acknowledgments
We thank the participating hospitals for providing samples for 
the laboratory surveillance of CDI. 

This work was supported by the National Institute of Health Dr. 
Ricardo Jorge (grant no. 2016DDI1284). We also acknowledge 
grant Pest-C/EQB/LA0006/2011 from Fundação para a Ciência e 
a Tecnologia (FCT; http://www.fct.pt) and program Investigador 
FCT (IF/00268/2013/CP1173/CT0006 to M.S.). A.L.M. was sup-
ported by a PhD fellowship (PD/BD/105738/2014) from the FCT.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 743

Figure 1. Phylogeny of Clostridium difficile RT017 isolates from hospitals A and B and genetic determinants of antimicrobial drug 
resistance, Portugal. A) Core genome single-nucleotide polymorphism–based neighbor-joining phylogeny of 25 RT017 C. difficile 
clinical isolates reconstructed by using 47 variant sites (outside MGEs) identified when mapping to either the corresponding 
genomic sequence of close relative C. difficile strain M68 (GenBank accession no. NC_017175) or a draft genome sequence of a 
representative clinical isolate. B) For each isolate, the profile of antimicrobial drug susceptibility is indicated together with respective 
potential genetic determinants of antimicrobial drug resistance. Only antimicrobial drugs for which a resistant phenotype was 
observed are displayed. Gene locus tags are relative to the C. difficile M68 genome annotation. Both nucleotide and amino acid 
replacements refer to mutations in the resistant isolates when comparing with susceptible isolates. No mutations means that no 
mutations are present differentiating resistant isolates of hospital A from susceptible isolates of hospital B, although mutations are 
present relative to M68. Both the pbp5-carrying region and the ermB gene (present in all isolates) were found to be inserted in distinct 
genomic contexts (online Technical Appendix, https://wwwnc.cdc.gov/EID/article/24/4/17-0095-Techapp1.pdf). MSLB, macrolide/
lincosamide/streptogramin B; MGE, mobile genetic element.
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Table 2. Mutations differentiating Clostridium difficile RT017 imipenem-resistant isolates found at hospital A from imipenem-
susceptible isolates found at hospital B, Portugal 
Gene in M68 
genome* 

Genome 
position* 

Nucleotide 
in M68 

Nucleotide 
change† Amino acid change† Gene product 

RS02665 512416 C C578T Ala193Val‡ Multidrug ATP-binding cassette transporter permease, 
associated with antimicrobial drug resistance 

RS04280/pbp1 905394 G G1663A Ala555Thr‡ Penicillin-binding transpeptidase 
RS04935 1048151 C T1010C Ile337Thr‡ 3-Isopropylmalate dehydratase large subunit 
RS05670/pbp3 1221182 G A2162C Tyr721Ser‡ Penicillin-binding protein 
RS07765 1666351 G G214T Gly72§ Hypothetical protein 
RS07795/hisB 1671129 T T209C Ile70Thr‡ Imidazoleglycerol-phosphate dehydratase 
RS07810 1673280 T C474T Ala158Ala Imidazoleglycerol-phosphate synthase cyclase subunit 
RS08415 1792079 G A241G Lys81Glu‡ Hypothetical protein (domain of MerR-like 

transcriptional regulators) 
RS08810 1882950 C C420T Asp140Asp Flavodoxin 
RS14235 3083548 G G421T Gly141§ Haloacid dehalogenase 
RS18530 4054525 C C220T Gln74§ S-adenosyl methionine–dependent methyltransferase 
RS19130/gyrA 4174650 C C245T Thr82Ile‡ DNA gyrase subunit A 
RS19545 4255124 C C400T His134Tyr‡ Phage portal, SPP1 Gp6-like family protein 
*Relative to the annotation of the C. difficile M68 genome (GenBank accession no. NC_017175). 
†Changes observed between imipenem-resistant and imipenem-susceptible isolates.  
‡Nonsynonymous mutations. 
§Mutations leading to putative protein truncation. 

 

Figure 2. Amino acid substitutions in 2 PBPs predicted to be associated with imipenem resistance in Clostridium difficile, Portugal.  
The domains and conserved motifs SXXK, SXN, and KTG[T/S] are shown for the following proteins: PBP1 (A), homolog of  
CDM68_RS04280 of RT017 strain M68 (GenBank accession no. NC_017175) or CD630_07810 in the laboratory strain 630; and PBP3 
(B), homolog of CDM68_RS05670 or CD630_11480. The mutations found in these resistant isolates are marked by red lines. The 
alignments below the 2 proteins show the position (shaded in pink) and nature of the amino acid substitutions observed in the imipenem-
resistant RT017 isolates and select PBPs from microorganisms Staphylococcus aureus (GenBank accession no. AAA74375.1), 
Streptococcus pneumoniae (GenBank accession no. WP_001829432.1), Escherichia coli (GenBank accession no. AAB40835.1), 
Enterococcus faecalis (GenBank accession no. AAS77615.1), and Enterococcus faecacium (GenBank accession no. AIG13039.1). The 
conserved motifs in the vicinity of the substitutions are shaded in blue. PBP, penicillin-binding protein; TGase, transglycosylase; TM, 
transmembrane; TPase, transpeptidase.
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To clarify the threat posed by emergence of highly patho-
genic influenza A(H7N9) virus infection among humans, we 
characterized the viral polymerase complex. Polymerase 
basic 2–482R, polymerase basic 2–588V, and polymerase 
acidic–497R individually or additively enhanced virus poly-
merase activity, indicating that multiple replication-enhanc-
ing mutations in 1 isolate may contribute to virulence.

Highly pathogenic influenza A(H7N9) virus has infected 
humans every influenza season since 2013; the fifth 

epidemic wave occurred during the 2016‒17 season (1,2). 
Since 2013, a total of 1,565 laboratory-confirmed human 
cases and 612 related deaths have been reported (http://www.
who.int/influenza/human_animal_interface/Influenza_Sum-
mary_IRA_HA_interface_12_07_2017.pdf?ua = 1). During 
the fifth wave, H7N9 viruses possessing hemagglutinin with 
multibasic amino acids at the cleavage site were isolated 
from birds and humans (2–4). H7N9 isolates from humans 
possessed hemagglutinin with a preference for human-type 
receptors and neuraminidase with inhibitor resistance (4,5); 
one of those isolates transmitted among ferrets via respira-
tory droplets (6). Emergence of highly pathogenic H7N9 vi-
ruses with such properties is a serious threat to public health. 
Full comprehension of the extent of this threat requires de-
tailed characterization of these viruses.

The Study
We attempted to identify the replication-enhancing ami-
no acids in the polymerase complex of H7N9 virus A/
Guangdong/17SF003/2016 (GD), which was isolated from 
the first reported H7N9-infected patient (3,5) and harbors 
polymerase basic (PB) 2 with 271T, 588V, 591Q, 627E, 
and 701D. Amino acids at these positions are known to  
alter viral polymerase activity in mammalian and avian 
cells at different temperatures (7–11).

We compared the viral polymerase activity of wild-
type GD with that of A/Anhui/1/2013(H7N9) virus (AN) 
in human A549 cells at 33°C or 37°C (temperatures of the 
human upper and lower respiratory tract) and in chicken 
DF-1 cells at 39°C (body temperature of birds). Although 
both viruses exhibited comparable activity in DF-1 cells, 
AN activity was higher than GD activity in A549 cells at 
both temperatures because wild-type AN/PB2 acquired 
polymerase activity–enhancing K at position 627 of PB2 
during replication in the infected human (8). We therefore 
tested AN/PB2-627E, which possesses an avian ancestral 
amino acid in PB2-627, and AN/PB2-627E-701N, which 
possesses polymerase-enhancing PB2-701N (8). In human 
A549 cells, wild-type GD showed viral polymerase activity 
comparable to that of AN/PB2-627E-701N (online Techni-
cal Appendix Figure 1, panel A, https://wwwnc.cdc.gov/
EID/article/24/4/17-1509-Techapp1.pdf). These results in-
dicate that the viral polymerase activity of wild-type GD 
in mammalian cells has increased more than that of virus 
bearing avian-like ancestral AN/PB2–627E. 

To determine which component of the viral replication 
complex (PB2, PB1, polymerase acidic [PA], or nucleopro-
tein) contributes to the activity of the GD polymerase com-
plex, we tested the polymerase activity of GD replication 
complexes in which we had replaced each viral protein with 
its AN/PB2-627E counterpart. We found that the viral poly-
merase activity in A549 cells was remarkably decreased by 
AN/PB2-627E and moderately decreased by AN-PA (online 
Technical Appendix Figure 1, panel B). These results suggest 
that the PB2 and the PA of GD are involved in the relatively 
high polymerase activity of the GD replication complex.

When we compared the amino acid sequences of GD-
PB2 and GD-PA with those of AN/PB2-627E and AN-PA, 
we found 8 and 6 differences, respectively (Table 1). To 
identify which substitutions contributed to the enhanced 
polymerase activity, we constructed a series of plasmids 
encoding GD-PB2 or GD-PA harboring single substitutions 
and examined polymerase activity. Of the 8 PB2 mutants, 
GD/PB2-482K and GD/PB2-588A drastically reduced vi-
ral polymerase activity in A549 cells, although this activity 
was slightly higher than that of AN/PB2-627E (Figure 1, 
panel A). Therefore, we tested the viral polymerase activ-
ity of GD-PB2 possessing both mutations (GD/PB2-482K-
588A) and found a further decrease in the double mutant. 
Of the 6 PA mutants, GD/PA-497K showed reduced  
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viral polymerase activity in A549 cells (Figure 1, panel 
B). Compared with GD/PB2-482K-588A or GD/PA-497K 
alone, the polymerase activity of GD/PB2-482K-588A plus 
GD/PA-497K was further reduced (Figure 1, panel C). Col-
lectively, these data demonstrate that PB-482R, PB2-588V, 
and PA-497R play crucial roles in the enhanced activity of 
the GD polymerase complex.

To examine the role of these amino acids on virus 
growth in human cells, we prepared wild-type and mutant  
viruses in the GD background by using reverse genetics. 
GD/PB2-482K and GD/PB2-588A viruses replicated less 
efficiently than wild-type GD virus in A549 cells (online 
Technical Appendix Figure 2, panels A, B). Replication of 
GD/PB2-482K-588A and GD/PB2-482K-588A+PA-497K 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018 747

 
Table 1. Amino acid differences between PB2 and PA in 2 influenza A(H7N9) viruses* 

Virus 
PB2 

 
PA 

191 340 482 559 560 584 588 702 100 262 387 394 465 497 
GD wild-type E K R T I I V R  V K I D V R 
AN/PB2-627E† K R K N V V A K  A R V N I K 
*AN, A/Anhui/1/2013(H7N9); GD, A/Guangdong/17SF003/2016; PA, polymerase acidic; PB, polymerase basic.  
†This mutant possessed a K to E substitution at position 627 of PB2, but the other residues of PB2 and PA were identical to those of wild-type AN. 

 

Figure 1. Viral polymerase activity of wild-type, PB2 
mutant, and PA mutant polymerase complexes. A) Viral 
polymerase activities of highly pathogenic influenza 
A(H7N9) virus GD replication complexes harboring 
amino acid substitutions in PB2 (A), PA (B), or PB2 and 
PA (C) in human A549 and chicken DF-1 cells. The data 
shown are relative polymerase activities ± SD (n = 3). 
The polymerase activity of GD wild-type was set to 100%. 
**p<0.01, according to a 1-way analysis of variance 
followed by a Dunnett test. Error bars indicate SD. AN, A/
Anhui/1/2013(H7N9); GD, A/Guangdong/17SF003/2016; 
PA, polymerase acidic; PB, polymerase basic.

 
Table 2. Titers of influenza A(H7N9) GD virus in organs of experimentally infected mice* 

Virus 
Postinfection day 3, mean log10 PFU  SD/g 

 
Postinfection day 6, mean log10 PFU  SD/g 

Lung NT Brain Lung NT Brain 
GD wild-type 5.7 ± 0.2 4.2 ± 0.8 ND  5.8 ± 0.4 5.9 ± 0.7 3.2 
GD/PB2-482K ND, p<0.01 ND, p<0.01 ND  3.0, 3.4, p<0.01  2.6 ± 0.4, p<0.05 ND 

GD/PB2-588A 3.3 ± 0.6, p<0.01 3.1, p<0.01 ND  4.6 ± 0.8 4.4 ± 2.5 ND 
GD/PB2-482K-588A ND, p<0.01 ND, p<0.01 ND  3.1 ± 0.3, p<0.05 ND, p<0.01 ND 
GD/PA-497K 5.1 ± 0.2, p<0.05 2.9 ± 1.0 ND  4.6 ± 1.0 5.8 ± 0.4 ND 
GD/PB2-482K-588A+PA-497K ND, p<0.01 ND, p<0.01 ND  2.2, 2.7, p<0.01 ND, p<0.01 ND 
*BALB/c mice were intranasally inoculated with 102 PFU of virus (in 50 L). Three animals per group were euthanized on postinfection days 3 and 6. 
Statistically significant differences compared with GD wild-type–infected mice were determined by use of a 1-way analysis of variance followed by a 
Dunnett test. GD, A/Guangdong/17SF003/2016; ND, virus not detected (detection limit 2 log10 PFU/g); NT, nasal turbinates; PA, polymerase acidic; PB, 
polymerase basic. 
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viruses was less efficient than that of GD/PB2-482K and 
GD/PB2-588A viruses. GD/PA-497K virus showed growth 
comparable to that of the wild-type GD virus. In DF-1 cells, 
all tested viruses produced similar growth curves (online 
Technical Appendix Figure 2, panel C). These results in-
dicate that PB2-482R and PB2-588V play a central role in 
enhancing virus replication in mammalian cells.

To assess the role of these amino acids in vivo, we com-
pared virus titers in the lungs, nasal turbinates, and brains 
of mice infected intranasally with 102 PFU of each virus. 
On day 3 after infection, we did not detect GD/PB2-482K, 
GD/PB2-482K-588A, or GD/PB2-482K-588A+PA-497K 
viruses in the lungs or turbinates (Table 2). Replication 
of GD/PB2-588A or GD/PA-497K virus was significantly 
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Figure 2. Virulence of wild-type and mutant highly pathogenic influenza A(H7N9) virus GD viruses in mice. Five mice per group were 
intranasally inoculated with 102, 103, 104, or 105 PFU (each in 50 µL) of the indicated viruses. Body weight (A) and survival (B) were 
monitored daily for 14 days. A) The values represent the average body weight ± SD compared with the baseline weight from 5 mice. 
Two-way analysis of variance followed by a Dunnett test revealed that the body weight loss of mice infected with each mutant virus at 
any dose was significantly reduced compared with that of mice infected with GD wild-type virus (p<0.01). B) The 50% lethal doses for 
mice (in red) were calculated according to the Spearman-Karber method. Error bars indicate SD. GD, A/Guangdong/17SF003/2016; PA, 
polymerase acidic; PB, polymerase basic.
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decreased in the lungs and slightly decreased in the turbi-
nates. On day 6 after infection, we found similar trends to 
those observed on day 3. Wild-type GD virus was detected 
in the brain of 1 of 3 mice. 

Next, we evaluated virus pathogenicity in mice in-
fected with 102‒105 PFU of each virus by monitoring 
changes in body weight. When inoculated with wild-type 
GD virus, almost all mice had to be euthanized, resulting 
in a 50% mouse lethal dose (MLD50) of 101.9 PFU (Fig-
ure 2, panels A and B). Transient or severe weight loss 
was caused by GD/PB2-482K, GD/PB2-588A, and GD/
PB2-482K-588A in 1‒3 of 20 euthanized mice and by 
GD/PA-497K viruses in 9 of 20 euthanized mice; MLD50 
values were higher than those for wild-type GD virus. The 
GD/PB2-482K-588A+PA-497K virus did not affect body 
weight (MLD50 >105 PFU). Virulence of GD/PB2-588A 
in mice was comparable to that of GD/PB2-482K and 
GD/PB2-482K-588A, although GD/PB2-588A replicated 
better in the lungs and turbinates than GD/PB2-482K and 
GD/PB2-482K-588A (Table 2); however, the levels of 
GD/PB2-588A replication in mice were lower than those 
of wild-type GD, resulting in reduced pathogenicity in 
mice. These results demonstrate that PB2-482R and PB2-
588V contribute to high virulence in mice and that PA-
497R is also involved.

Conclusions
We demonstrated that PB2-482R, PB2-588V, and PA-
497R contribute to the enhanced polymerase activity of 
highly pathogenic H7N9 virus. These mutations addi-
tively increase viral polymerase activity and pathogenic-
ity. PB2-482R is present in 0.79% (7/884) of human-de-
rived H7N9 viruses, PB2-588V in 16.6% (147/883), and 
PA-497R in 0.81% (7/862) (online Technical Appendix 
Table). Of 31 highly pathogenic H7N9 viruses isolated 
from humans, 5 (16.1%) possessed PB2-482R and PA-
497R, 12 (38.7%) PB2-627K, and 10 (32.3%) PB2-588V 
(online Technical Appendix Figure 3, panel A). Although 
conventional replication-enhancing amino acids (PB2-
591R, PB2-627K, and PB2-701N) rarely coexist in 1 
PB2 molecule, PB2-588V clearly permits acquisition of 
additional mutations, such as PB2-482R and PB2-627K 
(12). These double substitutions could have an additive 
effect on virulence enhancement, as also shown previous-
ly (9), suggesting that in mammalian hosts, these double-
mutant viruses may be fitter than single-mutant viruses. 
Therefore, future H7N9 virus surveillance studies should 
take into consideration single markers and combinations  
of markers.

PB2-482R was located in 1 of 2 nuclear localization 
signals spanning amino acids 449 to 495 (13) within the 
cap-binding domain of the influenza A virus polymerase 
complex (online Technical Appendix Figure 3, panel B). 

PB2-588V was located near PB2-627K in the 627 do-
main. PA-497R was located at 1 of 2 binding sites for 
transcriptional activator hCLE (14) but was not exposed 
on the protein surface. PB2-588V is probably involved 
in ANP32A-dependent high polymerase activity in mam-
malian hosts (15), and the role of PB2-482R might dif-
fer from that of other polymerase-enhancing amino acids  
in PB2.
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Multidrug- and colistin-resistant Salmonella enterica sero-
type 4,[5],12:i:- sequence type 34 is present in Europe and 
Asia. Using genomic surveillance, we determined that this 
sequence type is also endemic to Australia. Our findings 
highlight the public health benefits of genome sequencing–
guided surveillance for monitoring the spread of multidrug-
resistant mobile genes and isolates.

Since the 1990s, the global incidence of infection with 
Salmonella enterica serotype 4,[5],12:i:- has increased 

sharply among humans, livestock, and poultry (1). This 
monophasic variant of S. enterica serovar Typhimurium 
ranges from pansusceptible to multidrug resistant. In 2015, 
an S. enterica strain displaying the plasmid-mediated co-
listin resistance mcr-1 gene was discovered (2). In 2016, 
human and food isolates with mcr-1 were identified in 
Portugal (3), China (4), and the United Kingdom (5). All 
mcr-1–harboring isolates were predominantly Salmonella. 
4,[5],12:i:- multilocus sequence typing (MLST) sequence 
type (ST) 34. Before this study, the ST34 clone, already 
emerged in Europe and Asia, was yet to be detected in Aus-
tralia as a drug-resistant pathogen of humans. We therefore 
investigated the circulation of drug-resistant Salmonella 
4,[5],12:i:- ST34 in New South Wales (NSW), Australia.

The Study
Since October 2016, all Salmonella isolates referred to the 
NSW Enteric Reference Laboratory (Centre for Infectious 
Diseases and Microbiology Laboratory Services, Pathology  

West, Sydney, NSW, Australia) have undergone whole-
genome sequencing in addition to serotyping and multi-
locus variable-number tandem-repeat analysis (MLVA) 
performed as described (6). Of the 971 isolates (96% from 
humans, 4% from food and animals) received from Octo-
ber 1, 2016, through March 17, 2017, a total of 80 (8.2%) 
were identified as Salmonella 4,[5],12:i:-, and 61 (76%) of 
these underwent whole-genome sequencing. Five duplicate 
isolates were excluded. In our retrospective study, we in-
cluded 54 isolates from humans and 2 isolates from pork 
meat obtained from independent butchers during a routine 
survey conducted by the NSW Food Authority in 2016.

We extracted genomic DNA by using the chemagic 
Prepito-D (Perkin Elmer, Seer Green, UK) and prepared li-
braries by using Nextera XT kits and sequenced them on a 
NextSeq-500 (both by Illumina, San Diego, CA, USA) with 
at least 30-fold coverage. We assessed genomic similarity 
and STs by using the Nullarbor pipeline (7). We identified 
antimicrobial resistance (AMR) genes by screening contigs 
through ResFinder (8) and CARD (https://card.mcmaster.
ca) by using ABRicate version 0.5 (https://github.com/tsee-
mann/abricate). Markers of colistin resistance were examined 
by using CLC Genomics Workbench (QIAGEN, Valencia, 
CA, USA). We identified Salmonella 4,[5],12:i:- genomes 
recovered in Europe and Asia by using Enterobase (https://
enterobase.warwick.ac.uk/). We confirmed phenotypic resis-
tance on a randomly selected subset of isolates by using the 
BD Phoenix system (Becton Dickinson, Franklin Lakes, NJ, 
USA) or Etest (bioMérieux, Marcy L’Étoile, France).

We obtained 54 isolates from 53 case-patients who had 
a median age of 25 years (range <1 to 90 years). We detect-
ed 20 MLVA profiles; however, 2 profiles predominated: 
3-13-10-NA-0211 (45%) and 3-13-11-NA-0211 (14%). 
All but 2 case-patients resided in areas of distinct postal 
codes distributed throughout NSW; we found no apparent 
temporal or geographic clustering. Recent overseas travel 
was reported by 5 case-patients: 2 to Cambodia and 1 each 
to Thailand, Vietnam, and Indonesia. 

All 56 Salmonella 4,[5],12:i:- isolates were classified 
as ST34. The diversity between isolates was higher than 
that suggested by MLVA; we detected up to 112 single-
nucleotide polymorphism (SNP) differences between 
isolates. The isolates from Australia clustered with each 
other and with isolates from the United Kingdom (Figure). 
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Combined with the steady monthly incidence of infections, 
these findings suggest that local circulation of Salmonella 
4,[5],12:i:- might play a larger role as the source of infec-
tion than independent importations from overseas. Of note, 
1 isolate from pork differed from 1 isolate from a human 
by only 10 SNPs, indicating that pork may be a source of 
human infection (Figure, panel A).

We detected AMR genes in 95% of ST34 isolates from 
NSW. The number of AMR genes (up to 13) was equivalent 
to that reported for ST34 isolates from the United States and 
United Kingdom (Figure, panel B). Of the 53 AMR isolates 
from NSW, 48 (90%) were classified as multidrug resistant 
on the basis of containing >4 AMR genes conferring resis-
tance to different classes of antimicrobial drugs. Among the 
AMR isolates, 39 (73.5%) displayed multidrug resistance 

patterns, all of which are associated with resistance to ami-
noglycosides, β-lactams, and sulfonamides. A total of 21 
(40%) isolates, including 1 from pork, had the core resis-
tance-type (R-type) ASSuT (resistant to ampicillin, strep-
tomycin, sulfonamides, and tetracycline) conferred by the 
strA-strB, blaTEM-1b, sul2, and tet(B) genes (Figure, panel 
B). This multidrug resistance pattern is characteristic of the 
European clone (9), which has been reported in Europe and 
North America and is strongly associated with pork (10,11).

R-type ASSuTTmK was found for 12 (23%) isolates 
from humans: genes strA-strB, aph(3′)-Ia, blaTEM-1b, 
tet(A)-tet(B), sul2, and dfrA5 (which confers resistance 
against trimethoprim). Six isolates collected from case-
patients who resided in the Sydney region over a 3-week 
period in 2017 shared R-type ASSuTmGK: genes aac  
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Figure. Maximum-likelihood phylogeny of whole-genome single-nucleotide polymorphisms (SNPs) of 153 Salmonella enterica 
4,[5],12:i:- sequence type (ST) 34 isolates and acquired drug-resistance genes. A) SNP analysis was conducted by performing whole-
genome alignment of ST34 isolates from New South Wales (NSW), Australia, and a selection of published ST34 isolates collected in the 
United Kingdom, United States, and Denmark by using Snippy Core (https://github.com/tseemann/snippy) (online Technical Appendix, 
https://wwwnc.cdc.gov/EID/article/24/4/17-1619-Techapp1.pdf). Regions of recombination were identified by using BratNextGen (www.
helsinki.fi/bsg/software/BRAT-NextGen/) and removed. SNPs were identified by using SNP-sites (https://github.com/sanger-pathogens/
snp-sites), and the phylogeny was generated by using FastTree (www.microbesonline.org/fasttree/). Phylogeny and antimicrobial 
resistance metadata were combined by using Microreact (https://microreact.org/showcase). The colistin-resistant ST34 isolate from 
NSW is denoted by an orange star, fluoroquinolone-resistant isolates from NSW by orange squares, and pork isolates from NSW 
by orange triangles. Scale bar indicates 10 SNPs. B) Year of isolation and acquisition of drug resistance. Acquired drug-resistance 
genes were identified by screening all isolate contigs through the ResFinder (8) and CARD (https://card.mcmaster.ca/) databases by 
using ABRicate version 0.5 (https://github.com/tseemann/abricate). Only genes with a 100% homology match in >1 isolate are shown. 
Columns depict the results for individual isolates; rows represent acquired drug-resistance genes. The antibiotic class that genes confer 
resistance against is indicated at right. White indicates that the specified gene was not detected, gray indicates that the specified gene 
was detected but sequence homology against the reference was <100%, black indicates a perfect match between the isolate and 
reference gene sequence. MLS, macrolide, lincosamide, and streptogramin B.
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(3)-IV, aph (4)-Ia, aph(3′)-Ic, blaTEM-1B, sul1, and dfrA5 
(which also confers resistance against trimethoprim) (Fig-
ure, panel B). These 6 isolates differed by 1–18 SNPs 
(most by <10 SNPs), and associated cases were clustered 
in time and occurred in neighboring suburbs, suggesting a 
possible cluster with a common source.

Fluoroquinolone resistance–conferring genes qnrS1 
(from 3 case-patients) and aac(6′)lb-cr (from 1 case-pa-
tient) were detected (Figure, panel B). As reported previ-
ously (12), the aac(6′)lb-cr (aacA4-cr) gene was plasmid 
borne (IncHI2 plasmid) and was typically a class 1 inte-
gron–associated gene cassette (13). Of these 4 case-patients, 
2 reported recent travel to Indonesia and Vietnam and the 
other 2 had no record of recent overseas travel; hence, we 
could not exclude the possibility of local acquisition. The 
isolate from the case-patient who traveled to Vietnam also 
displayed resistance to colistin (MIC 4 μg/mL). Neither the 
mcr-1 or mcr-2 genes nor mutations in the pmrAB, phoPQ, 
and mgrB genes were present (14). Rather, resistance was 
conferred by a recently identified third mobile colistin re-
sistance gene, mcr-3, carried on a plasmid (15).

Conclusions
Using genomic surveillance, we identified the presence of 
novel colistin resistance gene mcr-3 and indications that 
multidrug-resistant Salmonella 4,[5],12:i:- ST34 has estab-
lished endemicity in Australia. Our findings highlight the 
public health benefits of genome sequencing–guided sur-
veillance for monitoring the spread of multidrug-resistant 
mobile genes and isolates.
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We analyzed whole-genome sequences of 8 enterovirus 
A71 isolates (EV-A71). We confirm the circulation of geno-
group C and the new genogroup E in West Africa. Our 
analysis demonstrates wide geographic circulation and de-
scribes genetic exchanges between EV-A71 and autochtho-
nous EV-A that might contribute to the emergence of patho-
genic lineages.

Enterovirus A71 (EV-A71; species Enterovirus A, genus 
Enterovirus, family Picornaviridae) is a common etio-

logic agent of hand, foot and mouth disease in young chil-
dren. In addition, EV-A71 has been associated with severe 
and sometimes fatal neurologic diseases, including aseptic 
meningitis, encephalitis, and poliomyelitis-like acute flac-
cid paralysis (AFP) (1,2).

EV-A71 is classified into 7 genogroups (A–G). 
Genogroup A includes the prototype strain BrCr that was 
isolated in the United States in 1969 (1,2). Most EV-A71 
isolates belong to genogroups B or C, which are each fur-
ther divided into subgenogroups (1,2). Subgenogroups 
B4, B5, and C4 are mainly restricted to countries in Asia, 
whereas C1 and C2 circulate primarily in Europe and 

the Asia-Pacific region (1). Genogroup D and the newly 
proposed genogroup G appear to be indigenous to India, 
whereas genogroups E and F were recently discovered in 
Africa and Madagascar, respectively (3).

Although EV-A71 has been reported in many parts of 
the world, its epidemiology remains largely unexplored in 
Africa. An EV-A71 outbreak was documented in 2000 in 
Kenya, where HIV-infected orphans were infected by EV-
A71 genogroup C (4). Several AFP cases have been associat-
ed with EV-A71 infection during 2000–2013 throughout Af-
rica: in Democratic Republic of the Congo (5) (2000, n = 1); 
Nigeria (6) (2004, n = 1, genogroup E); Central African Re-
public (7) (2003, n = 1, genogroup E); Cameroon (8) (2008, 
n = 2, genogroup E); Niger (9) (2013, n = 1, genogroup E); 
and Senegal, Mauritania, and Guinea (9) (2013–2014, n = 3, 
subgenogroup C2). Four additional EV-A71 strains were ob-
tained from captive gorillas in Cameroon during 2006–2008 
(n = 2, genogroup E) (10) and from healthy children in Nige-
ria in 2014 (n = 2, genogroup E) (11). Molecular identifica-
tion of all these isolates was based only on the analysis of 
sequences of the viral protein (VP) 1 capsid protein region.

Recombination events may be associated with the emer-
gence and global expansion of new groups of EV-A71 that 
have induced large outbreaks of hand, foot and mouth disease 
with high rates of illness and death (12). For EV-A71, genetic 
exchanges have been described both within a given geno-
group and with other types of enterovirus A (EV-A), usually 
in nonstructural genome regions P2 and P3 (1,12,13). How-
ever, before 2017, no complete genome sequence of EV-A71 
detected in Africa has been reported, diminishing the power 
of such analysis. We examined the complete genome of most 
EV-A71 isolates reported to date in Africa to characterize the 
evolutionary mechanisms of genetic variability.

The Study
We sequenced the full genome of 8 EV-A71 isolates ob-
tained from patients with AFP (Table): isolates 14-157, 14-
250, 13-365, 13-194, and 15-355 from West Africa and iso-
lates 08-041, 08-146, and 03-008 from Central Africa. We 
isolated and typed these isolates as previously described 
(7–10) and obtained nearly complete genomic sequences 
using degenerated primers (13) and additional primers de-
signed for gene-walking (available on request) or unbiased 
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sequencing methods (14). We determined the 5′-terminal 
sequences by means of a RACE kit (Roche, Munich, Ger-
many). We deposited viral genomes in GenBank (accession 
numbers in Table) and submitted sequence alignments un-
der BioProject PRJNA422891. We aligned sequences using 
ClustalW software (http://www.clustal.org).

To investigate the genetic relationship between Africa 
and global EV-A71 isolates, we constructed subgenomic 
phylogenetic trees based on the P1, P2, and P3 regions of 
the genome (Figure 1). We identified viral isolates show-
ing related sequences in 1 of these 3 regions by BLAST 
search (http://www.ncbi.nlm.nih.gov/BLAST) and included 
them in the corresponding datasets used for analyses. We 
completed these datasets with a representative global set of 
EV-A71 sequences available in GenBank and belonging to 
the different EV-A71 genogroups (https:///wwwnc.cdc.gov/ 
EID/article/24/4/17-1783-Techapp1.pdf). As expected, in 
the structural P1 region, the 8 isolates we studied clustered 
within their respective genogroups (C1, C2, and E), previ-

ously established by VP1-based typing (Figure 1, panel A). In 
particular, the isolates of genogroup E consistently clustered 
together (bootstrap value 100%), confirming their belong-
ing to the EV-A71 type and their divergence from the other 
isolates belonging to the common genogroups A, B, and C. 
Analysis of the nonstructural P2 and P3 genome regions were 
in agreement with these data. However, the genetic heteroge-
neity, <12%, observed among the complete genome of geno-
group E sequences highly suggested that they have circulated 
and diverged for years in a large geographic area in Africa. 
The unique Africa EV-A71-C1 strain clustered with other C1 
strains originating worldwide, regardless of which genome 
region we analyzed. In contrast, the nonstructural sequences 
of Africa EV-A71 isolates of subgenogroup C2 did not clus-
ter with their non-Africa C2 counterparts or with any of the 
existing EV-A71 genogroups. The incongruent phylogenetic 
relationships of Africa C2 strains in the different regions of the 
genome suggested that recombination events have occurred  
during evolution.
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Table. Description of enterovirus isolates from patients with acute flaccid paralysis in Africa that were sequenced for characterization 
of enterovirus A71* 

Strain (reference) Country of isolation 
Patient age at 
diagnosis, y Year Virus 

Genogroup or 
subgenogroup Genbank accession no. 

14-157 (9) Senegal 3 2014 EV-A71 C2 MG672480 
14-250 (9) Mauritania 1.6 2014 EV-A71 C2 MG672481 
13-365 (9) Guinea 1.7 2013 EV-A71 C2 MG672479 
15-355 (this study) Senegal 2.4 2015 EV-A71 C2 MG013988 
13-194 (9) Niger 1.3 2013 EV-A71 E MG672478 
03-008 (7) Central African Republic 1.9 2003 EV-A71 E LT719068 
08-146 (8) Cameroon 2.6 2008 EV-A71 E LT719066 
08-041 (8) Cameroon 1.7 2008 EV-A71 C1 LT719067 
14-254 (15) Senegal 3 2014 CV-A14 NA MG672482 
*NA, not available. 

 

Figure 1. Phylogenetic relationships of EV-A71 isolates from patients with acute flaccid paralysis in Africa based on 3 coding regions: A) 
P1, B) P2, and C) P3. Apart from the studied sequences, subgenomic datasets included their best nucleotide sequence matches identified 
by NCBI BLAST search (http://www.ncbi.nlm.nih.gov/BLAST) as well as representative sequences of different EV-A71 genogroups and 
subgenogroups originating worldwide. Trees were constructed from the nucleotide sequence alignment using MEGA 5.0 software (http://
megasoftware.net/) with the neighbor-joining method. Distances were computed using the Kimura 2-parameter model. The robustness 
of the nodes was tested by 1,000 bootstrap replications. Bootstrap support values >75 are shown in nodes and indicate a strong support 
for the tree topology. For clarity, CV-A10, CV-A5, and EV-A71 subgenogroups C3, C4, and C5 have been collapsed. Study strains are 
indicated by laboratory code, country of origin, and year of isolation; previously published strains are indicated by GenBank accession 
number, isolate code, country of origin, and year of isolation. Black triangles indicate EV-A71 strains from this study; black square indicates 
the CV-A14 strain from this study. Strains gathered in brackets belong to EV-A71 genogroups or subgenogroups; strains marked in blue 
color belong to other species of EV-A. Scale bars indicate nucleotide substitutions per site. CV, coxsackievirus; EV, enterovirus.
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To examine further recombination events, we analyzed 
EV-A71-C2 study strains by similarity plot against poten-
tial parental genomes (Figure 2). This analysis showed that 
sequences 14-157, 14-250, and 15-355 had high similar-
ity (>95%). By contrast, 13-365 diverged from the other 
C2 isolates around nt 5600 in the P3 region, suggesting a 
recombination breakpoint. The analysis showed high se-
quence similarity (>97%) between the studied EV-A71-
C2 isolates and other subgenogroup C2 strains over the 
P1 capsid region. Conversely, in the noncapsid region, 
sequence similarity between Africa EV-A71-C2 isolates 
and classical subgenogroup C2 isolates (e.g., GenBank 
accession no. HQ647175) was much lower (66%–77%). 
This finding confirmed a recombination event of the Africa 
EV-A71 C2 lineage with an unknown enterovirus, the most 
likely breakpoint being located between nt 3596 and 3740, 
within the 2A gene. Sequence identity of EV-A71-C2 study 
strains with their closest related viruses (coxsackievirus 
A10 [CV-A10], CV-A5, EV-A120, and EV-A71 geno-
group E strains) in the 3′ half of the genome was <87.7%. 

Of note, we found much higher sequence identity with the 
full-genome sequence of CV-A14 isolate in our database, 
obtained in 2014 from a patient with AFP in Senegal (15). 
This strain features a high similarity value (>97%) with the 
3′ half of the genomes of EV-A71-C2 West Africa strains 
(Figure 2), indicating that their P3 regions share a recent 
common ancestor. Because these strains belong to 2 dif-
ferent types, this finding strongly suggests that genetic ex-
changes occurred through intertypic recombination. This 
result cannot be a result of cross-contamination during the 
sequencing process because the CV-A14 and EV-A71 iso-
lates were sequenced on 2 different platforms.

Conclusions
Genogroup E was previously identified and characterized 
only on the basis of VP1 analysis (3). This study confirms 
the circulation in West and Central Africa of EV-A71 iso-
lates belonging to the new genogroup E on the basis of 
the characterization of whole genomes. The divergence 
among isolates indicates that this genogroup has been ex-
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Figure 2. Identification of recombinant sequences in the genome of EV-A71 C2 isolates from patients with acute flaccid paralysis in 
Africa (14-157, 14-250, 13-365, 15-355) by similarity plot against potential parent genomes (CV-A14 strain 14-254; EV-A71 genogroup 
E strains 13-194, 08-146, and 03-008) and from GenBank (CV-A10, CV-A5, EV-A120). Similarity plot analysis was performed using 
SimPlot version 3.5.1 (http://sray.med.som.jhmi.edu/SCRoftware/simplot) on the basis of full-length genomes. For the analysis, we used 
a window of 600 nt moving in 20-nt steps. Approximate nt positions in the enterovirus genome are indicated. The enterovirus genetic 
map is shown in the top panel. We used the genome of EV-A71 study strain 14-157 as a query sequence. UTR, untranslated region.
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tensively circulating in Africa. We also suggest that the 
common ancestor of EV-A71-C2 strains in West Africa 
has undergone recombination with >1 EV-A circulating 
in Africa. Genogroup E and recombinant C2 appear to 
be indigenous to Africa; they have not yet been detected 
elsewhere. Further exploration of environmental or clini-
cal samples using deep sequencing technology would be 
of interest to determine the extent of EV-A71 circulation 
in Africa in the absence of AFP cases. Systematic surveil-
lance based on full-genome sequencing could also serve 
to monitor these viruses for potential recombinations and 
to study their role in the emergence of new EV-A71 vari-
ants in Africa.
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We report 4 patients in North America with disease caused 
by Emergomyces canadensis, a newly proposed species 
of pathogenic dimorphic fungus. Affected persons were im-
munocompromised; lived in Saskatchewan, Colorado, and 
New Mexico; and had systemic disease involving blood, 
skin, cervix, lung, and lymph node. Two cases were fatal.

Members of the recently described fungal genus Emer-
gomyces cause disseminated and often fatal disease 

in immunocompromised hosts (1,2). So named because of 
their recent global emergence (1), these dimorphic fungal 
pathogens have been reported from Africa, Asia, and Eu-
rope (3). Here we report from North America 4 cases of 
invasive fungal disease caused by a novel Emergomyces 
species, designated Es. canadensis.

The Study
In 2003, a 39-year-old man with a history of diabetes and a 
cadaveric renal transplantation 3 years prior visited a hos-
pital in Saskatoon, Saskatchewan, Canada, reporting fever 
and throat pain. His medications included mycophenolate 
and prednisone (25 mg/d). The patient had no history of 
travel. He kept pet birds, none of which were ill, and had 
no other animal exposures.

On examination, the patient was cushingoid, normo-
tensive, and afebrile. Results of oropharyngeal, chest, 
and abdominal examinations were unremarkable. Chest 
radiograph and computed tomography demonstrated dif-
fuse micronodules, left upper lobe consolidation, and 

mediastinal lymphadenopathy. The patient was assessed 
by esophagoscopy, which indicated white, dry patches 
suspicious for esophageal candidiasis; consequently, we 
started him on oral fluconazole (200 mg/d). On day 5 
postadmission, he had myalgias, arthralgias, and a fever 
of 38.9°C, prompting collection of mycobacterial and 
fungal blood cultures. Two days later, a bronchoscopy 
demonstrated white patches in the trachea and bronchi. 
On day 17 of admission, both the blood and bronchoalve-
olar lavage cultures grew a fungus. Repeated blood cul-
tures subsequently grew the same fungus. We treated the 
patient with lipid complex amphotericin B for 3 weeks, 
with clinical improvement, and he was discharged after 
7 weeks in the hospital.

Several days later, the patient returned, reporting 
weakness, postural dizziness, anorexia, and vomiting. 
Repeated chest radiograph and computed tomography 
showed patchy consolidation with increased right medi-
astinal lymphadenopathy. A mediastinoscopy with lymph 
node biopsy excluded lymphoma. No material was sent 
for culture, but histopathologic examination with fungal 
stains demonstrated small, round or oval yeasts (Figure 
1). The patient remained afebrile, and he was managed 
expectantly without additional antifungal therapy. His 
symptoms resolved, and he was discharged. Serial chest 
radiographs demonstrated resolution of the mediastinal 
lymphadenopathy, and no clinical relapse occurred in 3 
years of follow-up.

The clinical isolate was referred to the University of 
Alberta Microfungus Collection and Herbarium (UAMH) 
for characterization and identification. The fungus grew 
as a mold phase at 30°C and as a yeast at 35°C (Figure 
2, panels A and B). Microscopic examination of mycelia 
demonstrated florets of 1 to 3 conidia borne at the ends of 
slightly swollen conidiophores (Figure 2, panel C), remi-
niscent of Emmonsia-like fungi (1,2). The yeast cells were 
small (2.5–5.0 µm) and round or oval, with 1 or occasion-
ally 2 narrow-based buds (Figure 2, panel D).

DNA genetic analysis was performed by sequenc-
ing the internal transcribed spacer region and D1/D2 do-
main of the large subunit rDNA as previously described 
(4). The sequence of the case isolate was identical to one 
from another clinical isolate obtained in 1992 from an-
other patient in Saskatchewan and thought to represent an  
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undescribed Emmonsia species (4,5). Recent phenotypic and  
phylogenetic analyses confirmed that these isolates repre-
sent a new species within the genus Emergomyces (2); the 
proposed name is Es. canadensis (Y. Jiang, S. de Hoog, 
pers. comm., 2018 Jan 19).

We searched for additional clinical isolates among 
those referred to the Fungus Testing Laboratory at UT 

Health San Antonio (San Antonio, TX, USA) during 
2001–2016. We reviewed isolates previously identified 
as Emmonsia species or as Blastomyces dermatitidis 
based on low-positive (<400,000 relative light units) re-
sults on a B. dermatitidis DNA probe (AccuProbe, Ho-
logic, Inc., San Diego, CA, USA). We confirmed identi-
fication by sequencing of the internal transcribed spacer 
and D1/D2 regions and thus identified 2 additional iso-
lates of Es. canadensis.

We compiled and summarized epidemiologic and 
clinical data from submitting laboratories and clini-
cians for the 4 clinical Es. canadensis isolates (Table). 
Two isolates were referred from Saskatchewan, 1 from 
Colorado, and 1 from New Mexico. All 3 patients for 
whom medical histories could be ascertained were im-
munocompromised, 2 with advanced HIV infection and 
the third with a kidney transplantation. Histopathology 
results were available for 2 patients: in case 2, small 
yeasts were observed in tissue from mediastinal lymph 
node, and in case 3, in tissue from an endocervical mass. 
Es. canadensis was cultured from biopsied cutaneous le-
sions in 2 patients (in cases 1 and 4). For 2 remaining 
patients, Es. canadensis was cultured from blood, and 
additionally in 1 patient, from bronchoalveolar fluid. 
Two patients survived, and 2 died.

We performed limited antifungal susceptibility test-
ing for 2 isolates (6). The MIC of UAMH 10370 was 
0.125 µg/mL for amphotericin B. The MIC of UTHSCSA 
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Figure 1. Methenamine silver stain of mediastinal lymph node 
biopsy, demonstrating small round or oval yeasts in tissue, 
from a patient infected with novel fungal species Emergomyces 
canadensis (case-patient 2), Saskatoon, Saskatchewan, Canada, 
2003. Scale bar indicates 10 µm.

Figure 2. Morphologic features 
of novel fungal species 
Emergomyces canadensis 
isolated from case-patient 2, 
Saskatoon, Saskatchewan, 
Canada, 2003. A–B) Colonies 
grown on potato dextrose agar 
showing mold phase after 28 
days at 30°C (A) and yeast 
phase after 9 days at 35°C (B). 
C) Mycelial phase showing 1–3 
conidia borne at the ends of 
slightly swollen conidiophores 
or sessile on hyphae. D) Round 
to oval yeast cells with narrow-
based budding produced at 
35°C. Scale bars indicate 5 µm.
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DI17–85 was 64 µg/mL for fluconazole and 0.125 µg/mL  
for itraconazole.

Conclusions
Es. canadensis is one of several newly recognized species 
within Emergomyces (2), and causes an endemic myco-
sis in North America, where it should be considered in 
immunocompromised hosts with systemic disease. Es. 
africanus causes the most common endemic mycosis in 
South Africa, primarily affecting HIV-infected persons 
(7); pulmonary and cutaneous disease are common, and 
the case-fatality rate is 50% (8). Invasive disease caused 
by Es. pasteurianus (previously Emmonsia pasteuriana 
[2,9]) has been reported from Italy, Spain, France, India, 
China, and South Africa (3). Es. orientalis was reported 
just once, from a man in China (10). Infection caused by 
another novel species, Es. europaeus, is known also from 
a single case from Germany (11).

Limited antifungal susceptibility testing of 2 Es. ca-
nadensis isolates found MICs elevated for fluconazole 
and low for itraconazole and amphotericin B. Dukik et 
al. (12) recently reported antifungal susceptibility results 
for 2 Es. canadensis isolates including UAMH 7172 (re-
ported as CBS 139872) and UAMH 10370 (reported as 
CBS 139873). The authors similarly found that MICs 
were elevated for fluconazole and low for newer triazoles 
and amphotericin B (12). These findings are consistent 
with the antifungal susceptibility patterns reported for 
50 Es. africanus isolates (7). The anecdotal observation 
in our study that a patient (in case 2) remained fungemic 
with Es. canadensis 2 weeks after initiating fluconazole 
but had rapid clinical improvement with amphotericin 
B is consistent with these in vitro results. Pending the 
availability of further data, treatment of disease caused 
by Emergomyces spp. infection should follow clini-
cal practice guidelines for the management of other  

dimorphic fungal infections in immunocompromised hosts 
(13). Specifically, treatment should include amphotericin  
B (lipid formulation 3–5 mg/kg or deoxycholate 0.7–1.0 
mg/kg) for 1–2 weeks, followed by itraconazole (or other 
newer triazole) for at least 12 months, depending on im-
mune reconstitution (13).

This report raises many questions about the patho-
genesis, distribution, and habitat of Es. canadensis. As is 
the case for other dimorphic fungi, inhalational infection 
by Emergomyces spp. is presumed to occur, followed by 
extrapulmonary dissemination and disease in susceptible 
hosts (3). Although limited by small numbers and the lack 
of travel histories, these cases suggest that the geographic 
range of Es. canadensis likely involves central and western 
regions of North America. An ecologic niche has only been 
investigated for Es. africanus, which has been detected 
from various soil habitats and in air samples from Cape 
Town, South Africa (14,15). Further investigations are 
required to better understand the epidemiology and prev-
alence of disease caused by Emergomyces spp. in North 
America and globally.
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Table. Epidemiologic and clinical characteristics of 4 patients infected with Emergomyces canadensis, North America, 1992–2015* 
Case 
no. Year Location 

Patient 
age, y/sex 

Medical 
history Clinical syndrome 

Specimen 
cultured Treatment Outcome Strain ID† 

1 1992 Regina, 
Saskatchewan 

68/M HIV Sepsis, skin lesions Skin biopsy – Died UAMH 7172 
(AF038322) 

2 2003 Saskatoon, 
Saskatchewan 

39/M Kidney 
transplant, 
diabetes 

Pneumonia, 
tracheitis, 

lymphadenopathy, 
esophagitis, sepsis 

Blood, BAL 
fluid 

Fluconazole, 
then 

amphotericin 
B 

Survived UAMH 10370 
(EF592151) 

 

3 2010 Colorado 
Springs, 
Colorado 

75/F – Fungemia, 
endocervical lesion 

Blood – Died UTHSCSA 
DI17–85 

(MG777526,  
MG777527) 

4 2015 Santa Fe, 
New Mexico 

40/M HIV Pneumonia, skin 
lesions, sepsis 

Skin biopsy – Survived UTHSCSA 
DI17–84 

(MG777530, 
MG777528) 

*BAL, bronchoalveolar; ID, identification; UAMH, UAMH Centre for Global Microfungal Biodiversity; UTHSCSA, University of Texas Health Science Center 
at San Antonio; –, data missing. 
†GenBank accession numbers for relevant nucleotide sequences are given. 
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We describe a hospital-based outbreak caused by multidrug-
resistant, Klebsiella pneumoniae carbapenemase 3–produc-
ing, mcr-1–positive K. pneumoniae sequence type 45 in Portu-
gal. mcr-1 was located in an IncX4 plasmid. Our data highlight 
the urgent need for systematic surveillance of mcr-1 to support 
adequate therapeutic choices in the nosocomial setting.

Infections with carbapenemase-producing Enterobacte-
riaceae (CPE), such as Klebsiella pneumoniae, have been 

increasing since 2011 in hospitalized patients in several 
countries in Europe, especially those with high resistance 
rates (https://ecdc.europa.eu/sites/portal/files/documents/
antibiotics-EARS-Net-summary-2016_0.pdf; https://ecdc.
europa.eu/sites/portal/files/documents/AMR-surveillance-
Europe-2016.pdf). The emergence of mobilized colistin 
resistance (MCR) genes is particularly concerning because 
colistin is being intensively used as a last resource antimicro-
bial drug for treating CPE infections (1,2). In Europe, spo-
radic clinical CPE isolates with mcr-1 have been reported 
(3,4). Because CPE has increased at an alarming pace in 
Portugal (5,6), we evaluated the occurrence of mcr-1 among 
CPE isolated from patients admitted to Centro Hospitalar do 
Porto, a tertiary and university hospital in Porto, Portugal.

The Study
Using rectal swab specimens from 5,361 patients admitted to 
Centro Hospitalar do Porto during October 2015–July 2017, 
we screened for carbapenemase-positive isolates using Bril-
liance CRE Agar (Oxoid, Basingstoke, UK), Blue-carba test 
(7), and real-time PCR for carbapenemase genes (Xpert Car-
ba-R; Cepheid, Sunnyvale, CA, USA) (Figure 1, panel A). 
We identified 283 patients with 359 CPE-positive samples 
available for further testing. Of the 359 isolates, 252 (75% K. 
pneumoniae–positive) were from patient fecal samples and 

107 (86% K. pneumoniae-positive) were from other types of 
patient samples (e.g., blood, urine). We then screened these 
isolates for mcr-1, blaCTX-M-I-like genes, and blaKPC using 
PCR and sequencing (5,8,9). We determined the antimicro-
bial drug susceptibility profiles of the mcr-1–positive isolates 
by the broth microdilution method for colistin (http://www.
eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Gen-
eral_documents/Recommendations_for_MIC_determina-
tion_of_colistin_March_2016.pdf) and by disk diffusion for 
the other antimicrobial drugs using Clinical and Laboratory 
Standards Institute/European Committee on Antimicrobial 
Susceptibility Testing guidelines (http://www.eucast.org/). 
We evaluated clonal relatedness among K. pneumoniae iso-
lates by multilocus sequence and wzi capsular typing (http://
bigsdb.pasteur.fr/perl/bigsdb/bigsdb.pl?db = pubmlst_kleb-
siella_seqdef_public) and assessed plasmid replicon content 
using PCR (5). We performed whole-genome sequencing 
with 2 isolates of the predominant K. pneumoniae clones by 
Hi Seq 2500 Sequencing System (Illumina Inc., San Diego, 
CA, USA) (2 × 150 bp paired-ended reads, coverage 100×). 
We assembled reads de novo using SPAdes version 3.9.0 
(http://cab.spbu.ru/software/spades/) and annotated contigs 
with Prokka (http://vicbioinformatics.com/). We used tools 
from the Center for Genomic Epidemiology (http://www.
genomicepidemiology.org) to assess antimicrobial drug re-
sistance genes and replicons and PLACNETw (https://cas-
tillo.dicom.unican.es/upload/) for plasmid reconstruction. 
We located mcr-1 in the IncX4 plasmid near the replication 
(pirF) and maintenance (parA) conserved regions by PCR 
and sequencing (Figure 2).

We identified 24 carbapenemase-producing and 
MCR-1–producing K. pneumoniae isolates from samples 
collected during September 2016–February 2017 from 16 
hospitalized patients (Figure 1, panel B). Seventeen iso-
lates were colonizers (i.e., bacteria of the patients’ gastro-
intestinal tract), and 7 were from other parts of the body 
(3 urine, 2 blood, 2 other biologic fluids) (Table). We re-
covered 1–4 isolates/patient; 10 colonizing isolates were 
from intensive care units. Patients (9 men, 7 women) were 
50–87 years of age, and their clinical history included 
prolonged hospitalization (median 47 d, range 12–151 d); 
complicated conditions; and, for many, surgical interven-
tions, immunosuppression, or previous antimicrobial drug 
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use (usually β-lactams) favoring infection or colonization 
by multidrug-resistant (MDR) mcr-1–positive strains (10). 
Fecal samples were negative for CPE at admission (14/16 
patients screened) and for a median of 15 (range 3–94) days 

after admission (Figure 1, panel B). Five patients had 1 or 
2 extraintestinal infections with an MCR-1–producing iso-
late, sometimes with an isolate identical to one previously 
detected in their gastrointestinal tract.
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Figure 1. Selection for and 
testing of patients with Klebsiella 
pneumoniae carbapenemase 
3–producing mcr-1–positive 
Enterobacteriaceae, Porto, 
Portugal, 2016–2017. A) 
Flowchart demonstrating 
rationale for sample selection. 
First, we screened for 
asymptomatic carriage of CPE 
in the gastrointestinal tract 
(i.e., colonization by CPE) by 
testing patient fecal samples 
with Brilliance CRE Agar (Oxoid, 
Basingstoke, UK); Xpert Carba-R 
(Cepheid, Sunnyvale, CA, USA); 
and VITEK 2 (bioMérieux, Marcy 
l’Etoile, France). Second, we 
tested for CPE with all patient 
samples available. Last, we 
screened the carbapenemase-
producing isolates for mcr-1 
to identify the final sample. 
*CPE isolates and complete 
epidemiologic and clinical data 
were available for ≈75% of CPE 
patients. †The final sample 
screened for mcr-1 included 
only nonrepetitive isolates. For 
fecal samples, we considered 
isolates repetitive when detected 
in the same patient in samples 
collected within 72 h from each 
other. For other types of samples, 
we considered isolates repetitive 
when detected in the same 
sample type collected at the 
same time point. ‡Four patients 
carried mcr-1–positive isolates 
either in the gastrointestinal tract 
or in other body sites. B) Timeline 
representing epidemiologic 
data of the 16 patients with 
mcr-1–positive CPE. CPE, 
carbapenemase-producing 
Enterobacteriaceae; ICU, 
intensive care unit; MED, medical 
unit; SURG, surgical unit; TU, 
transplant unit.
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Colistin use and travel abroad were not recorded for 
any patient before mcr-1 detection; however, 5 of the 16 
patients had been hospitalized in the previous 6 months. 
Patients were treated for CPE infection with colistin and a 
carbapenem, which was supplemented with fosfomycin, ti-
gecycline, or piperacillin/tazobactam depending on clinical 
criteria. We missed colistin resistance initially because we 
used conventional antimicrobial susceptibility tests VITEK 
2 (bioMérieux, Marcy l’Etoile, France) and Etest (bioMéri-
eux), which are unreliable at detecting colistin resistance. 
Adequate colistin resistance monitoring (http://www.eu-
cast.org/fileadmin/src/media/PDFs/EUCAST_files/Gen-
eral_documents/Recommendations_for_MIC_determina-
tion_of_colistin_March_2016.pdf) and mcr-1 screening for 
CPE isolates was implemented in July 2017.

Isolates carrying mcr-1.1 were resistant to colistin 
(MIC 4–8 mg/L), produced K. pneumoniae carbapen-
emase 3 (KPC-3), and most (79%) produced CTX-M-15 
β-lactamase. Besides 100% resistance to third and fourth 
generation cephalosporins and monobactams, K. pneu-
moniae isolates were also frequently resistant to nalidix-
ic acid (100%), ciprofloxacin (96%), tigecycline (96%),  
tetracycline (92%), tobramycin (88%), gentamicin (88%), 
fosfomycin (83%), trimethoprim/sulfamethoxazole (79%), 
and chloramphenicol (67%) (Table). All isolates were  

susceptible to amikacin (which was contraindicated for 
some patients because of renal insufficiency) and ceftazi-
dime/avibactam (which was not available).

All but 1 K. pneumoniae isolate belonged to sequence 
type (ST) 45 and carried wzi101/K24, a clone that has been 
infrequently detected among clinical MDR K. pneumoniae 
isolates in Portugal (5,6) but has circulated among KPC-3 
producers (without mcr-1) during the same period (L. Peixe, 
unpub. data). We detected 1 mcr-1–positive K. pneumoniae 
(capsular type KL122) ST1112 isolate from the pus of an 
abdominal wall abscess in a patient having mcr-1–posi-
tive ST45 in previously collected fecal and urine samples 
(Table). The 2 whole-genome–sequenced K. pneumoniae 
ST45 isolates had genes encoding resistance to amino-
glycosides [aac(6’)Ib-cr,aac(3)-IIa]; β-lactams (blaKPC-3, 
blaSHV-1, blaOXA-1), fluoroquinolones [qnrB66, aac(6’)Ib-
cr,oqxAB], and other antimicrobial drugs [catB4,tet(A)]; 
1 of the 2 isolates possessed additional genes aph(4)-Ib, 
strAB, blaTEM-1B, blaCTX-M-15, catA1, sul2, and dfrA14.

In all mcr-1–positive isolates, the gene was located in 
an IncX4-type plasmid (Figure 2). Comparative genom-
ics revealed that this plasmid (pAN_M1A) is circulating 
among diverse hosts (humans, pig, poultry) and the environ-
ment in many different countries, including Portugal (11). 
We identified blaKPC-3 in a Tn4401d isoform in an ≈58-kb  
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Figure 2. Alignment of representative mcr-1–harboring IncX4 plasmids from different isolation sources and geographic regions. The 
mcr-1–harboring plasmid pAN_M1A was used as a reference plasmid. The outermost circle is an annotation of the reference plasmid 
and shows the direction of transcriptional open-reading frames. The pil loci and other genes (gray), replication-associated genes (dark 
blue), antimicrobial drug resistance gene (red), and insertion sequence (green) are indicated. The strategy for PCR mapping of mcr-1–
carrying plasmids is indicated by red arrows. Primer P1 targets pirF, P2 mcr-1 (3.3 kb), P3 mcr-1, and P4 parA (2.1 kb).
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IncN-ST15 plasmid, a minority platform in our previous 
survey (5); blaCTX-M-15 was associated with multireplicon 
plasmid IncFIIK-FIA-FIB. We deposited this whole-ge-
nome shotgun project at DDBJ/European Nucleotide Ar-
chive/GenBank under accession no. PEHI00000000.

We found that 5.7% (16/283) of hospitalized patients 
had gastrointestinal tracts colonized with mcr-1–positive 
CPE, and in 1.8% (5/283) of these patients, an infection 
developed; these rates are comparable with those report-
ed in China (up to 6.2% for fecal colonization, 1% for  

infections) (10,12). In China, only 1 outbreak involving 
mcr-1–carrying clinical isolates has been reported (13), 
and in Europe, a low occurrence (<1%) and sporadic clini-
cal cases have been reported (3,4). Colistin is a critical last 
resource antimicrobial drug; prolonged carriage of mcr-1–
positive MDR strains (especially by patients at discharge) 
represents a risk for subsequent infections and dissemina-
tion to other Enterobacteriaceae species. Of note, identify-
ing CPE asymptomatic carriers at discharge is a practice 
recommended in Portugal, though not mandatory.
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Table. Demographic and epidemiologic data for 16 patients with Klebsiella pneumoniae isolates producing KPC-3 and MCR-1, Porto, 
Portugal, 2016–2017* 
Patient 
no. 

Patient 
age, y/sex MLST 

Date of 
isolation Unit Specimen type Antimicrobial drug resistance profile of non-β-lactams† 

1 50/M ST45 2016 Sep 10 ICU-B Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 
TMP, SXT, NAL, CIP 

  ST45 2016 Sep 23 TU Peritoneal fluid GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 
TMP, SXT, CAM, NAL, CIP 

  ST45 2016 Oct 14 ICU-B Rectal swab MIN, FOT, TET, TGC, SXT, CAM, NAL, CIP 
  ST45 2016 Nov 8 TU Urine GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, NAL, CIP 
2 55/M ST45 2016 Sep 11 TU Rectal swab GEN, NET, TOB, STR, TET, MIN, TGC, FOT, TMP, 

SXT, CAM, NAL, CIP 
3 58/F ST45 2016 Sep 12 ICU-A Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
4 73/F ST45 2016 Oct 1 MED-B Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
  ST45 2016 Oct 4 MED-A Urine GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, NAL, CIP 
  ST1112 2016 Oct 22 ICU-B Pus TET, MIN, FOT, TMP, CAM, NAL, CIP 
5 72/M ST45 2016 Oct 10 ICU-A Rectal swab GEN, KAN, NET, TOB, TET, MIN, TGC, FOT, CAM, 

NAL, CIP 
  ST45‡ 2016 Oct 14 ICU-A Rectal swab GEN, KAN, NET, TOB, TET, MIN, TGC, FOT, CAM, 

NAL, CIP 
6 75/M ST45 2016 Oct 14 ICU-A Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
7 68/M ST45 2016 Oct 14 SURG Rectal swab GEN, KAN, TOB, STR, TET, MIN, TGC, FOT, TMP, 

SXT, NAL, CIP 
8 78/F ST45 2016 Oct 15 ICU-A Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
9 58/M ST45 2016 Oct 25 TU Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
10 51/M ST45 2016 Nov 1 MED-C Rectal swab KAN, NET, TOB, STR, TET, MIN, TGC, TMP, SXT, 

CAM, NAL, CIP 
11 87/F ST45‡ 2016 Nov 1 ICU-B Rectal swab GEN, KAN, STR, TET, MIN, TGC, FOT, TMP, SXT, 

NAL, CIP 
12 67/F ST45 2016 Nov 7 ICU-A Rectal swab GEN, TOB, STR, MIN, TGC, FOT, CAM, NAL, CIP 
13 57/M ST45 2016 Nov 7 ICU-B Blood GEN, NET, TOB, STR, TET, MIN, TGC, FOT, CAM, NAL 
14 76/M ST45 2016 Dec 30 MED-B Blood GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
  ST45 2017 Jan 2 MED-B Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, TMP, 

SXT, NAL, CIP 
15 85/F ST45 2017 Jan 16 MED-A Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, FOT, 

TMP, SXT, CAM, NAL, CIP 
  ST45 2017 Feb 7 MED-A Urine GEN, NET, TOB, STR, TGC, TMP, SXT, NAL, CIP 
16 63/F ST45 2017 Feb 7 ICU-B Rectal swab GEN, KAN, NET, TOB, STR, TET, MIN, TGC, TMP, 

SXT, NAL, CIP 
*CAM, chloramphenicol; CIP, ciprofloxacin; FOT, fosfomycin; GEN, gentamicin; ICU, intensive care unit; KAN, kanamycin; KPC-3, K. pneumoniae 
carbapenemase 3; MCR-1, mobilized colistin resistance 1; MED, medical unit; MIN, minocycline; MLST, multilocus sequence type; NAL, nalidixic acid; 
NET, netilmicin; SURG, surgical unit; ST, sequence type; STR, streptomycin; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline; TGC, tigecycline; 
TOB, tobramycin; TMP, trimethoprim; TU, transplant unit. 
†We considered isolates with intermediate susceptibility profiles resistant. 
‡Isolates selected for whole-genome sequencing. 
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Considering the absence of CPE at admission, nosoco-
mial acquisition and in-hospital dissemination of KPC-3–
producing strains carrying mcr-1 is plausible; however, we 
cannot rule out that other K. pneumoniae lineages or Esch-
erichia coli might have been the source of mcr-1. Although 
the prevalence of colonization of humans by mcr-1–positive 
strains is unknown in Portugal, previous detection of mcr-1 
in livestock, such as K. pneumoniae ST45 in pigs, suggests 
transmission through the food chain and wider dispersion of 
MCR-1–producing Enterobacteriaceae (8,11,14,15).

Conclusions
We report the emergence of mcr-1 in MDR KPC-3–pro-
ducing K. pneumoniae associated with an unnoticed out-
break. High rates of CPE and colistin use (2,5,6) together 
with an ongoing community-based dissemination of mcr 
forebodes of future similar events. Our data stress the need 
for a concerted action involving different professionals and 
healthcare institutions to monitor and contain the spread of 
mcr across human and veterinary niches, the food chain, 
and the environment.
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We report emerging subtropical bimodal seasonality and 
alternating predominance of norovirus GII.4 and non-GII.4 
genotypes in Hong Kong. GII.4 predominated in summer 
and autumn months and affected young children, where-
as emergent non-GII.4 genotypes predominated in winter 
months and affected all age groups. This highly dynamic 
epidemiology should inform vaccination strategies.

Human noroviruses are the leading cause of foodborne 
illnesses across all age groups (1) and account for 

nearly one fifth of all acute gastroenteritis (AGE) infections 
globally (2). Human noroviruses have started superseding 
rotavirus as the most common cause of AGE in children in 
regions where rotavirus vaccination has been widely and 
successfully deployed (3). This severe disease burden moti-
vates the development of a norovirus vaccine, and children 
are an important target group because of high incidence 
(4). The norovirus pandemic GII.4 genotype has been as-
sociated with most AGE infections since the mid-1990s (5) 
and thus was an important genotype included and tested in 
norovirus vaccine clinical trials (6); however, this histori-
cal predominance of norovirus GII.4 was challenged by the 
recent emergence of epidemic non-GII.4 genotypes in Asia 
(7–9). A better understanding of the changing norovirus 
epidemiology in Asia might inform the current strategy on 
norovirus surveillance and vaccine development.

The Study
Hong Kong is a subtropical coastal city in southern China 
and has a temperate climate with hot summers and dry win-
ters (Köppen-Geiger climate classification “Cwa”). Since 
March 2014, we have been monitoring virus genotypes in 
all hospitalized (i.e., severe) norovirus AGE case-patients 
of all ages diagnosed at the Prince of Wales Hospital of the 
Chinese University of Hong Kong and have reported the 

emergence and predominance of 2 previously less common 
non-GII.4 genotypes, GII.17 in 2014 and GII.2 in 2016 
(8,9). Here we present further analysis of the seasonal dy-
namics of different norovirus genotypes during a 42-month 
period from March 2014 through August 2017. We identi-
fied norovirus genotypes in 1,100 (88.3%) of 1,246 case-pa-
tients by means of partial viral protein 1 Sanger sequencing 
and genotype assignment using a genotyping tool avail-
able through the National Institute of Public Health and 
the Environment of the Netherlands (http://www.rivm.nl/
mpf/typingtool/norovirus). Seven case-patients were co-in-
fected with >1 norovirus genotype. The proportion of GII.4 
genotypes was 49.8% and that of non-GII.4 genotypes 
50.2%. Overwhelmingly, most norovirus GII.4 belonged 
to the GII.Pe-GII.4 Sydney variant (512/544; 94.1%; on-
line Technical Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/24/4/17-1791-Techapp1.pdf). The recent 
recombinant GII.P16-GII.4 Sydney that emerged and pre-
dominated in the United States during 2016–2017 (10) was 
only detected sporadically in Hong Kong (online Technical 
Appendix Figure 1). The 2 most prevalent norovirus non-
GII.4 genotypes were the recently emerged GII.17 (35.9%) 
and GII.2 (26.0%) (online Technical Appendix Figure 1).

We observed a bimodal seasonality of norovirus AGE 
requiring hospitalization, with periodic oscillation in the age 
group of admitted case-patients (Figure, panel A). Among 
the 19 months that norovirus preferentially affected young 
children <5 years old (as indicated by a monthly median age 
of case-patients <5 years), 17 (89%) were predominated by 
GII.4 genotype, whereas among the 23 months that preferen-
tially affected older children and adults, 19 (83%) were pre-
dominated by non-GII.4 genotypes (Figure, panel B). By age 
groups, norovirus GII.4 accounted for most (68.5%) case-
patients who were young children <5 years old, whereas nor-
ovirus non-GII.4 predominated in all other age groups: 5–17 
years (75.7%), 18–40 years (87.0%), 41–65 years (78.6%), 
and >65 years (63.2%). The median age of case-patients 
infected with the recently emerged GII.17 and GII.2 was 
significantly higher than that for those infected with GII.4 

Bimodal Seasonality and Alternating  
Predominance of Norovirus GII.4 and  

Non-GII.4, Hong Kong, China, 2014–20171
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(GII.4, 2 years [interquartile range (IQR) 1–4 years]; GII.17, 
49 years [IQR 10–72 years]; GII.2, 5 years [IQR 2–22 years]; 
p<0.0001, Kruskal-Wallis test) (online Technical Appendix 
Figure 2), as reported earlier over a shorter period (8,9). By 
season, late summer and autumn peaks were associated with 
norovirus GII.4, whereas winter peaks were associated with 
norovirus non-GII.4 (Figure, panel B). Norovirus infections 
have become equally common during summer and autumn 
months (52.3% of all infections during June–November) and 
during winter and spring months (47.7% of all infections 
during December–May).

Conclusions
We observed an influenza-like subtropical bimodal sea-
sonality and alternating predominance of norovirus GII.4 
and non-GII.4 genotypes, with each infecting different age 
groups. Norovirus GII.4 predominated in summer and au-
tumn months and preferentially affected young children, 

who are also one of the age groups most affected by seasonal 
influenza. In contrast, emergent norovirus non-GII.4 pre-
dominated in winter months and affected wider age groups 
(e.g., all age groups were affected by GII.17 and older chil-
dren and young adults by GII.2), a pattern which is reminis-
cent of pandemic influenza viruses. These findings illustrate 
a highly dynamic epidemiology of norovirus. A similar pat-
tern of alternating epidemics has been observed among the 
4 dengue virus serotypes and was shown to reflect moderate 
but not weak or strong interserotypic cross-protective immu-
nity (11). The alternating predominance of norovirus GII.4 
and non-GII.4 genotypes in severe infections might reflect 
an equally complex virus–human immunologic interaction 
on individual and population levels. This might be explained 
at least in part by the recently proposed concept that groups 
norovirus genotypes into so-called immunotypes (12). 

The out-of-phase oscillation in the demographic char-
acteristics of norovirus patients admitted to our hospitals 
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Figure. Bimodal seasonality and alternating predominance of norovirus GII.4 and non-GII.4 genotypes in Hong Kong, China, 
2014–2017. A) Temporal distribution of ages of patients hospitalized for norovirus gastroenteritis. Each dot represents 1 patient. Red 
horizontal bars indicate medians. B) Epidemic curve during the study period. All cases shown are stratified by norovirus viral protein 1 
genotype. Pink shading along baseline indicates months during which the median age of hospitalized case-patients was >5 years.



 Norovirus GII.4 and Non-GII.4, Hong Kong, China

complicated clinical resource allocation such as bed man-
agement in pediatric and medical wards. High norovirus 
activity during late summer and autumn overlaps with the 
local summer peaks of seasonal influenza (13) and further 
increases the burden on the already strained hospital sys-
tem. We speculate that the recent emergence of non-GII.4 
viruses modified the seasonality of noroviruses because 
a summer peak of this bimodal seasonal pattern occurred 
only once in an outbreak setting during a 7-year period 
(2005–2011), during which GII.4 predominated in Hong 
Kong (http://www.chp.gov.hk/files/pdf/prevention_and_
control_of_norovirus_infection_in_hong_kong_r.pdf). 

Hong Kong was implicated as an epicenter in the 
spread of norovirus GII.17 in China during winter 2014–15 
(14); whether or not the characteristic bimodal seasonality 
and alternating epidemic pattern we observed will favor the 
emergence of new noroviruses would be of public health 
importance. Of note, alternating predominance of 2 anti-
genic types of influenza B virus Yamagata lineage has been 
proposed as a mechanism to generate virus antigenic novel-
ty (15). Continued and focused norovirus surveillance and 
genotyping in Southeast Asia are necessary to identify geo-
graphic hotspots of new noroviruses and thus guide vac-
cine strain selection. The variability of affected age popula-
tions among norovirus genotypes underscores the need to 
consider virus genotype in quantifying norovirus disease 
burden; this approach will provide more comprehensive 
evidence to advise future norovirus vaccination strategy.
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A novel highly pathogenic avian influenza A(H5N6) virus af-
fecting wild birds and commercial poultry was detected in 
the Netherlands in December 2017. Phylogenetic analysis 
demonstrated that the virus is a reassortant of H5N8 clade 
2.3.4.4 viruses and not related to the Asian H5N6 viruses 
that caused human infections.

In 2014 and 2016, outbreaks of highly pathogenic avian 
influenza (HPAI) subtype H5N8 clade 2.3.4.4 were ob-

served among wild birds and domestic poultry worldwide 
(1) and in the Netherlands (2–4). Transcontinental spread 
of these viruses, and that of the earlier HPAI H5N1 virus 
(goose/Guangdong lineage) (5), has been linked to dis-
semination by migratory wild birds (6). A novel group B 
HPAI H5N6 virus (7) was detected in wild birds and com-
mercial poultry in the Netherlands in December 2017. On 
December 6–7, 2017, meat ducks on a 16,400-duck farm 
in the municipality of Biddinghuizen, the Netherlands, be-
gan dying at an exponentially increasing rate (Figure 1; 
online Technical Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/24/4/17-2124-Techapp1.pdf). The duck 
farm consisted of 2 barns, each housing ≈8,200 ducks. 
One-day-old ducklings started production in barn 1 on No-
vember 9 and in barn 2 on December 7. Mean water in-
take of ducks in barn 1 dropped by 8.5% during December 
4–5. Mean feed intake dropped by 4.3% during December 
3–5. Recording ended on December 5. On December 7, 
the clinical signs observed in barn 1, in addition to sudden 
death, were watery diarrhea, conjunctivitis, and nervous 
disorders. The following clinical signs were checked, but 
absent: edema (of the neck, head, and eyes); cyanosis (in 
the comb, wattle, and feet); hemorrhagic conjunctivae; and 
respiratory problems. No clinical signs were observed in 
the ducklings in barn 2.

The Study
We collected swab samples from the trachea and cloaca 
of clinically affected ducks for diagnostic testing. The 
samples tested positive by real-time PCR on the matrix 
gene (3) and H5-PCR (8), demonstrating notifiable avian 
influenza A subtype H5 virus. We performed hemaggluti-
nin (HA) and neuraminidase (NA) sequence analysis (3), 
which showed a HA cleavage site with polybasic proper-
ties PLREKRRKR*GLF, and subtyped the virus as HPAI 
subtype H5N6 on December 8. The intravenous pathoge-
nicity index determined in 6-week-old chickens for the 
novel H5N6 virus was 2.99, similar to that of the 2016 
H5N8 subtype, confirming the high pathogenicity of the 
H5N6 subtype. 

The farm was located in a water-rich area, densely 
populated with wild waterbirds. Several mute swans (Cyg-
nus olor) and a tufted duck (Aythya fuligula) were found 
dead in this area (online Technical Appendix Figure 1), 
and tested positive for HPAI H5N6 on December 11.

Since 2013, HPAI H5N6 viruses have emerged in 
poultry and caused sporadic infections in humans in Asia, 
raising global concerns regarding their potential as human 
pandemic threats. H5N6 viruses constitute >34 distinct 
genotypes, of which 4 were detected in humans (9). To 
genetically characterize the novel H5N6 subtype influ-
enza virus detected in the Netherlands, we sequenced the 
full genome of the viruses found at the duck farm, and in 
the 2 mute swans and the tufted duck (GISAID [http://
platform.gisaid.org] accession nos. EPI ISL 287907, EPI 
ISL 288409, EPI ISL 288410, and EPI ISL 288412), as 
described previously (4). Database searches (GISAID and 
GenBank) showed that these viruses are highly similar to 
the HPAI H5N8 clade 2.3.4.4 viruses, which were detect-
ed previously in wild birds at the Russia–Mongolia bor-
der in May 2016 (10), for the gene segments polymerase 
basic 1 (PB1), polymerase acidic (PA), HA, nucleopro-
tein (NP), matrix protein (MP), and nonstructural pro-
tein (NS) (Table). The polymerase basic 2 (PB2) and NA 
segments shared sequence similarity with Eurasian low 
pathogenicity avian influenza (LPAI) viruses. Moreover, 
the N6 gene of the H5N6 viruses found in the Nether-
lands showed high homology to those detected in Greece 
in February and in Japan and Taiwan in November– 
December 2017.

Novel Highly Pathogenic Avian Influenza 
A(H5N6) Virus in the Netherlands,  

December 2017
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To study the origin of the H5N6 virus detected in the 
Netherlands in December 2017, we performed a detailed 
phylogenetic analysis for all gene segments individual-
ly (online Technical Appendix Figure 2). This analysis 
shows that the novel H5N6 virus is genetically distinct 
from human H5N6 viruses found in China. The PB1, PA, 
HA, NP, MP, and NS gene segments are closely related 
to HPAI H5N8 viruses detected in Europe in 2016 (on-
line Technical Appendix Figure 2, panels B–E, G, H). In 
contrast, the PB2 and NA genes are most closely related 
to Eurasian LPAI viruses (online Technical Appendix 
Figure 2, panels A, F). Of note, the N6 segment of the 
virus in the Netherlands is closely related to, but distinct 
from, that of the H5N6 viruses detected in Greece, Ja-
pan, and Taiwan in 2017. Furthermore, the virus in the 
Netherlands has PB2 and PA segments that are distinct 
from those found in the viruses from Greece, Japan, and 
Taiwan (Figure 2). These results indicate that H5N6 virus 
in the Netherlands is a reassortant of the HPAI H5N8 sub-
type that obtained novel PB2 and NA segments.

To explain the emergence of the novel H5N6 virus, 
we performed molecular dating using the Bayesian skyline 
coalescent model in BEAST version 1.8 software (http://
beast.community/beast; online Technical Appendix Figure 
3) and calculated the time to most recent common ances-
tor for the HA and NA gene segments (online Technical 
Appendix Table 1). For the H5 segment, the viruses in 
the Netherlands, Greece, Taiwan, and Japan share a com-
mon ancestor with HPAI H5N8, which was dated in Janu-
ary–September 2016 (online Technical Appendix Figure 
3, panel A [node 1]). For the N6 segment, the common 

ancestor of the viruses in the Netherlands, Greece, Tai-
wan, and Japan was dated in December 2014–July 2016 
(online Technical Appendix Figure 3, panel B [node 2]). 
The novel H5N6 virus probably arose by reassortment of 
HPAI H5N8 and descendants of LPAI A/barnacle goose/
Netherlands/2014 (node 1), sometime in 2015–2016. These 
results suggest that the reassortment event that generated 
the novel HPAI H5N6 virus probably did not occur within 
the Netherlands in 2017.

Finally, we analyzed the genome of the novel H5N6 
virus for potential zoonotic signatures associated with 
increased human risk (online Technical Appendix Table 
2). We found that the virus has a typical avian receptor 
specificity and identified no sequence signatures associ-
ated with increased airborne transmission. In the MP and 
NS genes, we identified mutations that were associated 
with increased virulence, but similar mutations have 
been found in other H5 clade 2.3.4.4 viruses. Our analy-
sis demonstrated that the virus may have reduced sen-
sitivity to treatment with the antiviral drug oseltamivir.
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Figure 1. Daily mortality rate (% of ducks) in ≈8,000 ducks in barn 
1 of the case flock during outbreak of highly pathogenic avian 
influenza A(H5N6) in the Netherlands, 2017. The farmer counted 
the dead ducks every morning. During clinical inspection on the 
last day, an additional number of dead ducks was counted (12 h 
after the farmer’s morning count); the asterisk (*) indicates the 
total number of dead ducks at the end of the day on December 7 
(farmer count + clinical inspection count).

Figure 2. Schematic representation of the HPAI H5N6 reassortant 
virus detected in the Netherlands. Two variants of HPAI H5N8 
were detected in 2016; they have different PA gene segments, 
called PA I and PA II. The novel virus evolved from H5N8 viruses 
having a PA II gene segment, but obtained both novel NA and 
PB2 gene segments. The H5N6 viruses detected in Greece, 
Japan, and Taiwan have evolved from H5N8 viruses that have 
a PA I gene segment and have an N6 segment similar to the 
virus detected in the Netherlands. HPAI, highly pathogenic avian 
influenza; PB, polymerase basic; PA, polymerase acidic;  
HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; MP, 
matrix protein; NS, nonstructural protein.
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Conclusions
A novel reassortant HPAI H5N6 virus affected wild birds 
and commercial poultry in the Netherlands in December 
2017. Phylogenetic analysis demonstrated that the virus is 
related to the HPAI H5N8 clade 2.3.4.4 viruses but con-
tains novel PB2 and NA segments derived from Eurasian 
LPAI viruses. The N6 gene segment is related to that of 
HPAI H5N6 viruses found in Greece, Japan, and Taiwan, 
for which a common ancestor was estimated around No-
vember 2015. In addition, the H5N6 virus in the Neth-
erlands differs from that in Greece by the PA and PB2 
gene segments. This suggests that the H5N6 virus in the 
Netherlands did not result from continued circulation of 
the virus in Greece (or Europe) that was detected in Feb-
ruary 2017 but likely represents a separate introduction 
related to wild bird migration in fall 2017. The reassort-
ment events may have occurred on breeding grounds in 
Siberia, where large numbers of wild birds congregate, 

and the virus may have spread by long-distance flights of 
infected migratory birds (6).

Phylogenetic analysis demonstrated that the virus is not 
related to the zoonotic Asian H5N6 strains that cause infec-
tions in humans. Furthermore, genetic analysis identified no 
sequence features related to increased human risk. There are 
no indications that mammals (such as humans) can be in-
fected by the novel reassortant HPAI H5N6 viruses detected 
in the Netherlands, Greece, Japan, and Taiwan. We recom-
mend further studies in mammals (ferrets or mice) to provide 
experimental data on the virulence for mammals.
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Table 1. Genetic composition of the HPAI H5N6 virus isolated in the Netherlands, 2017* 
Virus segment GISAID no.† Identity, % Origin 
Polymerase basic 2 

   

 A/mallard duck/Netherlands/15/2011 (H6N8) EPI889820 97 European LPAI 
 A/Eurasian teal/Netherlands/1/2011 (H3N8) EPI889410 97 

 

 A/mallard duck/Netherlands/20/2011 (H6N8) EPI889594 97 
 

 A/greater white-fronted goose/Netherlands/6/2011 (H6N8) EPI1010712 97 
 

Polymerase basic 1 
   

 A/chicken/Kalmykia/2643/2016 (H5N8) EPI909458 99 H5N8 HPAI 2016 
 A/gadwall/Kurgan/2442/2016 (H5N8) EPI961447 99 

 

 A/T_Dk/NL-Werkendam/16014159–001/2016 (H5N5) EPI1117251 98 
 

 A/T_Dk/NL-Zeewolde/16013976–005/2016 (A/H5N8 EPI1019844 98 
 

Polymerase  
   

 A/T_Dk/NL-Monnickendam/16013865–006–008/2016 (H5N8) EPI1019770 99 H5N8 HPAI 2016 
 A/magpie/NL-Volendam/16014331–002/2016 (H5N8) EPI1019722 99 

 

 A/L-bl-ba-gull/NL-Sovon/16014324–014/2016 (H5N8) EPI1019706 99 
 

 A/G_c_grebe/NL-Monnickendam/16013865–009–010/2016 (H5N8) EPI1019650 99 
 

Hemagglutinin 
   

 A/Eur_Wig/NL-Zoeterwoude/16015702–010/2016 (H5N8) EPI1019638 99 H5N8 HPAI 2016 
 A/Eur_Wig/NL-Reeuwijk/16015903–003/2016 (H5N8) EPI1019590 99 

 

 A/Eur_Wig/NL-Leidschendam/16015697–007/2016 (H5N8) EPI1019582 99 
 

 A/Eur_Wig/NL-Gouda/16015824–001/2016 (H5N8) EPI1019550 99 
 

Nucleoprotein 
   

 A/gadwall/Kurgan/2442/2016 (H5N8) EPI961450 99 H5N8 HPAI 2016 
 A/wild duck/Tatarstan/3059/2016 (H5N8) EPI909453 99 

 

 A/T_Dk/NL-Werkendam/16014159–001/2016 (H5N5) EPI1117254 99 
 

 A/mute swan/Kaliningrad/132/2017 (H5N8) EPI1044548 99 
 

Neuraminidase 
   

 A/chicken/Greece/39_2017b/2017 (H5N6) EPI1122895 98 H5N6 HPAI 2017 
 A/spoonbill/Taiwan/DB645/2017 (H5N6) EPI1119073 97 

 
 A/barnacle goose/Netherlands/2/2014 (H3N6) EPI1011098 97 European LPAI 
 A/mute swan/Shimane/3211A001/2017 (H5N6) LC335983 97 

 

Matrix protein 
   

 A/mulard_duck/Hungary/59163/2016 (H5N8) EPI1032553 99 H5N8 HPAI 2016 
 A/mulard_duck/Hungary/62902/2016 (H5N8) EPI1032527 99 

 

 A/mulard_duck/Hungary/60369/2016 (H5N8) EPI1032519 99 
 

 A/goose/Hungary/59763/2016 (H5N8) EPI1032511 99 
 

Nonstructural protein 
   

 A/duck/Hungary/60441/2016 (H5N8) EPI866979 99 H5N8 HPAI 2016 
 A/goose/Italy/17VIR6358–3/2017 (H5N8) EPI1081973 99 

 

 A/swan/Italy/17VIR7064–1/2017 (H5N8) EPI1081921 99 
 

 A/mulard duck/Hungary/59163/2016 (H5N8) EPI1032556 99 
 

*HPAI, highly pathogenic avian influenza; LPAI, low pathogenicity avian influenza. 
†From GISAID EpiFlu database (http://platform.gisaid.org). 
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During May–August 2016, mumps virus genotype K was 
detected in 12 Vietnam citizens who entered China at the 
Shuikou border crossing and 1 girl from China. We provide 
evidence that mumps genotype K is circulating in Vietnam 
and was imported to China from Vietnam.

Mumps is an acute viral illness characterized by swell-
ing of the parotid glands. The disease is highly con-

tagious and shows nonspecific symptoms (e.g., headache 
and fever). However, in some cases complications, such 
as aseptic meningitis, orchitis, encephalitis, and deafness, 
might occur (1).

Mumps can be prevented by appropriate vaccina-
tion. Mumps virus–containing vaccine (e.g., MMR vac-
cines for measles, mumps, and rubella) has been given to 
children 18–24 months of age in China since 2008. How-
ever, this vaccine has not been included in immunization 
schedules in Vietnam (2). The Shuikou border crossing 
is located between TàLùng in CaoBằng Province, Viet-
nam, and Shuikou in Guangxi Province, China (online 
Technical Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/24/4/17-0591-Techapp1.pdf). Approximately 
≈1,500 persons/day cross the border between Vietnam and 
China to conduct business or receive healthcare. More than 
90% of these persons are from Vietnam, many of whom 
visit clinics in Shuikou and return home the same day. We 
report importation of mumps virus genotype K to China 
from Vietnam.

The Study
On May 15, 2016, a 7-year-old boy from Vietnam with 
bilateral parotid gland swelling was observed at the bor-
der crossing and considered to have a suspected case of 

mumps. Over the next 4 months, 11 other patients from 
TàLùng (online Technical Appendix Figure 1) with sus-
pected mumps were reported to the Longzhou County 
Center of Disease Prevention and Control (CDC) in China.  
None of these 12 patients had traveled outside CaoBằng 
Province, Vietnam, during the month before onset of in-
fection. However, 7 patients reported contact with persons 
who had mumps-like illness.

On July 15, 2016, an 11-year-old girl from China with 
fever and unilateral parotid gland swelling was clinically 
confirmed as having mumps (Table). She was living in a 
village near the Shuikou border crossing, and her father 
and other villagers used this border crossing almost daily 
to conduct business, which suggested that she might be epi-
demiologically linked to the Vietnam patients. None of the 
13 patients had received a mumps vaccine. We obtained 
data for all 13 patients (Table).

Throat swab specimens were collected from patients 
and immediately transported on icepacks to the Guangxi 
CDC. RNA was extracted from original samples and su-
pernatants of Vero/hSLAM-cell cultures (3) by using the 
Viral RNA Mini Kit (QIAGEN, Valencia, CA, USA). We 
amplified extracted RNA by using the SuperScript-III Plat-
inum One-Step Reverse Transcription PCR System (In-
vitrogen, Waltham, MA, USA) and primers for the small 
hydrophobic (SH) gene and hemagglutinin–neuraminidase 
(HN) gene as described (4,5). All throat swab specimens 
were positive for mumps virus by reverse transcription 
PCR. Mumps virus isolation was achieved for 8 (61.5%) of  
13 specimens.

PCR products were sequenced by Life Technologies 
(Shanghai, China). We performed analyses of nucleotide 
sequences of SH and HN genes and deduced amino acid 
sequences by using BioEdit (6) and the neighbor-joining 
method in MEGA6 software (7). In accordance with World 
Health Organization mumps virus nomenclature (8), vi-
ruses were named and assigned a genotype on the basis of 
comparison with 12 reference strains and a high bootstrap 
score. Sequences formed 2 distinct clusters; both clusters 
had greatest homology with genotype K reference strains 
Stockholm.SWE/26.83/1[K] and RW154.USA/0.70s[K]. 
The SH gene homologies were 93.0%–94.3% with Stock-
holm.SWE/26.83/1[K] and 93.9%–95.8% with RW154.
USA/0.70s[K]. Greatest heterogeneity was 15.6% with 
genotype A (online Technical Appendix Figure 2). A 
similar pattern was observed by additional phylogenetic 

Importation of Mumps Virus Genotype K  
to China from Vietnam

774 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018

DISPATCHES

Author affiliations: Guangxi Zhuang Autonomous Region Center 
for Disease Prevention and Control, Nanning, China (W. Liu,  
L. Deng, Y. Ma, Q. Deng, G. Zhong); Shuikou Entry–Exit  
Inspection and Quarantine Bureau, Longzhou, China (X. Lin,  
X. Xue); Longzhou County Center for Disease Prevention and 
Control, Longzhou (X. Wang); Public Health England, London,  
UK (L. Jin)

DOI: https://doi.org/10.3201/eid2404.170591



 Importation of Mumps Virus to China from Vietnam

analysis with the HN gene (Figure 1), recommended by the 
World Health Organization (8). These analyses confirmed 
that all viruses had genotype K.

We performed further analysis of the SH gene to eval-
uate diversity of genotype K by construction of a phylo-
genetic tree that included 17 genotype K sequences from 
GenBank; 2 F strains detected in Guangxi Province dur-
ing 2009–2012; reference strains of genotypes F, K, and A; 
and the mumps vaccine (S79/Jeryl Lynn, HQ416906) used 
in China. Homologies between the 2 clusters and other K 
strains ranged from 94.9% to 100% (Figure 2). Cluster 1, 
which contains the sequence obtained from the patient in 
China, is only 1 nt different from the K strain detected in 
the United States in 2012 (Washington.USA/4.12). This 
cluster is also closer to K strains detected more recently 
(2012–2016). Cluster 2 contains the remaining sequences 
from Vietnam, and this cluster is closely related to the K 
strain reported in 2009 in Canada (Alberta.CAN/19.09[K]). 
The genotype F virus identified in Guangxi (Guangxi.
CHN/7.12[F]) showed a 9.5%–11.1% difference from 
the 2 K clusters. All sequences were submitted to Gen-
Bank (accession nos. KX622738–KX622745, KX671152, 
KX965999–KX966002, and KX966004–KX966016).

We compared amino acid sequences of the SH gene 
with sequences of other genotype K strains and found 5-aa 
differences between cluster 1 and cluster 2 isolates. The 
amino acid sequence of the Washington.USA/4.12 strain 
was identical to those in cluster 1, whereas strains in cluster 
2 were unique for all amino acid sequences analyzed (on-
line Technical Appendix Figure 3).

Conclusions
Laboratory investigations suggested an ongoing mumps 
outbreak in Vietnam. Further supportive information 
was obtained from the Official News Website of the 
government of Vietnam (9–12). During January–May 
2016, >600 mumps cases were reported, which was 10 

times higher than during the same period in 2015. The 
mumps outbreak occurred initially in southern Vietnam 
and quickly spread to northern provinces. In June, 1 hos-
pital in the middle northern region had 50 patients with 
mumps, of whom 5 had encephalitis as a complication 
(12). The mumps epidemic became more severe in April 
in the northern region, which includes CaoBằng Province, 
where the Shuikou border crossing is located. TàLùng, 
Vietnam, and Shuikou, China, in this region are sepa-
rated by the river Sông-băc-vọng/Shuikou (Vietnamese/
Chinese name) River. Mumps vaccination is not part of 
the Vietnam national immunization program (2), and a 
shortage of the mumps vaccine has been confirmed by the 
government of Vietnam.

Because of lack of laboratory data for Vietnam, detec-
tion of mumps outbreaks by routine laboratory surveillance 
has not been established in this country. Patients identified 
in this report were probably linked to outbreaks described 
on the basis of timing and residence. We confirm that 
mumps virus genotype K is circulating in Vietnam, which 
is consistent with a report that genotype K is still circulating 
(13), and is supported by evidence that 2 recent genotype 
K strains, 1 from Canada (Ontario.CAN/52.12[K]) and 1 
from the United States (Washington.USA/4.12[K]), were 
imported from Vietnam (R.J. McNall et al., pers. comm.).

The latest summary of global distribution of mumps 
genotypes (8,13) showed that genotype F has been circulat-
ing in China since 1995. Until now, genotype K was not 
identified in China. Mumps virus genotype K detected in 
the patient from China was identical to 1 of the Vietnam 
genotype K variants, suggesting that transmission of this 
genotype into China was caused by an importation from 
Vietnam. No further transmission has been identified in 
China, suggesting that vaccination coverage is high in the 
hometown of the child, although some cases might have 
been missed because up to 30% of mumps infections can 
be asymptomatic.
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Table. Characteristics of 13 mumps patients during importation of mumps virus genotype K to China from Vietnam, 2016* 

Patient 
no. Age, y/sex 

Date of 
illness onset 

Date of sample 
collection 

Parotid 
gland 

swelling 
Body 

temperature, °C  

Virus 
isolation 

result Mumps virus strain 
1 7/M May 15 May 15 Bilateral 37.3 + MuVi/CaoBang.VNM/20.16/1[K] 
2 9/F May 16 May 21 Bilateral 36.8 – MuVs/CaoBang.VNM/21.16/1[K] 
3 4/M May 16 May 22 Bilateral 37.5 – MuVs/CaoBang.VNM/21.16/2[K] 
4 5/M Jun 4 Jun 4 Unilateral 37.5 + MuVi/CaoBang.VNM/23.16/1[K] 
5 4/M Jun 6 Jun 6 Bilateral 37.0 + MuVi/CaoBang.VNM/24.16/1[K] 
6 5/M Jun 13 Jun 14 Unilateral 37.5 + MuVi/CaoBang.VNM/25.16/1[K] 
7 6/M Jun 13 Jun 14 Unilateral 38.0 + MuVi/CaoBang.VNM/25.16/2[K] 
8 5/F Jun 17 Jun 19 Bilateral 37.0 + MuVi/CaoBang.VNM/25.16/3[K] 
9† 11/F Jul 15 Jul 20 Unilateral 38.8 – MuVs/Guangxi.CHN/29.16/1[K] 
10 10/M Jul 15 Jul 15 Unilateral 38.6 – MuVs/CaoBang.VNM/29.16/1[K] 
11 27/F Aug 1 Aug 3 Unilateral 37.0 + MuVi/CaoBang.VNM/32.16/1[K] 
12 23/F Aug 1 Aug 3 Bilateral 36.8 + MuVi/CaoBang.VNM/32.16/2[K] 
13 30/M Aug 4 Aug 8 Bilateral 36.5 – MuVs/CaoBang.VNM/32.16/3[K] 
*All patients had positive results for mumps virus by PCR. +, positive; –, negative. 
†Patient in China. 
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Figure 1. Phylogenetic tree of hemagglutinin–neuraminidase genes of 13 isolates of mumps virus genotype K from 1 patient from China 
and from 12 patients from Vietnam (solid black circles) compared with reference isolates. Solid black triangles indicate F strains isolated 
in Guangxi Province, China. The tree was constructed by using the neighbor-joining method in MEGA6 software (7). The Kimura-2 
parameter model was used, and robustness of internal branches was determined by using 500 bootstrap replications. Numbers along 
branches are bootstrap values. Scale bar indicates nucleotide substitutions per site. MuV, mumps virus.
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Figure 2. Phylogenetic tree of small hydrophobic genes of 13 isolates of mumps virus genotype K isolated in China from 1 patient 
from China and 12 patients from Vietnam (solid black circles) compared with reference isolates. The tree was constructed by using 
the neighbor-joining method in MEGA6 software (7). The Kimura-2 parameter model was used, and robustness of internal branches 
was determined by using 500 bootstrap replications. Numbers along branches are bootstrap values. Scale bar indicates nucleotide 
substitutions per site. MuV, mumps virus.
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The lack of a strong global surveillance system makes 
understanding transmission patterns of mumps challenging. 
We provide evidence that mumps genotype K is circulating 
in Vietnam, and the sequence information presented confirms 
epidemiologic links between cases. These data increase un-
derstanding of the distribution of mumps virus genotypes and 
highlight the need for enhanced surveillance of infectious dis-
eases at all border crossings between Vietnam and China.
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We conducted a cohort study to identify characteristics as-
sociated with testing for, and testing positive for, coccidioi-
domycosis among patients with community-acquired pneu-
monia in southern California, USA. Limited and delayed 
testing probably leads to underdiagnosis among non-His-
panic black, Filipino, or Hispanic patients and among high-
risk groups, including persons in whom antimicrobial drug 
therapy has failed.

The public health impact of coccidioidomycosis (Valley 
fever) in the United States is increasing. The causative 

fungus, Coccidioides, is endemic to the southwestern and 
western United States. In 2015, California reported 3,015 
cases, ≈25% of all US cases (1,2). In areas of Arizona 
where coccidioidomycosis is highly endemic, the disease 
might be responsible for 15%–29% of community-acquired 
pneumonia (CAP) cases; however, in some studies, <15% 
of CAP patients are tested, suggesting that the disease is un-
derrecognized, even in endemic areas (3–5). Testing prac-
tices for CAP patients in southern California have not been 
well documented. Therefore, we determined the proportion 
of CAP patients who were tested, the proportion who tested 
positive, and clinical factors associated with being tested 
and having confirmed coccidioidomycosis among patients 
enrolled in the Kaiser Permanente Southern California 
(KPSC) healthcare system in 2011.

The Study
KPSC is an integrated healthcare organization with ≈4.4 
million members who are representative of the socioeco-
nomic and racial/ethnic diversity of the area’s popula-
tion (6). KPSC uses electronic health records (EHRs) to  

integrate medical information from all care and laboratory 
settings. We included all KPSC patients meeting member-
ship criteria who had CAP diagnosed and received treat-
ment for CAP as outpatients (online Technical Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/24/4/16-1658-
Techapp1.pdf). Information about each patient’s medi-
cal history during 2001–2011 was based on International 
Classification of Disease, Ninth Revision (ICD-9), codes 
retrieved from EHRs.

We searched CAP patient EHRs to identify coccidioi-
domycosis laboratory testing from all care settings (online 
Technical Appendix Table 1). We sought documentation 
of a coccidioidomycosis-related ICD-9 code (114.X) in 
any encounter type from 1 week before to 1 year after the 
sample collection date for patients with confirmed coccidi-
oidomycosis cases. We excluded patients having received 
an ICD-9 coccidioidomycosis diagnosis before 2011 and 
those who had a hospitalization during the 2 weeks before 
CAP diagnosis.

To identify factors for multivariable modeling, we 
used χ2 and t-tests (statistical significance defined as 
p<0.2), clinical knowledge, and a backward selection algo-
rithm testing for interaction terms. We conducted analyses 
in SAS version 9.3 (SAS Institute, Cary, NC, USA).

After exclusions, the final cohort consisted of 33,756 
patients (online Technical Appendix Table 2). Among 
patients with CAP, 2,061 (6%) were tested for coccidioi-
domycosis within 1 year of CAP diagnosis. A median of 
6 (mean 46) days and a median of 2 (mean 5) clinic en-
counters elapsed between the index CAP date (i.e., the date 
the CAP ICD-9 code was first used) and the first order for 
a coccidioidomycosis test. Among patients who initially 
tested negative, 5% had a repeat test within 30 days and 
8% within 90 days.

In adjusted analyses, testing for coccidioidomycosis 
was less likely among female patients and among His-
panic patients who survived 1 year after the index CAP 
date (compared with surviving non-Hispanic whites) (on-
line Technical Appendix Table 2). Pulmonary clinics were 
most likely to test for coccidioidomycosis. Increasing  
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numbers of healthcare encounters involving a CAP ICD-9 
code, inpatient visits, chest radiograph orders, and antimi-
crobial drug prescriptions in the year after CAP diagnosis 
increased the odds of being tested for coccidioidomyco-
sis. Patients whose race/ethnicity was Filipino, Hispanic, 
American Indian/Alaska Native multiple, other, or un-
known who died (from any cause) had increased odds of 
being tested for coccidioidomycosis compared with surviv-
ing non-Hispanic whites.

Of the 2,061 CAP patients tested for coccidioidomyco-
sis, 377 (18%) were positive by any test; of these, 45 (12%) 
had >1 previous negative test before testing positive, and 
172 (46%) were confirmed by complement fixation or im-
munodiffusion. Among those who tested positive by both 
IgG and IgM enzyme immunoassay (EIA), 88% were con-
firmed by complement fixation or immunodiffusion; only 
10% of IgG-positive results and 7% of IgM-positive results 
were confirmed (online Technical Appendix Table 3).

In adjusted analyses, female sex was associated with 
reduced odds of testing positive (adjusted odds ratio [aOR] 
0.60 [95% CI 0.42–0.86]). Persons of Filipino ethnicity 
(aOR 3.56 [95% CI 1.57–8.08]), non-Hispanic black race 
(aOR 2.78 [95% CI 1.50–5.12]), and Hispanic ethnicity 
(aOR 1.83 [95% CI 1.23–2.73) were more likely to test 
positive than were non-Hispanic whites. Kern County resi-
dents were more likely to test positive than Los Angeles 
County residents (aOR 2.48 [95% CI 1.56–3.95]) (online 
Technical Appendix Table 4). Having antimicrobial drugs 
prescribed >2 times (in addition to the treatment-defining 
CAP diagnosis) from 1 week before the first CAP visit to 
the first coccidioidomycosis test (aOR 4.57 [95% CI 1.29–
16.12]) and having chest radiographs within 1 year after 
CAP diagnosis (aOR 2.30 [95% CI 1.54–3.45]) were as-
sociated with increased odds of testing positive.

Conclusions
We assessed testing practices for coccidioidomycosis 
among patients with CAP in southern California and found 
that only 6% of CAP patients were tested, of whom 18% 
were coccidioidomycosis-positive by any test and 8% by 
confirmatory testing. Further, our data highlight delayed 
testing for some patients, low rates of retesting, and oppor-
tunities to reduce unnecessary antibiotic use.

In addition to low overall testing rates, we detected sub-
stantial testing delays, suggested by much higher estimated 
mean (compared with median) time to testing. We might 
underestimate delays because patients might have had CAP-
related visits before the study period began. Delays in test-
ing have been noted previously but were shorter among per-
sons who knew about the disease before seeking healthcare, 
suggesting a benefit of community awareness (7).

Delays in testing affect healthcare use. CAP patients 
tested for coccidioidomycosis were more likely to have 

received multiple courses of antimicrobial drugs, experi-
enced more inpatient admissions for CAP, and received 
more chest radiographs than CAP patients who were not 
tested, suggesting substantial resource utilization and pos-
sible worsening of symptoms before coccidioidomycosis 
was considered. Further, patients with confirmed coccidi-
oidomycosis were more likely to have received >2 addi-
tional antimicrobial drug prescriptions between CAP diag-
nosis and their first coccidioidomycosis test. Other studies 
have described high rates of initial and subsequent antimi-
crobial treatment among coccidioidomycosis patients in  
Arizona (5,7).

Patients of Filipino, Hispanic, non-Hispanic black, 
and American Indian/Alaska Native or multiple, other, 
or unknown race/ethnicity who died had ≈8, 2, 2, and 
3 times the odds of being tested for coccidioidomyco-
sis, respectively, compared with surviving non-Hispanic 
whites. Although we could only capture all-cause mortal-
ity, the high probability for testing among patients who 
do not survive suggests possible progression of severe 
disease before consideration of coccidioidomycosis. Ad-
ditionally, non-Hispanic black and Filipino patients with 
CAP had greater odds than non-Hispanic whites for hav-
ing coccidioidomycosis. Historically, non-Hispanic black 
and Filipino patients have been identified as having in-
creased risk for severe or disseminated coccidioidomy-
cosis compared with other racial/ethnic groups (8–11). 
Unfortunately, we were unable to control for exposure-
related factors, such as occupation, which might correlate 
with race/ethnicity.

Experts at the University of Arizona suggest that pa-
tients who initially have a negative serologic test should 
be retested within 2 months because serologic tests can 
be negative early in the course of infection (12). In our 
cohort, 12% of patients with any positive coccidioido-
mycosis test had previous negative tests. However, few 
CAP patients (8%) who tested negative were retested. 
Thus, increased awareness of repeat testing for those 
with persistent symptoms might be warranted. However, 
EIA testing has limitations; although it is widely used be-
cause it is faster and requires less technical expertise than 
complement fixation or immunodiffusion, the specificity 
is low. Having a positive EIA test result for IgG or IgM 
alone in our study correlated very poorly with positive 
confirmatory testing.

In conclusion, limited testing for coccidioidomycosis 
likely precludes accurate assessment of the overall fre-
quency of the disease among CAP patients. Physician and 
community education might improve overall detection and 
result in earlier detection, which could be beneficial in de-
creasing overuse of antimicrobial drugs, reducing time and 
resources spent seeking other diagnoses, and improving 
monitoring for coccidioidomycosis complications.
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A putative new lyssavirus was found in 2 Japanese pip-
istrelles (Pipistrellus abramus) in Taiwan in 2016 and 2017. 
The concatenated coding regions of the virus showed 
62.9%–75.1% nucleotide identities to the other 16 species 
of lyssavirus, suggesting that it may be representative of a 
new species of this virus.

The Lyssavirus genus within the family Rhabdoviridae 
is composed of 14 species of lyssavirus: rabies lyssa-

virus (RABV), Lagos bat lyssavirus (LBV), Mokola lys-
savirus (MOKV), Duvenhage lyssavirus (DUVV), Euro-
pean bat 1 lyssavirus (EBLV-1), European bat 2 lyssavirus 
(EBLV-2), Australian bat lyssavirus (ABLV), Aravan lys-
savirus (ARAV), Khujand lyssavirus (KHUV), Irkut lys-
savirus (IRKV), Shimoni bat lyssavirus (SHIBV), Bokeloh 
bat lyssavirus (BBLV), West Caucasian bat lyssavirus 
(WCBV), and Ikoma lyssavirus (IKOV) (1). In addition, 
Lleida bat lyssavirus (LLEBV) (1,2) and Gannoruwa bat 
lyssavirus (GBLV) (3) were recently identified in bats, 
but their taxonomic statuses have not been determined by 
the International Committee on the Taxonomy of Viruses. 
The genus Lyssavirus can be subdivided into phylogroup 1 
(RABV, DUVV, EBLV-1, EBLV-2, ABLV, ARAV, KHUV, 
IRKV, BBLV, and GBLV) and phylogroup 2 (LBV, MOKV, 
and SHIBV) according to genetic distances and serologic 
cross-reactivity (1–3). The remaining species, WCBV, 
IKOV, and LLEBV, cannot be included in either of these 
phylogroups (1,2).

Bats are the natural hosts of most lyssaviruses, with 
the exceptions of MOKV and IKOV, which have not been 
identified in any bats (1–4). Information about lyssavirus-
es in bats in Asia is limited. In Central Asia, ARAV was 

identified in the lesser mouse-eared bat (Myotis blythi) 
in Kyrgyzstan in 1991, and KHUV was identified in the 
whiskered bat (M. mystacinus) in Tajikistan in 2001 (5). 
In South Asia, GBLV was identified in the Indian flying 
fox (Pteropus medius) in Sri Lanka in 2015 (3). Although 
IRKV was identified in the greater tube-nosed bat (Murina 
leucogaster) in China in 2012 (6), knowledge of the exact 
species and locations of lyssaviruses in East Asia bat popu-
lations remains limited.

In this article, we report a putative new lyssavirus iso-
lated during our surveillance program in Taiwan. Our dis-
covery suggests that this lyssavirus may be representative 
of a new species, based on genetic distance.

The Study
Specimens for this study were collected under a permit is-
sued by the Forestry Bureau, Council of Agriculture, Ex-
ecutive Yuan, Taiwan (document no. 1055104969). From 
2014 through the end of May 2017, a total of 332 bat car-
casses from 13 species were collected for lyssavirus sur-
veillance. Of the collected individuals, 2 tested positive for 
the virus by direct fluorescent antibody testing and reverse 
transcription PCR (7–9). The first bat showing loss of appe-
tite without specific clinical signs was found in Tainan City 
and died on July 2, 2016. The second bat was found dead 
in Yunlin County on April 12, 2017, and the carcass was 
shipped to the Animal Health Research Institute (AHRI) 
in New Taipei City. We obtained two 428-bp amplicons 
(N113F/N304R, containing the partial nucleoprotein [N] 
gene and phosphoprotein [P] gene) from these cases us-
ing lyssavirus screen primers (Table 1); we then subjected 
their sequences to BLAST (https://www.ncbi.nlm.nih.gov/
BLAST/), querying the GenBank database. Both sequenc-
es were similar to lyssaviruses, with nucleotide identities 
<79%.The 2 bats were identified as Japanese pipistrelle 
(Pipistrellus abramus), or Japanese house bat, by morphol-
ogy (J.T. Wu, Taxonomic study of the genus Pipistrellus 
[chiroptera: vespertilionidae] in Taiwan. Master’s thesis, 
Department of Biological Resources, National Chiayi Uni-
versity, Chiayi City, Taiwan, 2007 [in Chinese]) and DNA 
barcoding (based on subunit 1 of the mitochondrial protein 
NADH dehydrogenase [ND1] gene) (10). The 2 sequences 
of partial ND1 genes were then submitted to GenBank; the 
first had been designated as 2016-2300 (GenBank acces-
sion no. MG763889) and the second 2017-1502 (GenBank 
accession no. MG763890).

We isolated lyssavirus successfully from the 2  
bats’ brains; we confirmed the identity of lyssavirus  
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morphologically by electron microscopy (11) and mo-
lecularly by nucleotide sequencing. In addition, after we 
isolated the viruses from the brain tissues, we performed 
reverse transcription PCR and virus isolation for visceral 
organs and salivary glands; both tests were positive for the 
salivary glands of both bats.

We determined nucleotide sequences of the ge-
nome of the isolated viruses, designated Taiwan bat lyssa-
virus (TWBLV). The first TWBLV isolate was designated 
TWBLV/TN/2016 (GenBank accession no. MF472710), 
and the second TWBLV/YL/2017 (GenBank accession 
no. MF472709). We amplified the nucleoprotein (N),  
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Table 1. Lyssavirus screen primers and the 12 amplifying primer sets used to identify Taiwan bat lyssavirus, a putative new lyssavirus 
found in 2 Japanese pipistrelles (Pipistrellus abramus) in Taiwan in 2016 and 2017 
Primer name Sequence, 5 3 Position* 
Lyssavirus screen   
 JW12 (7) ATGTAACACCYCTACAATG  
 N165–146 (7) GCAGGGTAYTTRTACTCATA  
 N113F (8) GTAGGATGCTATATGGG  
 N304R (9) TTGACGAAGATCTTGCTCAT  
Lyssavirus full genome   
 TWBLV 1F ACGCTTAACGACAAAAYC 1–18* 
 TWBLV 1R TCTTGCATTTCTTTCTCATC 1154–1173 
 TWBLV 2F TTCGTAGGATGTTACATGGG 1010–1029 
 TWBLV 2R TAAAAATATCCCAGAAGATC 2174–2193 
 TWBLV 3F AGARATAGCWCATCAGATWGC 2118–2138 
 TWBLV 3R CTATTGTGTGGCACCATWAC 3205–3224 
 TWBLV 4F GATGAGGATAAGAACACATC 3072–3091 
 TWBLV 4R TCCTGAAGTGACTGAGTTTTC 4274–4294 
 TWBLV 5F CTGATGGAYGGRTCATGGGT 4081–4100 
 TWBLV 5R GAGACAGGAGCCGGAGTCTT 5280–5299 
 TWBLV 6F AACAGGTAGCTCCCGAGTTTGTTC 4881–4904 
 TWBLV 6R CTGAGTGAGACCCATGTATCCAAA 5767–5790 
 TWBLV 7F ACTGAGGTTTATGATGACCC 5478–5497 
 TWBLV 7R CCCCAGTGTCTATARCAWCC 6561–6580 
 TWBLV 8F CATTCTTTGGGGGATTTCCC 6426–6445 
 TWBLV 8R GTTTGTGATTCTCTRTCWATC 7595–7615 
 TWBLV 9F CATGCTGGAACGGTCAGGAYG 7522–7542 
 TWBLV 9R CTGAGTTAAAGAAAGATTCTT 8662–8682 
 TWBLV 10F CTCAGTGAGTTRTTYAGCTC 8547–8566 
 TWBLV 10R CAGATAGAAGAGCCTATT 9746–9763 
 TWBLV 11F CATGATTCAGGGTAYAAYGA 9648–9667 
 TWBLV 11R GTCTGTAACTTCTGCATCAC 10862–10871 
 TWBLV 12F ATCTGGGAAAAGCCATCAGA 10755–10774 
 TWBLV 12R ACGCTTAACAAAAAAAACAA 11961–11980 
*Compared with reference genomic sequence, Irkut lyssavirus (GenBank accession no. NC020809). TWBLV, Taiwan bat lyssavirus. 

 

 
Table 2. Nucleotide identities for the N, P, M, G, L genes and the concatenated coding genes between Taiwan bat lyssavirus, a 
putative new lyssavirus found in 2 Japanese pipistrelles (Pipistrellus abramus) in Taiwan in 2016 and 2017, compared with other 
lyssaviruses* 

Lyssavirus species (GenBank accession no.) 

 Concatenated 
coding genes 

(N+P+M+G+L) 
Identity, % 

N P M G L 
Rabies lyssavirus (NC001542) 75.2 62.8–63.1 74.6–74.8 61.6–62.3 71.7 70.0–70.1 
Lagos bat lyssavirus (NC020807) 73.5–73.7 53.8–54.1 73.6 55.0–55.6 71.3–71.4 67.8–67.9 
Mokola lyssavirus (NC006429) 72.7–73.3 52.2–52.4 72.0–72.6 56.7–56.9 70.6–70.7 67.3 67.4 
Duvenhage lyssavirus (NC020810) 77.7–77.9 67.5–67.6 78.4–79.2 63.9–64.0 74.8–74.9 73.2 
European bat 1 lyssavirus (NC009527) 78.8–79.4 69.6–69.7 80.9–81.1 66.1 76.7–76.8 75.1 
European bat 2 lyssavirus (NC009528) 75.3–75.6 66.0–66.3 79.2–79.5 64.5–64.6 73.7 72.2–72.3 
Australian bat lyssavirus (NC003243) 76.3–76.5 62.2 72.1 61.7–62.0 72.3–72.5 70.4 
Aravan lyssavirus (NC020808) 76.5 76.7 65.6–66 80.3–80.6 64.4–64.5 74.6–74.9 72.9–73.1 
Khujand lyssavirus (NC025385) 74.6–74.7 67.0–67.1 78.6–78.7 64.5–64.9 74.2–74.3 72.4–72.5 
Irkut lyssavirus (NC020809) 79.0–79.1 68.3–68.6 80.3 65.3–65.8 75.3–75.4 74 
Irkut lyssavirus-THChina12 (JX442979) 80.5–80.6 68.7–69.0 79.8–80.0 64–64.6 75.1–75.4 74 
West Caucasian bat lyssavirus (NC025377) 72.3–72.7 51.2–51.5 71.4 52.0 68.3–68.4 65–65.2 
Shimoni bat lyssavirus (NC025365) 74.1–74.5 54.9–55.1 74.2–74.6 56.2–56.4 71.1–71.2 68.2 
Ikoma lyssavirus (NC018629) 69.7–69.8 51.9–52.3 69.3–69.6 50.9–51.2 65.4–65.6 62.9 
Bokeloh bat lyssavirus (NC025251) 75.0–75.2 66.0–66.3 78.2 64.4–64.5 74.1–74.2 72.3–72.4 
Lleida bat lyssavirus (NC031955) 69.2–69.5 50.8–50.9 70.4–70.9 51.2 66.2 63.2–63.3 
Gannoruwa bat lyssavirus (NC031988) 75.5–75.7 62.8–63.1 75.4–75.7 63.7–64.3 73.5–73.6 71.5–71.6 
*G, glycoprotein; L, RNA-dependent RNA polymerase; M, matrix protein; N, nucleoprotein; P, phosphoprotein. 
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phosphoprotein (P), matrix protein (M), glycoprotein (G), 
and RNA-dependent RNA polymerase (L) genes of the 2 
TWBLV isolates by 12 primer sets designed by the AHRI 
(Table 1). The genome length of the 2 TWBLV isolates was 
11,988 bases, with G+C contents of 43.66% for TWBLV/
TN/2016 and 43.83% for TWBLV/YL/2017. The genomic 
organization was similar to those of other lyssaviruses: 3′ un-
translated region (UTR), 70 nt; N, 1356 nt; N-P UTR, 99 nt; 
P, 897 nt; P-M UTR, 82 nt; M, 609 nt; M-G UTR, 212 nt; 
G,1629 nt; G-L UTR, 518 nt; L, 6384 nt; and 5′ UTR, 132 nt. 
The 2 TWBLV isolates showed 98.7% nucleotide identity in 
the N gene and 98.6% nucleotide identity in the concatenated 
coding genes (N+P+M+G+L). Nucleotide identities of dif-
ferent genes between the TWBLVs and the other 16 lyssavi-
ruses are listed in Table 2. For the N gene, the TWBLVs had 
the highest identities with IRKV (79.0%–80.6%), followed 
by EBLV-1 (78.8%–79.4%). The TWBLVs shared nucleo-
tide identities with the concatenated coding genes of EBLV-
1 (75.1%), followed by IRKV (74.0%). The phylogenetic 
analysis demonstrated that lyssaviruses were separated into 2 
phylogroups; the TWBLVs were grouped into phylogroup 1 
and clustered with the EBLV-1, IRKV, and DUVV (Figure).

Conclusions
We report a lyssavirus, TWBLV, that is closely related to 
EBLV-1, IRKV, and DUVV. The full-length nucleotide 

sequence of the concatenated coding genes of TWBLV 
showed 62.9%–75.1% nucleotide identities to the other 16 
lyssaviruses (Table 2), and TWBLV was the most closely 
related to EBLV-1. The demarcation criteria of lyssavirus 
species, established by the International Committee on 
the Taxonomy of Viruses, include genetic distance, topol-
ogy, antigenic patterns, and additional characteristics (12). 
Based on genetic distance, no similarity to the other lys-
savirus species of more than 75.1% nucleotide identities of 
the concatenated coding genes of TWBLVs suggested that 
the isolated TWBLV was a new lyssavirus species.

The presence of TWBLV in the bats’ salivary glands 
suggested that TWBLV may be shed through saliva. The 
study showed that the bat in East Asia could be infected 
with lyssavirus; however, because of the limited surveil-
lance, the epidemiology of lyssavirus in Japanese pipistrelle 
and other bat species is still unclear. This uncertainty is 
likely to raise a public health concern in countries in Asia.

In conclusion, a lyssavirus, TWBLV, was identified 
in Japanese pipistrelle, and the infected bats may shed the 
virus through saliva. Japanese pipistrelle is a common in-
sectivorous bat of low-altitude urban areas in East Asia 
(13,14). Persons in countries in Asia should be aware to 
seek proper prophylaxis immediately if bitten by a bat. 
Studies on the epidemiology and pathogenicity of TWBLV 
are necessary to further characterize the virus.
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Figure. Phylogenetic relationship 
of TWBLV (boldface), a 
putative new lyssavirus found 
in 2 Japanese pipistrelles 
(Pipistrellus abramus) in Taiwan 
in 2016 and 2017, compared 
with other lyssaviruses. Using 
the concatenated coding genes, 
we constructed the phylogenetic 
tree by using the maximum-
likelihood method with the 
general time reversible plus 
invariant sites plus gamma 4 
model. Numbers at the nodes 
indicate bootstrap confidence 
values (1,000 replicates) for the 
groups being composed of virus 
genes at the right of the nodes. 
GenBank accession numbers are 
provided for reference viruses. 
Scale bar indicates nucleotide 
substitutions per site.  ABLV, 
Australia bat lyssavirus; ARAV, 
Aravan lyssavirus; BBLV, Bokeloh 
bat lyssavirus; DUVV, Duvenhage 
lyssavirus; EBLV-1, European 
bat lyssavirus type 1; EBLV-2, 
European bat lyssavirus type 
2; IKOV, Ikoma lyssavirus; IRKV, Irkut lyssavirus; KHUV, Khujand lyssavirus; LBV, Lagos bat lyssavirus; LLEBV, Lleida bat lyssavirus; 
MOKV, Mokola lyssavirus; SHIBV, Shimoni bat lyssavirus; RABV, rabies lyssavirus; TWBLV, Taiwan bat lyssavirus; WCBV, West 
Caucasian bat lyssavirus. 
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Bats are sources of high viral diversity and high-profile zoonotic viruses worldwide. 
Although apparently not pathogenic in their reservoir hosts, some viruses from 

bats severely affect other mammals, including humans. Examples include 
severe acute respiratory syndrome coronaviruses, Ebola and Marburg 
viruses, and Nipah and Hendra viruses. Factors underlying high viral 

diversity in bats are the subject of speculation. The 
hypothesis is that flight, a factor common to all 

bats but to no other mammals, provides an 
intensive selective force for coexistence 

with viral parasites through a daily 
cycle that elevates metabolism and 
body temperature analogous to the 
febrile response in other mammals. 

EID Podcast: Bat Flight and Zoonotic Viruses

Visit our website to listen: 
http://www2c.cdc.gov/podcasts/player.asp?f=8632573



Michael Marks,1 Maria Fookes,1 Josef Wagner, 
Rosanna Ghinai, Oliver Sokana, Yaw-Adu 

Sarkodie, Anthony W. Solomon, David C.W. 
Mabey, Nicholas R. Thomson

Haemophilus ducreyi, which causes chancroid, has emerged 
as a cause of pediatric skin disease. Isolation of H. ducreyi 
in low-income settings is challenging, limiting phylogenetic 
investigation. Next-generation sequencing demonstrates 
that cutaneous strains arise from class I and II H. ducreyi 
clades and that class II may represent a distinct subspecies.

Since 2000, the global prevalence of chancroid, 
caused by Haemophilus ducreyi, has declined (1). 

H. ducreyi is an emerging cause of cutaneous ulcers in 
tropical countries (1–4). Cutaneous lesions of H. ducreyi 
are difficult to distinguish from other common causes of 
ulcerative skin disease, such as yaws (3,4), which pres-
ents problems in diagnosing yaws and has resulted in the 
World Health Organization recommending molecular 
testing of yaws-like lesions (5).

Culturing H. ducreyi is challenging. PCR is usually 
used for diagnosis (6). Culture requirements limit se-
quencing and phylogenetic analyses. Traditional phylog-
enies divide genital strains of H. ducreyi into class I and 
II clades. Most studies suggest that cutaneous strains of 
H. ducreyi have diversified from within the class I clade 
(7,8), and a recent study reported cutaneous strains that 
appear to arise from class II strains (9). These studies 
have been limited by the number and geographic spread 
of samples included.

Next-generation sequencing enables whole-genome 
sequencing from clinical samples without prior culture, 
bypassing the culture requirements of H. ducreyi and en-
abling more detailed phylogenetic analysis. We performed 
next-generation sequencing on samples collected in  

previous surveys conducted in the Solomon Islands (in 
2013) and Ghana (in 2014) (2,4). In both surveys, skin 
swab specimens had been collected from persons with 
chronic ulcerative lesions believed, at the time, to be clini-
cally consistent with yaws. DNA was prepared for the cur-
rent study from samples with residual material from those 
original surveys. The London School of Hygiene & Tropi-
cal Medicine, Solomon Islands National Health Research, 
and Kwame Nkrumah University of Science and Technol-
ogy ethics committees approved these studies.

The Study
We tested 72 samples from 63 persons (Figure 1). Twenty-
five persons (27 samples) had been recruited in Ghana and 
38 persons (45 samples) in the Solomon Islands. Median 
age of participants in the original studies was 9 years (in-
terquartile range 7–11 years); 36 (57.1%) were male. In the 
original studies, 24 samples had tested positive for H. du-
creyi using a 16S rRNA-targeted PCR (2,4): 15 from the 
Solomon Islands and 9 from Ghana.

In Ghana, samples were collected directly onto dry 
Dacron swabs. In the Solomon Islands, swab exudate was 
placed into transport medium (AssayAssure; Sierra Molec-
ular, Incline Village, NV, USA) or onto an FTA Elute Card 
(Thermo-Fisher Scientific, Waltham, MA, USA). Samples 
were frozen at –20°C and shipped to the Centers for Dis-
ease Control and Prevention (Atlanta, GA, USA) on dry ice 
for the original laboratory analyses, which included real-
time PCR for Trepomema pallidum subspecies pertenue 
(7) and a real-time 16S rRNA-targeted PCR for H. ducreyi 
(2,4). After testing, samples were shipped on dry ice to the 
London School of Hygiene & Tropical Medicine (London, 
UK) and frozen at –20°C before analysis.

We extracted DNA from residual sample material us-
ing QIAamp Mini kits (QIAGEN, Hilden, Germany) (on-
line Technical Appendix 1, https://wwwnc.cdc.gov/EID/
article/24/4/17-1726-Techapp1.pdf). We screened DNA 
using a quantitative PCR (qPCR) targeting the hhdA gene 
and 16S rRNA gene sequencing for H. ducreyi (6,10). 
From samples that tested positive, we selected those with 
genomic DNA concentration >10 copies/μL for direct 
(non–culture-based) sequencing.

Genomic DNA was fragmented to an average size 
of 150 bp and subjected to DNA library creation using  

Direct Whole-Genome Sequencing of  
Cutaneous Strains of Haemophilus ducreyi
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Whole-Genome Sequencing of H. ducreyi

established Illumina paired-end protocols (11). We ampli-
fied adaptor-ligated libraries and indexed them by PCR. 
We used a portion of each library to create an equimolar 
pool and hybridized each pool to custom-made SureSelect 
RNA baits (Agilent Technologies, Santa Clara, CA, USA; 
baits based on published sequences of H. ducreyi [12]) 
(online Technical Appendix 1). Targets were captured 
and amplified in accordance with manufacturer’s recom-
mendations. We subjected enriched libraries to standard 
75-bp end sequencing (HiSeq 2000; Illumina, San Diego, 
CA, USA). Samples’ public accession numbers are listed 
in online Technical Appendix 2 Table 1 (https://wwwnc.
cdc.gov/EID/article/24/4/17-1726-Techapp2.xlsx). We 
used whole-genome sequence data to estimate phylogenies 
for H. ducreyi (online Technical Appendix 1), including 
publicly available H. ducreyi genomes alongside those ob-
tained in this study.

We identified H. ducreyi in 17 samples by hhdA-tar-
geted qPCR and in 5 additional samples using an assay tar-
geting the rRNA gene. From these 22 positive samples, we 
obtained 21 (95.5%) complete genomes from 13 persons 
from the Solomon Islands and 8 from Ghana. Mean cov-
erage of H. ducreyi genomes was 91% (online Technical 
Appendix 2 Table 1). We found no evidence of sequence 
heterozygosity that would indicate any participant was in-
fected with multiple distinct strains of H. ducreyi.

H. ducreyi sequences fell into both previously de-
fined H. ducreyi clades: class I and class II (Figure 2). To 
estimate genetic distance between strains, we determined 
the number of single-nucleotide polymorphisms (SNPs) 
in pairwise whole-genome comparisons. The average dis-
tance between class I and class II sequences was 21,238 
SNPs, compared with a maximum pairwise distance of 

641 SNPs between class I sequences. We detected 4 ma-
jor recombination blocks within class I genomes. These 
regions included the dsrA, tad, and flp loci, associated 
with serum resistance, tight adhesion, and production of 
fimbriae, respectively, functions important in micro-col-
ony formation and potentially associated with virulence 
(online Technical Appendix 1 Figure 1; online Techni-
cal Appendix 2 Table 2) (13). The other regions of likely 
recombination were related to integrated prophage ele-
ments, implying H. ducreyi has an actively exchanging 
bacteriophage repertoire in its genome (online Technical 
Appendix 1 Figure 1). These prophage elements included 
the region coding for the ctdABC genes, which have been 
associated with virulence (14). The class I prophage ele-
ments were absent from class II genomes but intermittent-
ly present in class I genomes(online Technical Appendix 
1 Figure 2). The presence or absence of the ctdABC cod-
ing region was not associated with cutaneous or genital 
ulcer disease. Another recombination region spanned the 
hhdA specific qPCR primer binding site. Samples with 
high sequence variation in this region tested negative for 
H. ducreyi by qPCR but gave high numbers of reads by 
16S rRNA gene sequencing.

Conclusions
We obtained whole-genome sequences of H. ducreyi with-
out prior culture. Most earlier studies have suggested that 
cutaneous strains emerged by diversification from within 
the class I clade (7,8), although 1 study found, in keeping 
with our findings, cutaneous strains emerging from class II 
(9). We found genital and cutaneous strains are represented 
in all lineages of the expanded phylogenetic tree (7). We 
found considerable genetic variation between class I and 
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Figure. Flowchart of whole-
genome sequencing of 
Haemophilus ducreyi. Samples 
were originally collected in 2 
studies conducted in Ghana 
(2014) and the Solomon Islands 
(2013) (2,4). Results of the H. 
ducreyi PCR conducted in the 
original studies and of the 2 H. 
ducreyi PCRs performed in this 
study are shown.
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class II H. ducreyi sequences. Together with existing 16S 
rRNA data and multilocus sequence typing data (12) these 
findings suggest class II strains might represent a discrete 
subspecies of H. ducreyi.

We identified 2 samples that had been negative in the 
original studies but were found to contain H. ducreyi DNA in 
the current study. Repeated freeze–thaw cycles and limited 
residual DNA volumes might have contributed to our lack of 
detection of H. ducreyi DNA in 4 samples that tested posi-
tive in the original studies (Figure 1). Five samples that re-
turned a weak signal by hhdA qPCR contained class II clade 

H. ducreyi genomes. The failure of qPCR to detect H. du-
creyi in these samples was most likely explained by variation 
in the sequence of the hhdA pPCR primer binding sites (13) 
between class I and II genomes (online Technical Appendix 
1 Figure 1), demonstrating our limited understanding of the 
diversity of these pathogens.

Culture for H. ducreyi is not practical in the low-
income settings where cutaneous strains of this organism 
are endemic. Next-generation sequencing circumvents this 
problem by enabling whole-genome sequencing direct from 
clinical samples. This approach considerably strengthens 
our ability to sequence H. ducreyi and broaden knowledge 
of this emerging pathogen.
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Figure 2. Phylogenetic tree of Haemophilus ducreyi genome 
sequences inferred from mapping using the H. ducreyi 35000HP 
strain as reference and after removing high-density single-
nucleotide polymorphisms regions with Gubbins (3). Included are 
published genomes (black text), Ghanaian strains (gray text, GHA 
designations), and Solomon Islands strains (gray text, CP/WP 
designations). Sequences from cutaneous ulcers in Ghana and 
the Solomon Islands were found within both previously described 
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We characterized posttravel hospitalizations of citizens re-
turning to Israel by summarizing the returning traveler hos-
pitalization dataset of the national referral Center for Travel 
Medicine and Tropical Diseases at Sheba Medical Center 
in Israel. Of 722 hospitalizations, 181 (25%) infections were 
life-threatening; most would have been preventable by che-
moprophylaxis and pretravel vaccination. 

International travel, particularly to tropical regions and 
low-income countries, may be associated with the risk 

for acute illness and hospitalization (1). The Center for 
Travel Medicine and Tropical Diseases at Sheba Medical 
Center (SMC; Tel Hashomer, Israel) is the national refer-
ral center for travel-associated illness in Israel. We charac-
terized posttravel hospitalizations of citizens returning to 
Israel by summarizing the SMC returning traveler hospi-
talization dataset. 

The Study
We investigated all international travel–associated 
hospitalizations of citizens of Israel at SMC during 
2004–2015. We excluded case-patients for whom the 
time interval between return from travel and symptom 
onset exceeded the known incubation period for the 
cause of hospitalization. When identified illness after 
travel leading to hospitalization was nonendemic to Is-
rael and caused symptoms after a long incubation (e.g., 
leishmaniasis, schistosomiasis), patients were included 
regardless of the time interval since return. We defined 
nonspecified febrile illness as a febrile illness with an 
undetermined cause (2). We excluded hospitalized per-
sons who had unspecified febrile illness when the inter-
val between return from travel and disease onset exceed-
ed 2 weeks, because of the lower certainty of association 
between travel and illness. We defined acute and poten-
tially life-threatening tropical diseases as infectious dis-
eases largely confined to tropical and subtropical areas 

of the world that had an incubation period of >4 weeks 
and an estimated risk for death >5% within 4 weeks after 
symptom onset if left untreated (3).

We determined the country of disease acquisition by 
a history of travel to a single country or exposure to a 
single country during the incubation period for the cause 
of hospitalization. To put the number of hospitalizations 
for illness acquired in each destination country in con-
text of the estimated number of Israelis traveling to that 
country, we extracted the number of Israeli citizen en-
tries by country from the United Nations World Tourism 
Organization dataset (4). We compared continuous vari-
ables by using the Student t-test and compared categori-
cal variables by using the χ2 test. Statistical significance 
was set at p<0.05. The SMC Institutional Review Board 
approved this study.

During 2004–2015, a total of 722 travelers returning to 
Israel were hospitalized (Table 1; online Technical Appen-
dix Table 1, https://wwwnc.cdc.gov/EID/article/24/4/17-
1542-Techapp1.pdf). The median patient age was 33 years 
(interquartile range 26–50 years); 530 (73%) were male. 
By continent, 330 (46%) patients had traveled to Asia; 267 
(37%) to Africa; and 73 (10%) to South America, Central 
America, and the Caribbean. The travel destination coun-
tries from which the highest number of travelers were hos-
pitalized were India (116 [16%]), Thailand (106 [15%]), 
and Ethiopia (48 [7%]). In relative terms, several countries, 
mostly in Africa, had a high number of hospitalizations re-
spective to the estimated number of entries by Israeli citi-
zens (Figure; online Technical Appendix Table 2).

Overall, the most common causes of hospitalization 
were malaria (145 [20%]), dengue (74 [10%]), and enteric 
fever (59 [8%]). Among 145 hospitalized malaria patients, 
86 (59%) tested positive for Plasmodium falciparum. For 
Asia, the most common causes of admission were dengue 
fever, enteric fever, and unspecified febrile illnesses; for 
Africa, the most common were malaria, unspecified febrile 
illnesses, and acute schistosomiasis; and for South Ameri-
ca, Central America, and the Caribbean, the most common 
were dengue fever and leptospirosis.

Patients hospitalized for P. falciparum ma-
laria (n = 86) were older than those positive for P. 
vivax (n = 36) (43 ± 14 y vs. 34 ± 12 y; p<0.01) and 
were more likely to be business travelers (39 [45%] 
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vs. 1 [3%]); p<0.01); male (81 [94%] vs. 26 [72%]; 
p<0.01); and to have traveled to middle and western 
Africa (64 [74%] vs. 0; p<0.01). The annual number 
of P. vivax malaria hospitalizations declined during the 
study period from an average of 7.3 hospitalizations  
per year during 2004–2006 to <1 hospitalization per year 
during 2013–2015 (R2 = 0.62).

Of the 181 acute life-threatening tropical diseas-
es, 86 (48%) were acquired in Africa and 83 (46%) in 

Asia (Table 2). Male sex, business travel, and travel to 
Africa characterized travelers hospitalized for treatment 
of life-threatening diseases. The most common causes 
of life-threatening illness requiring hospitalization were 
P. falciparum malaria (86 [48%]) and enteric fever (59 
[33%]). Of the 74 cases of dengue fever, none were den-
gue hemorrhagic fever or dengue shock syndrome; there-
fore, no dengue cases were considered life-threatening. 
Eleven (2%) hospitalized travelers required admission to 

 
Table 1. Characteristics of travel-associated hospitalizations of citizens of Israel at Sheba Medical Center, Israel, 2004–2015* 

Category 
Africa,  
n = 267  

Asia,  
n = 330  

South 
America,  

n = 43  

Central 
America/ 

Caribbean, 
n = 30  

North 
America/ 
Europe,  
n = 26  

Other,†  
n = 26  

Total,  
n = 722 

Patient characteristics 
 Sex        
  M 226 (85) 219 (66) 28 (65) 20 (67) 21 (81) 16 (62) 530 (73) 
  F 41 (15) 111 (34) 15 (35) 10 (33) 5 (19) 10 (38) 192 (27) 
 Age, median (IQR) 41 (29–53) 29 (24–43) 24 (23–43) 29 (27–46) 55 (39–64) 27 (23–41) 33 (26–50) 
 Age ≥60 y 37 (14) 27 (8) 4 (9) 3 (10) 8 (31) 4 (15) 83 (11) 
Category of travelers 
 Tourism 154 (58) 313 (95) 41 (95) 29 (97) 23 (88) 26 (100) 586 (81) 
 Business travelers 93 (35) 17 (5) 2 (5) 1 (3) 3 (12) 0 116 (16) 
 Visiting friends or relatives 19 (7) 1 (<1) 0 0 0 0 20 (3) 
Type of illness 
 Potentially preventable 85 (32) 25 (8) 0 1 (3) 0 1 (4) 112 (16) 
Febrile conditions 
 Malaria 
  Plasmodium falciparum‡ 82 (30) 4 (1) 0 0 0 0 86 (12) 
  P. vivax 23 (9) 7 (2) 3 (7) 0 0 3 (12) 36 (5) 
  P. ovale 8 (3) 0 0 0 0 0 8 (1) 
  P. malariae 7 (3) 0 0 0 0 0 7 (<1) 
  Unidentified malaria 6 (2) 2 (<1) 0 0 0 0 8 (1) 
 Dengue fever 4 (1) 59 (18) 2 (5) 8 (27) 0 1 (4) 74 (10) 
 Enteric fever 
  Salmonella enterica serovar Typhi 2 (<1) 19 (6) 0 1 (3) 0 1 (4) 23 (3) 
  S. enterica ser. Paratyphi 0 36 (11) 0 0 0 0 36 (5) 
 Leptospirosis 1 (<1) 18 (5) 0 7 (23) 1 (4) 2 (8) 29 (4) 
 Pneumonia 10 (4) 11 (3) 0 1 (3) 5 (19) 1 (4) 28 (4) 
 Febrile diarrheal diseases 10 (4) 5 (2) 1 (2) 0 2 (8) 1 (4) 19 (3) 
 Acute schistosomiasis 16 (6) 3 (<1) 0 0 0 0 19 (3) 
 Influenza 0 7 (2) 0 0 0 1 (4) 8 (1) 
 Epstein–Barr virus 1 (<1) 6 (2) 1 (2) 0 0 0 8 (1) 
 Cytomegalovirus 4 (1) 2 (<1) 2 (5) 0 0 0 8 (1) 
 Amebic liver abscess 0 5 (2) 0 0 0 2 (8) 7 (<1) 
 Rickettsial diseases 3 (1) 3 (<1) 0 0 0 0 6 (<1) 
 Upper respiratory tract infection 4 (1) 1 (<1) 0 0 0 0 5 (<1) 
 Unspecified febrile illness 34 (13) 55 (17) 7 (16) 3 (10) 6 (23) 4 (15) 109 (15) 
 Other febrile conditions 15 (6) 29 (9) 8 (19) 2 (7) 3 (12) 2 (8) 59 (8) 
Afebrile conditions 
 Afebrile diarrheal diseases 5 (2) 7 (2) 2 (5) 0 4 (15) 0 18 (2) 
 Afebrile eosinophilia 4 (1) 6 (2) 2 (5) 1 (3) 1 (4) 2 (8) 16 (2) 
 Skin disease 7 (3) 4 (1) 2 (5) 1 (3) 0 0 14 (2) 
 Afebrile nondiarrheal GI illness 3 (1) 8 (2) 2 (5) 0 0 0 13 (2) 
 Viral hepatitis 2 (<1) 8 (2) 0 2 (7) 0 0 12 (2) 
 Leishmaniasis 2 (<1) 0 9 (21) 0 0 0 11 (2) 
 Giardiasis 0 4 (1) 0 1 (3) 0 0 5 (<1) 
 Other afebrile 14 (5) 21 (6) 2 (5) 3 (10) 4 (15) 6 (23) 50 (7) 
Outcome 
 Intensive care unit hospitalization 4 (1) 4 (1) 0 0 2 (8) 1 (4) 11 (2) 
 Death 1 (<1) 1 (<1) 0 0 0 0 2 (<1) 
*Values are no. (%) patients except as indicated. Further details are available in online Technical Appendix Table 1 
(https://wwwnc.cdc.gov/EID/article/24/4/17-1542-Techapp1.pdf). GI, gastrointestinal; IQR, interquartile range. 
†Other comprises case-patients in Oceania (n = 6) and those for whom exact region of infection was undetermined (n = 26). 
‡One patient returning from Asia with malaria had a coinfection with P. falciparum and P. vivax. In this table, we listed the patient under P. falciparum. 

 

Preventable Diseases among Travelers from Israel



DISPATCHES

792 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 4, April 2018

an intensive care unit, and 2 of these patients died during 
their hospitalization. One patient died from endocarditis 
caused by Staphylococcus aureus and 1 from necrotizing 
fasciitis in a surgical wound while hospitalized for eosin-
ophilia and abdominal mass.

A total of 112 (16%) hospitalizations were potentially 
preventable by chemoprophylaxis or pretravel vaccina-
tion: P. falciparum malaria (86, 12%); Salmonella enterica 
serovar Typhi (23, 3%); hepatitis A (2, <1%); and acute 
hepatitis B (1, <1%). Most of the life-threatening diseases 

acquired in Africa were potentially preventable (84, 98%); 
significantly fewer (25, 30%) from Asia were potentially 
preventable (p<0.01).

Conclusions
We reviewed >700 posttravel hospitalizations of citizens 
in Israel during 2004–2015. Acute, life-threatening ill-
nesses necessitated 25% of admissions, most of which 
were potentially preventable by malaria chemoprophylax-
is or pretravel vaccination. Compared with other regions, 

Figure. Travel-associated hospitalizations of citizens of Israel at Sheba Medical Center, Israel, by country of disease acquisition (A), and 
estimated number of Israeli citizen entries to each country (B), 2004–2005. Data on Israeli citizen entries from the United Nations World 
Tourism Organization (4). DRC, Democratic Republic of the Congo; PNG, Papua New Guinea.

 
Table 2. Comparison of characteristics of travelers hospitalized for treatment of acute life-threatening tropical diseases and those with 
non–life-threatening illnesses, Sheba Medical Center, Israel, 2004–2015* 
Patient characteristics Life-threatening illness,† n = 181 Non–life-threatening illness, n = 541 p value 
Male sex 145 (81) 385 (71) 0.02 
Age, median (IQR) 33 (25–49) 33 (25–50) 0.62 
Elderly, age ≥60 y 15 (8) 68 (13) 0.12 
Category of travelers 

   

 Tourism 138 (76) 448 (83) 0.05 
 Business travelers 43 (24) 73 (13) <0.01 
 Visiting friends or relatives 0 (0) 20 (3) <0.01 
Continent of travel 

   

 Africa 86 (48) 181 (33) <0.01 
 Asia 83 (46) 247 (46) 0.98 
 South America 0 43 (8) <0.01 
 Central America and Caribbean 8 (4) 22 (4) 0.83 
 North America and Europe 1 (<1) 25 (5) <0.01 
 Other‡ 3 (2) 23 (4) 0.11 
*Values are no. (%) patients except as indicated. IQR, interquartile range. 
†Life-threatening diseases (n = 181): P. falciparum (86), S. enterica ser. Paratyphi (36), leptospirosis (29), S. enterica ser. Typhi (23), rickettsial diseases 
(3), melioidosis (2), hantavirus (1), trypanosomiasis (1). 
‡Other comprises Oceania (n = 6) and cases whose exact region of infection was undetermined (n = 26). 
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nearly all life-threatening diseases in travelers returning 
from Africa were preventable.

Most travelers who were admitted to hospitals to treat 
preventable life-threatening diseases after returning from Af-
rica were diagnosed with P. falciparum malaria. The number 
of P. vivax malaria hospitalizations declined during the study 
years, possibly related to discontinuation of rafting trips to 
the Omo River in Ethiopia, which had resulted a high num-
ber of infections in earlier years. In travelers returning from 
Asia, enteric fever was the second most common cause of 
hospitalization, after dengue fever; S. enterica ser. Paratyphi, 
for which an effective vaccine is not available, caused most 
of those illnesses. An outbreak of Salmonella Paratyphi A 
enteric fever in Nepal (5) may have contributed to this trend.

Our study has several limitations. SMC is the national 
referral center for travel-related illness; therefore, an un-
usually high number of severe or complicated illnesses may 
have affected our results. Because of the relatively small 
number of hospitalizations related to individual destination 
countries, singular events or large outbreaks may have bi-
ased the country-specific data (5). The Israeli traveler pop-
ulation is generally characterized by a low rate of travelers 
visiting friends and relatives, except travelers to Ethiopia. 
Approximately one third of the patients hospitalized after 
travel to Ethiopia were born in Ethiopia or born to parents 
from Ethiopia who immigrated to Israel. This relationship 
may have resulted in a higher posttravel hospitalization 
number among citizens of Israel returning from Ethiopia, 
because travelers visiting friends and relatives may be at 
a higher risk (6). Because of the different methods of trav-
eler data capture used by different countries reporting to 
the United Nations World Tourism Organization, our use 
of the reported number of Israeli citizen entries from this 
dataset was limited to contextualize the number of hospi-
talizations from specific countries in relative terms, rather 
than to calculate country-specific rates of hospitalization.

In conclusion, Israeli citizens hospitalized to treat life-
threatening diseases after returning from travel to Africa 
were likely to suffer from preventable illnesses. Knowledge 

of region-specific hospitalization causes and impact should 
be used to identify at-risk travelers, enhance pretravel prep-
aration, and advocate adherence to recommended vaccines 
and malaria prophylaxis.
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During the 2014–2015 chikungunya outbreak in French 
Polynesia, 64 patients with confirmed chikungunya virus in-
fection were admitted into intensive care. Sixty-three were 
nonpregnant adults; 11 had an atypical form, 21 had severe 
sepsis or septic shock, and 18 died. These findings indicate 
that critical illness frequently complicates the course of chi-
kungunya virus infection.

The first case of chikungunya virus (CHIKV) infection in 
French Polynesia (Tahiti) was diagnosed in May 2014; 

it was imported from Guadeloupe Island in the Caribbean 
(1). During the outbreak that developed during October 
2014–March 2015, ≈25% of the local population (272,000 
residents) became infected with CHIKV (2). French Poly-
nesia has 2 potential mosquito vectors for CHIKV: Aedes 
aegypti and A. polynesiensis. Phylogenic analysis showed 
that the French Polynesia strain of CHIKV belongs to the 
Asian lineage and is closely related to the strain collect-
ed in Guadeloupe and the British Virgin Islands in 2014, 
showing 99.9% homology with that strain (3). To describe 
patient characteristics and clinical courses of chikungunya 
patients in French Polynesia during 2014–2015, we retro-
spectively reviewed the medical files of all patients with 
documented CHIKV infection.

CHIKV infection was defined by the association of 
compatible symptoms of fever and arthralgia and positive 
IgM serology or positive blood reverse transcription PCR 
(RT-PCR). We defined types of CHIKV infection as fol-
lows: 1) common form (i.e., only fever or arthralgia); 2) 
atypical form (i.e., involvement of >1 organ systems); and 
3) severe form (i.e., failure of >1 organ systems or admis-
sion to an intensive care unit [ICU]).

We used standard definitions for organ system failures 
and severe sepsis shock (4). Organ failures were defined by a 
Sequential Organ Failure Assessment score >3 for each organ. 
Encephalitis was defined in accordance with Position Consen-
sus Statement of the International Encephalitis Consortium 
criteria (5) and myocarditis in accordance with Consensus 
Statement of the European Society of Cardiology criteria (6).

During the outbreak, CHIKV was confirmed in 63 adults 
and one 11-year-old girl (Table). Forty-two patients had pos-
itive results for blood RT-PCR, and 22 had positive results 
for IgM serology. Virus load in serum was high; median load 
was 7.52 log10 copies/mL (interquartile range 3.47–9.39 log10 
copies/mL). Of 5 patients with encephalitis symptoms, 3 had 
positive results for cerebrospinal fluid RT-PCR.

Forty-nine (76%) patients had a preexisting disease, 33 
(51%) required invasive mechanical ventilation, 40 (62%) 
were in shock and needed vasoactive drugs, and 30 (46%) 
required renal replacement therapy. The ICU death rate for 
chikungunya was 28%, slightly higher than the usual 22% 
ICU death rate (A. Koeltz, unpub. data). Five patients had 
encephalitis, 2 had myocarditis, and 4 had Guillain-Barré 
syndrome (GBS). Fifty-five patients had a severe form of 
chikungunya, and 21 had illness consistent with the case 
definition for severe sepsis; for 2 patients, no other cause 
for GBS than CHIKV was identified. Two patients had 
CHIKV–leptospirosis co-infection, and 1 had CHIKV–
dengue virus co-infection. Among the 55 patients who had 
the severe form of chikungunya, 17 had exacerbations of a 
chronic condition.

Chikungunya can be complicated by severe multiple 
organ failure and lead to death either from exacerbation of 
a preexisting disease or by severe atypical infection. Severe 
septic shock directly attributable to CHIKV was reported 
during the 2014 outbreak (7,8), and these reports seem con-
sistent with our study (2 cases). This finding could be ex-
plained by the fact that chikungunya induces lymphopenia.

Neurologic complications of arbovirus infections are 
well documented, as illustrated by the high incidence of 
GBS reported during French Polynesia’s outbreak of Zika 
virus (42 cases) (9). In our study, we observed 4 severe cas-
es of GBS, and 10 GBS cases were managed in the hospi-
tal during the outbreak; GBS incidence was 4 times higher 
than usually observed in this hospital.

The most severe atypical complication in our study 
was myocarditis (2 cases), which had a 100% case-fatal-
ity rate. These deaths included an 11-year-old child and a 
56-year-old woman without preexisting disease. 

Our findings indicate that critical illness frequently 
complicates the course of CHIKV infection. Hospitals 
in chikungunya-endemic areas should be aware of the 
potential for increases in the number of ICU admissions  
during outbreaks.
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Table. Clinical and laboratory characteristics of 64 patients with chikungunya virus infection admitted into the intensive care 
department, French Polynesia, 2014–2015* 
Characteristic Result 
Baseline 

 

 Median age, y (IQR) 62 (49–71) 
 Sex, no. (%) 

 

  M 37 (58) 
  F 27 (42) 
 Preexisting disease, no. (%) 

 

  Hypertension 37 (58) 
  Diabetes mellitus 22 (34) 
  Chronic renal failure 15 (23) 
  Chronic heart failure 12 (19) 
  Chronic liver disease 3 (5) 
  None 15 (23) 
Simplified Acute Physiology Score (IQR) 48 (28.5–68.5) 
Chikungunya diagnosis, no. (%) 

 

 By reverse transcription PCR 42 (66) 
 By IgM 26 (41) 
 By reverse transcription PCR and IgM 4 (6) 
Finding at admission  
 Organ failure,† no. (%) 

 

  Hemodynamic 40 (63) 
  Renal 30 (47) 
  Neurologic 20 (31) 
  Respiratory 33 (52) 
  Hepatic 16 (25) 
  Hematologic 9 (14) 
 Laboratory‡ 

 

  Leukocyte count, cells/m3, median (IQR) 11,600 (7,200–15,200) 
  Lymphocyte count, cells/m3, median (IQR) 1,000 (600–1,500) 
   Lymphopenia, <1,000 cells/m3 (% of patients) 36 (56) 
  Platelet count, cells/m3, median (IQR) 155,000 (79–208) 
   Platelet count, <150,000 cells/m3 (% of patients) 34,000 (53) 
  Creatinine, mol/L, median (IQR) 132 (79–184) 
  Creatine phosphokinase, mmol/L, median (IQR) 222 (124–1,160) 
  Alanine aminotransferase, UI/L, median (IQR) 35 (19–76) 
  C-reactive protein, mg/L, median (IQR) 10.6 (2.8–18.3) 
  Procalcitonin, g/L, median (IQR) 1.72 (0.42–18.3) 
  Lactate, mmol/L, median (IQR) 2.6 (1.1–5.4) 
Chikungunya reverse transcription PCR‡ 

 

 Viral load in serum, log10 copies/mL (IQR) 7.52 (3.47–9.39) 
 Viral load in cerebrospinal fluid,§ log10 copies/mL (IQR) 4.18 (3.86–4.26) 
Outcome variable 

 

 ICU length of stay, d, median (IQR) 3 (2–7) 
 Crude intensive care unit deaths, no (%) 18 (28) 
*IQR, interquartile range. 
†Organ failure is defined according to a Sequential Organ Failure Assessment score >3 for each organ. 
‡Blood samples during the first 24 h. Reference values are as follows: leukocytes, 4.0–10.0  103 cells/mm3; lymphocytes, 1.5–3.4  103 cells/mm3; 
platelets, 150–400  103/mm3; creatinine, 0.56–1.0 mg/dL; creatine phosphokinase, 0–130 U/L; alanine aminotransferase, 0–35 U/L; C-reactive protein, 
<5 mg/L; procalcitonin, <0.5 ng/mL; lactate, 5–15 mg/dL. 
§Virus load was positive for 5 of the 9 cerebrospinal fluid samples. 
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African swine fever (ASF) is arguably the most dangerous 
and emerging swine disease worldwide. ASF is a serious 
problem for the swine industry. The first case of ASF in Rus-
sia was reported in 2007. We report an outbreak of ASF in 
Siberia, Russia, in 2017.

African swine fever (ASF) is arguably the most danger-
ous swine disease worldwide. ASF virus (ASFV) is 

highly virulent for domestic swine and remains a global 
threat because no effective vaccine is available to eradicate 
the disease. The emergent potential of ASF has been dem-
onstrated by its spread into Russia. In the 10 years since 
ASF was first diagnosed in the Caucasian region of Rus-
sia (1), the disease has reached Palearctic regions and is 
spreading into western Europe (2,3).

In 2017, the Federal Service for Veterinary and Phyto-
sanitary Surveillance (Rosselkhoznadzor) reported that, 
during 2007−2017, >1,000 ASF outbreaks resulted in 

deaths of ≈800,000 pigs in 46 regions across Russia (4). 
Production of backyard swine industry decreased by almost 
half, from 1,119 tons of pork in 2007 to 608 tons of pork in 
2017 (5). However, highly industrialized pig farms showed 
increased production every year during this same period, 
despite the ASF epidemic.

ASF has seriously affected and is actively spread by 
wild boar populations in Russia, but accurate numbers of 
boar killed by ASF or culling attempts are difficult to esti-
mate. In June 2017, ASF was detected in the Czech Repub-
lic in 2 wild boar (6), demonstrating disease spread toward 
western Europe. In 2017, ASFV cases among backyard do-
mestic pigs were detected in July in Romania (7), and later 
in October 2017 in Moldova (8). We report an outbreak of 
ASF in Far Eastern Russia.

Early in March 2017, an ASF outbreak was reported 
on 1 backyard farm in the Irkutsk region near the border 
with Mongolia (Figure) (5). All pigs had clinical signs 
typical of acute ASF, and 40 pigs died within 6 days of 
the appearance of the first clinical signs. In a 5-km risk 
zone established around the affected farm, 1,327 pigs were 
slaughtered within 3 days. Epidemiologic analysis showed 
that the farmer used table leftovers to feed pigs.

ASFV DNA was identified by real-time PCR in the 
frozen pork products found on the farm. The origin of 
contaminated pork products is still under investigation. 
It is likely that ASFV-contaminated pork products pro-
vided a source of infection because these products are 
the most common source of ASF infection on backyard 
farms (9). ASF outbreaks nearest to the outbreak in Ir-
kutsk occurred >4,000 km away in European Russia. 
Such a long geographic distance between ASF outbreaks 
within the country demonstrates that ASFV has a tre-
mendous capacity for transboundary and transcontinen-
tal spread.

We identified the ASFV isolate from Irkutsk (ASFV/
Irkutsk/dom/2017) by using nucleotide sequencing and 
molecular analysis. This isolate has capsid protein P72 gen-
otype II and central variable region I and is an intergenic re-
gion (IGR) I variant (GenBank accession nos. KY963545, 
KY938010, and KY982843, respectively) according to the 
nomenclature of Gallardo et al. (10). The intergenic re-
gion between the I73R and I329L genes at the right end 
of the ASFV/Irkutsk/dom/2017 genome contains no addi-
tional tandem-repeat sequences. The ASFV IGRI variant 
is identical to the ASFV/Georgia/wb/2007 index isolate of 
the epidemic in Georgia in 2007 but represents an ASFV 
variant that is rare among recent ASFV isolates in Russia. 
In comparison, all recent ASF outbreaks in European Rus-
sia and eastern Europe have been caused by ASFV of the 
IGRII variant, which has an insertion of a tandem-repeat 
sequence in the intergenic region between the I173R and 
the I329L protein genes.
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Our results indicate that an ASF outbreak in Siberia 
in 2017 was caused by the pan-Russian strain of ASFV 
(genotype II, central variable region I, and IGRI) that 
contains B646L (P72), B602L, and intergenic region 
I173−I329L sequences identical to those of ASFV in-
dex isolate ASFV/Georgia/wb/2007 (GenBank acces-
sion no. FR682468.1). ASFV-contaminated pork prod-
ucts still pose a major risk for transboundary emergence 
and spread of ASF. ASFV/Irkutsk/dom/2017 is a highly 
virulent strain and causes acute ASF in domestic swine. 
Since the outbreak in Irkutsk, subsequent ASF outbreaks 
have occurred in Siberia (March–October 2017) and 
near the border with China, raising concerns that ASF 
might be introduced into a population of 500 million 
pigs. This continued and far-reaching spread of ASF in 
Russia demonstrates the threat of disease emergence and 
increased spread worldwide.
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We report classical swine fever outbreaks occurring in naive 
pig herds on Jeju Island, South Korea, after the introduction 
of the LOM vaccine strain. Two isolates from sick pigs had 
>99% identity with the vaccine stain. LOM strain does not 
appear safe; its use in the vaccine should be reconsidered.

Classical swine fever is a highly contagious disease of 
pigs that tremendously affects the swine industry. Al-

though several countries have become free from classical 
swine fever after eradication programs, sporadic outbreaks 
continue to occur in most major pig-producing countries, 
and classical swine fever is endemic to some countries in 
Asia. Vaccination is regarded as one of the most effective 
tools to prevent and control classical swine fever. Modi-
fied live vaccines (MLVs) mainly containing C-strain have 
been used widely because of their safety and provide com-
plete protection against virus challenge (1,2).

Since 1974, the LOM strain has been the MLV strain 
for classical swine fever in South Korea. As a result of the 
government’s classical swine fever eradication program, 
Jeju Island, South Korea, became a classical swine fever 
virus (CSFV)–free area, and vaccination efforts ceased 
there in 1999 (3). Strong prohibition of live pig trade has 

also contributed to the maintenance of CSFV-naive herds 
on Jeju Island for over a decade, although sporadic classi-
cal swine fever outbreaks have occurred in mainland South 
Korea, despite mandatory vaccination with the LOM strain 
(4). This study describes classical swine fever outbreaks in 
naive pig herds on Jeju Island caused by the MLV.

Since 2014, multiple classical swine fever outbreaks 
have occurred on Jeju Island (online Technical Appendix 
Figure 1, https://wwwnc.cdc.gov/EID/article/24/4/17-1319-
Techapp1.pdf). Clinical manifestation is characterized by 
reproductive problems (including stillbirth and fetus mum-
mification), lethargy, cutaneous hyperemia, and cyanosis of 
the ear in young pigs. Pathologic examination showed typi-
cal classical swine fever lesions (Figure). Clinical samples 
from 2 nonvaccinated herds in 2016 were submitted for 
laboratory analysis.

PCR showed that these samples were positive for CSFV. 
Other viral pathogens involved in abortions (e.g., porcine 
reproductive and respiratory syndrome virus, Aujeszky dis-
ease virus, porcine parvovirus, Japanese encephalitis virus, 
and encephalomyocarditis virus) were not detected in any 
samples; however, lymph node, tonsil, lung, and brain fe-
tal specimens and placenta specimens from farm A and lung 
specimens from farm B were weakly positive for porcine 
circovirus type 2, which is ubiquitous in South Korea (5). 
At farm B, serum samples from 20% of suckling piglets and 
30% of weaned pigs were positive for CSFV. Although blood 
samples from growing and finishing pigs were not positive 
for CSFV, fecal samples were positive, indicating possible 
horizontal transmission in the field.

LOM isolates JJ-1601 (identified in a placenta sample 
from farm A) and JJ-1602 (in a spleen sample from farm B) 
shared 99.0% nucleotide identity with each other; and JJ-
1601 shared 99.1% and JJ-1602 shared 99.5% nucleotide 
identity with the LOM strain. However, they shared low 
nucleotide identity (84%) with PC11WB, a virus isolated 
from a wild boar in South Korea (6). Phylogenetic analysis 
indicated that both viruses were classified within subgroup 
1.1 (online Technical Appendix Figure 2). Compared with 
LOM, JJ-1601 contained 5 aa and JJ-1602 10 aa substitu-
tions in the Npro-E2 region; these substituions are not criti-
cal for acquisition of pathogenicity (online Technical Ap-
pendix Table 2) (7).

In this study, we observed residual virulence of the 
LOM strain in naive herds. Since CSFV vaccine was ac-
cidentally introduced onto Jeju Island in 2014, continuous 
LOM outbreaks have occurred (online Technical Appendix 
Table 3), resulting in tremendous damage to pig farms on 
the island. In addition, the virus has persistently circulated 
and caused repeated problems within the infected herds. 
Given that accidental vaccination was limited in 2014, the 

1These authors contributed equally to this article.
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continuous classical swine fever outbreaks, including those 
occurring on farms A and B, resulted from farm-to-farm 
transmission of the vaccine virus strain.

CSFV live vaccination should guarantee safety to host 
animals: safety in young pigs, safety in pregnant sows, non-
transmissibility, and no reversion to virulence (8). The first 
problem with the LOM vaccine was that the virus spread 
beyond initially introduced herds. Our results indirectly 
support horizontal transmissibility of the LOM vaccine 
within the infected herd. Another factor is the capacity of 
LOM to cause clinical signs in both young pigs and preg-
nant sows. Although we could not make observations in 
2014 when the vaccine strain was first introduced, viruses 
with 99% nucleotide identity with LOM were found in CS-
FV-infected pigs that exhibited clinical signs and typical 
pathologic lesions of classical swine fever. This virulence 
could have occurred because of insufficient attenuation or 
reversion to virulence (7,9). In a previous study, vaccina-
tion of naive pregnant sows with LOM induced stillbirth 
and fetus mummification (10). These results suggested that 
transplacental transmission and fetal death might be inher-
ent features of the vaccine, which indicates insufficient at-
tenuation during virus adaption in vitro. Further study is 
needed to determine the basis for the virulence of the LOM 
strain in young pigs.

In conclusion, we must reconsider the use of LOM 
in the classical swine fever MLV and use a strain with 
experimental results satisfying safety requirements. Fur-
thermore, control methods, including a marker vaccine 
for differentiating infected from vaccinated animals, are 
needed to stop the continuous damage and spread of LOM 
on Jeju Island.
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Although transmission of rubella virus within the United 
States is rare, the risk for imported cases persists. We 
describe a rubella case in a newborn, conceived in Saudi 
Arabia, in Texas during 2017, highlighting the importance 
of active surveillance and early diagnosis of this disease.

A full-term male infant was born in Houston, Texas, 
USA, in early 2017 to a 29-year-old woman from Paki-

stan; this pregnancy was her first. Delivery was by emergent  
cesarean section because of fetal cardiac decelerations. The 
mother had lived in Saudi Arabia for 3 years before travel-
ing to the United States in her third trimester of pregnancy. 

Early in pregnancy, while in Saudi Arabia, she had acute 
onset of fever and rash, then arthralgia. Symptoms resolved 
within a week without medical treatment. She reported pre-
natal care in Saudi Arabia but had no records with her; she 
knew of no ill contacts during pregnancy. At delivery, she 
had negative results for HIV and negative rapid plasma re-
agin but positive rubella IgG titers (>500 IU/Ml; reference, 
positive >10 IU/mL). 

The infant was transferred to The University of Texas 
Health Science Center (Houston, Texas, USA). Birth-
weight and head circumference were below the third 
percentile. Symptoms were respiratory distress, left leu-
cocoria (Figure), systolic heart murmur, and depressed 
neonatal reflexes. Laboratory evaluation showed normal 
peripheral leukocyte count, hemoglobin, and liver en-
zymes and platelet count of 93,000/mm3. Because of sus-
pected congenital rubella infection, we placed the patient 
on contact isolation. Tests for cytomegalovirus and toxo-
plasma were negative. We considered congenital Zika 
syndrome, but no testing was done. An ophthalmologic 
exam confirmed left cataract without retinal involvement. 
Chest radiograph showed clear lungs; echocardiogram 
showed supravalvular pulmonary stenosis and patent duc-
tus arteriosus. Cerebrospinal spinal fluid (CSF) analysis 
showed normal leukocyte, glucose, and protein levels. 
Blood and CSF cultures were negative. On the fourth day 
of life, blood rubella IgG was >500 IU/mL (reference, im-
mune ≥10 IU/mL), and blood rubella IgM was >400 AU/
mL (reference range 20–24.9 AU/mL). Ultrasound ex-
amination of the brain was unremarkable. Radiographic 
evaluation of long bones showed diffuse coarse trabecular 
pattern, striated appearance of the metaphysis, and lucent 
linear areas. Audiometry brainstem response testing failed 
in the left ear. Thrombocytopenia self-resolved. 

We reported the case to the local health department. 
We sent no clinical specimens for rubella virus detection. 
The patient was discharged on his tenth day of life and 
had uncomplicated pulmonary valvuloplasty and cataract 
removal surgery by 6 weeks of age. The infectious disease 
team last saw the patient at 2 months of age; at that time, 
he was developing well, but his growth was borderline. 
The patient and his family traveled to Pakistan 3 months 
after birth.

1All authors contributed equally to this article.
Figure. Left eye cataract (arrow) in case-patient with congenital 
rubella syndrome, Texas, USA, 2017. Patient was 4 weeks of age.
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Rubella is of global public health concern; >100,000 
cases of congenital rubella syndrome (CRS) are reported 
annually worldwide (1). An immunization program re-
sulted in rubella elimination in the United States during 
2004 (2). Currently, the Centers for Disease Control and 
Prevention (CDC) estimates that <10 persons are reported 
to have rubella annually in the United States (2). During 
the 8 years after rubella was eliminated (2004–2012), 79 
of rubella cases were reported, including in case-patients 
with no travel history (3). For the same period, 6 CRS 
cases were reported to CDC, 5 of which were likely im-
ported (3). The sixth case was the infant of a US-born vac-
cinated mother without known risk factors (4). During the 
next 4 years (2013–2016), 5 confirmed CRS cases were 
reported to CDC, indicating a relative increase in the total 
number of new cases in the United States. The 5 cases 
were reported by three states, Illinois (2 cases), New York 
(2 cases), and Maryland (1 case); infections were likely 
acquired in Algeria, Pakistan, Yemen, and Nigeria (US 
Centers for Disease Control and Prevention, pers. comm, 
March 2017) (5).

During early pregnancy, the mother of the case-patient 
likely acquired acute rubella infection in Saudi Arabia, 
which increased its rubella vaccine program in July 2017 to 
meet control needs (6). Maternal immunization records and 
rubella titers were not available. The infant had positive ru-
bella IgM, cataract, congenital heart disease, microcephaly, 
unilateral hearing loss, and radiolucent bone disease, meet-
ing criteria for CRS. Screening for rubella titers in early 
pregnancy is standard in the United States. The presence 
of positive maternal rubella serology at delivery does not 
always reflect maternal immunization but can be the result 
of a rubella infection in early pregnancy. A similar scenario 
was misleading in a case that was recently reported and 
resulted in late diagnosis of CRS and subsequent multiple 
exposures (6). 

Rubella-like illness in early pregnancy warrants 
testing for acute rubella infection, which offers parents 
an opportunity to decide about pregnancy outcome. For 
confirmed cases, maternal counseling and pregnancy ter-
mination may be considered. Testing for CRS is critical 
for early disease confirmation, implementation of ap-
propriate infection control, timely reporting, and possi-
ble epidemiologic investigation. Infants with CRS shed 
large quantities of virus from bodily secretions for up to 1 
year and can transmit rubella virus to susceptible persons 
(7). The presence of unimmunized persons in the United 
States (for age, personal, or medical reasons) and entry of 
persons from rubella-endemic countries enable potential 
circulation of the virus. Despite rubella elimination in the 
United States, the presence of birth defects compatible 
with CRS warrants consideration of rubella in addition to 
other congenital infections.
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A patient transferred from South Africa to Israel acquired 
a Candida auris infection. Phylogenetic analysis showed 
resemblance of C. auris to isolates from South Africa 
but not Israel, suggesting travel-associated infection. C. 
auris infection occurred weeks later in another patient  
at the same hospital, suggesting prolonged environmen-
tal persistence.

Candida auris is a multidrug-resistant yeast that has 
emerged over the past 3 years to cause nosocomial 

outbreaks in multiple countries. C. auris can cause serious 
invasive infections, may spread between patients, and can 
survive for months on hospital room surfaces (1). Whole-
genome sequencing has determined the presence of coun-
try-specific clades, which differ from one another by thou-
sands of single-nucleotide polymorphisms (2). The mode 
of spread between countries remains unclear. We present 
a case of international C. auris transmission related to a 
medically repatriated patient.

A previously healthy 25-year-old Israeli man (patient 
A) was admitted to a hospital in Johannesburg, South Af-
rica, after a motor vehicle accident on July 24, 2016. He 
had severe limb injury and underwent open reduction and 
internal fixation on both femurs, complicated by fat emboli, 
acute respiratory distress syndrome requiring mechanical 
ventilation, and ventilator-associated pneumonia. He was 
empirically treated with broad-spectrum antimicrobial 
drugs and caspofungin. Three weeks after the accident, he 
was transferred to the intensive care unit (ICU) of Sheba 
Medical Center, Tel Hashomer, Israel. Ten days after his 
arrival, a deep surgical-site infection developed in his left 
thigh. We initiated debridement and broad-spectrum an-
timicrobial drugs. After cultures obtained during surgery 
grew extended-spectrum β-lactamase–producing Klebsi-
ella pneumoniae and meropenem-resistant Pseudomonas 
aeruginosa, we initiated contact isolation. Two of 3 deep-
wound cultures grew C. auris. Two days later, 1 blood 
culture grew C. parapsilosis. We administered amphoteri-
cin B and appropriate antibacterial drugs, discontinuing 
amphotericin B after 10 days due to increased creatinine. 
The surgical site healed, and the patient was transferred to 
a rehabilitation unit. Rectal and skin surveillance cultures 
obtained 4 weeks after the first isolation of Candida were 
negative for C. auris. Routine ICU environmental disinfec-
tion included daily bleach cleaning of surfaces and qua-
ternary ammonium wipes of sensitive medical equipment.

In January 2017, we isolated C. auris from a urine cul-
ture obtained through a catheter of a 70-year-old patient 
(patient B) who was admitted to the Sheba Medical Center 
ICU 6 weeks after the discharge of patient A. Patient B had 
not traveled abroad recently. Surveillance cultures (urine, 
axilla, perineum) of patients in the ICU at the time of C. 
auris isolation of either patient A or B were negative for 
C. auris. One environmental sample from the floor next to 
patient B’s bed in proximity to the urinary catheter bag was 
positive for C. auris. All other environmental samples were 
negative. We removed the urinary catheter without further 
antimicrobial therapy. Strict environmental cleaning was 
performed in the ICU.

We performed drug susceptibility testing using broth 
microdilution in accordance with Clinical Laboratory 
Standards Institute methods (https://clsi.org/standards/
products/microbiology/documents/m27/) and reported re-
sults with preliminary breakpoints as published by the US 
Centers for Disease Control and Prevention (3). The study 
was approved by the Sheba Medical Center institutional 
review board.

We identified isolates as C. auris by matrix-assisted la-
ser desorption/ionization time-of-flight mass spectrometry 
(Bruker Daltonik, Bremen, Germany) and as C. parapsi-
losis by the Phoenix system (Becton Dickinson, Franklin 
Lakes, NJ, USA). Sequence alignment with C. auris type 
strain CBS10913T produced similarity scores of 98% for 
internal transcribed spacer and 100% for large subunit ribo-
somal DNA segments for all 4 strains. Internal transcribed 
spacer and large subunit sequences of isolates from both 
patients were 100% identical to strains for MRL293 and 
MRL208 from South Africa (4) and distinct from sequenc-
es of strains previously isolated in our hospital and in Tel 
Aviv (Figure) (5).

C. auris isolates from patients A and B were resistant 
to fluconazole and susceptible to anidulafungin and had 
high MICs to voriconazole (>8 μg/mL). One isolate was 
resistant to amphotericin B (MIC 2 μg/mL) (3), although a 
recent study suggested a higher epidemiologic cutoff that 
defines the isolate as susceptible (6).

Nosocomial outbreaks associated with C. auris were 
reported from several countries and continents including 
India, South Africa, Venezuela, Pakistan, and the United 
States (2,7,8). Sporadic cases were reported from Israel 
(5). Echinocandin exposure, which preceded C. auris in-
fection in patient A, was also reported in South Africa (2). 
Environmental contamination appears to be a common 
mode of C. auris spread within medical facilities (1); it 
is the suspected cause for the 2 cases reported here, de-
spite the time between them. The use of quaternary am-
monium compounds, which are less effective than bleach, 
for disinfecting equipment might contribute to persistence 
of Candida (9). 
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International travel is an increasingly recognized risk 
factor for infection with drug-resistant pathogens. Our in-
vestigation underscores the potential role of international 
travel and especially the transportation of patients between 
countries as a mode of C. auris dissemination. The wide 
genetic gap between country-specific clades allows the use 
of ribosomal DNA typing as a tool for identifying the geo-
graphic origin of specific isolates (2,5). A similar approach 
was used to demonstrate multiple transmission events into 
the United Kingdom (10).
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Cephalosporin-resistant Neisseria gonorrhoeae is a major 
public health concern. N. gonorrhoeae of multiantigen se-
quence type G1407 and multilocus sequence type 1901 is 
an internationally spreading cephalosporin-resistant clone. 
We detected 4 cases of infection with this clone in China 
and analyzed resistance determinants by using N. gonor-
rhoeae sequence typing for antimicrobial resistance.

Gonorrhea, the second most prevalent sexually trans-
mitted infection (STI) globally, remains a major 

public health concern in China. From 2015 to 2016, the 
reported cases of gonorrhea in China increased by 14.7% 
(100,245 to 115,024) (1). The extended-spectrum cepha-
losporin ceftriaxone has been recommended as mono-
therapy to treat gonorrhea in China since 2007 (2), but 
resistance to this drug emerged almost at the same time 
(3). Presently, the transmission of internationally spread 
cephalosporin-resistant clones in China has become a 
threat to effectively controlling gonorrhea (4). Strains 
with N. gonorrhoeae multiantigen sequence type (NG-
MAST) G1407 and multilocus sequence type (MLST) 
1901 have been successful clones associated with cepha-
losporin resistance and have caused clinical treatment 
failures in France and Spain (5,6); these strains have also 
became the predominant clones in the United Kingdom 
(7) and Japan (8) and among US men who have sex with 
men (9). Here we report 4 cephalosporin-resistant NG-
MAST G1407/MLST 1901 clones identified out of 2,038 
isolates collected through China’s Gonococcal Resistance 
Surveillance Program during 2015–2016.

Demographic and clinical information for the 4 case-
patients are summarized in online Technical Appendix 
Table 1 (https://wwwnc.cdc.gov/EID/article/24/4/17-1817-
Techapp1.xlsx). All case-patients were adult men; gonococ-
cal isolates were obtained from urethral swab samples. The 
4 men had obvious urethral discharge and were diagnosed 
with acute urethritis. Gram staining and culture of the ure-
thral swabs were positive for gonococcal infection. One of 
the 4 patients self-reported being a man who has sex with 
men. One of the infections, occurring in Zhejiang Province, 
was treated with a single-dose regimen of spectinomycin (4 
g); the other 3 infections, occurring in the municipality of 
Chongqing, were treated with a 2-dose regimen of ceftriax-
one (1 g) administered over 2 days. Test-of-cure follow-ups 
were not performed.

All strains were transferred to the reference laboratory 
at the National Center for Sexually Transmitted Disease 
Control, Chinese Center for Disease Control and Preven-
tion. Gram staining, a rapid oxidase reaction test, and a 
carbohydrate utilization test confirmed the identification 
of N. gonorrhoeae. We determined antimicrobial suscepti-
bility to ceftriaxone (CRO), cefixime (CFM), spectinomy-
cin (SPT), azithromycin (AZM), ciprofloxacin (CIP), and  
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penicillin (PEN) by using the agar dilution method. We 
detected β-lactamase (penicillinase)–producing N. gonor-
rhoeae isolates by using a nitrocefin solution filter paper 
test. These strains were resistant to CRO, CFM, PEN, and 
CIP but susceptible to AZM and SPT based on susceptibil-
ity and resistance breakpoints from the European Commit-
tee on Antimicrobial Susceptibility Testing (http://www.
eucast.org/clinical_breakpoints) (Table). MICs of ceftriax-
one ranged from 0.25 to 0.50 mg/L, and MICs of cefixime 
ranged from 0.5 to 1.0 mg/L.

We performed NG-MAST and MLST genotyping to 
identify the sequence types (10). MLST showed all 4 strains 
to be type 1901, and NG-MAST showed the Zhejiang strain 
to be sequence type (ST) 10332 and the Chongqing strains 
to be ST1407. ST10332 has a 2-basepair difference in the 
porB (porB6067) gene from that of ST1407 (porB908) and 
belongs to genogroup G1407. We used N. gonorrhoeae se-
quence typing for antimicrobial resistance (NG-STAR) to 
identify the characteristics of resistance determinants (11). 
NG-STAR showed 2 of the Chongqing strains to be ST90; 
the third Chongqing strain was ST194. The strain isolated 
in Zhejiang was ST507. All 4 strains had type XXXIV mo-
saic penA (penA 34.001), –35A Del in the mtrR promoter 
(mtrR1), G120K-A121N/D in PorB (PorB8/11), L421P in 
PonA (PonA1), S91F-D95A/G in GyrA (GyrA1/7), S87R 
in ParC (ParC3), and wild-type 23srRNA (23 srRNA0) 
(online Technical Appendix Table 2).

We conclude that the internationally reported cepha-
losporin-resistant NG-MAST G1407/MLST 1901 N. gon-
orrhoeae clone has spread into China. Genotyping and 
resistance determinants analysis showed similarity to the 
predominant G1407/MLST 1901 clone reported in other 
regions (7–9), indicating that importation into and trans-
mission within China has occurred. Our findings suggest 
that increased monitoring of this clone by China’s Gono-
coccal Resistance Surveillance Program will be vital for 
monitoring trends in antimicrobial resistance.
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We report an HIV-infected person who was treated for lym-
phogranuloma venereum cervical lymphadenopathy and 
proctitis in Croatia in 2014. Infection with a variant L2b gen-
ovar of Chlamydia trachomatis was detected in a cervical 
lymph node aspirate. A prolonged course of doxycycline 
was required to cure the infection.

Lymphogranuloma venereum (LGV) is a sexually trans-
mitted infection caused by serovars L1, L2, and L3 of 

the bacterium Chlamydia trachomatis. The infection typi-
cally causes genital ulcers, proctitis, or femoral/inguinal 
lymphadenopathy with or without constitutional symp-
toms. In the past decade, outbreaks of LGV have been re-
ported in North America, Australia, and Europe, mainly as 
proctitis among HIV-infected men who have sex with men 
(MSM) (1). We report a patient with pharyngitis, proctitis, 
and cervical lymphadenitis in whom LGV-specific DNA 
was detected by real-time reverse transcription PCR (RT-
PCR) in a cervical lymph node fine-needle aspirate.

The patient was a 48-year-old, HIV-positive man in 
Croatia who came to an outpatient HIV clinic in August 
2014 with perianal pain for 10 days and bloody rectal dis-
charge with normal stool consistency. He also reported a 
painful, enlarged cervical lymph node but did not have a 
sore throat. On the first day of the illness, he had fever, 
which subsided the next day. He reported having unpro-
tected receptive anal and oral sex with other men while 
visiting Berlin, Germany, 2 weeks earlier. Clinical exami-
nation demonstrated exudate on the right tonsil, a painful 
and enlarged right cervical lymph node (5 × 2 cm) (online 
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/24/4/17-1872-Techapp1.pdf), perianal pain on pal-
pation, and a purulent rectal discharge.

The patient was given a diagnosis of HIV infection in 
2002 and had been receiving antiretroviral therapy since 
July 2002. Plasma viremia had been undetectable since 
October 2002, and his CD4+ T-cell count before this ill-
ness was 2,082 cells/mm3. His clinical history included 
treatment for neurosyphilis, epilepsy, and diarrhea caused 
by Microsporidiae spp., Blastocystis hominis, and Ent-
amoeba histolytica.

During examination at the HIV clinic, specimens were 
obtained from the pharynx, rectum, and urine for culture 
and a nucleic acid amplification test (NAAT). During fine-
needle aspiration of a cervical lymph node, ≈1 mL of pus 
was removed and analyzed. The lymph node aspirate and 
a rectal swab specimen were positive for C. trachomatis 
DNA by the C. trachomatis/Neisseria gonorrhoeae RT-
PCR (Abbott Laboratories, Abbott Park, IL, USA).

Cytologic examination of the fine-needle aspirate of 
the affected lymph node predominantly showed elements of 
granulomatous inflammation. An indirect immunofluores-
cence assay serum test result for C. trachomatis antibodies 
was positive (IgG titer >1:512, IgA titer 1:256). Test results 
for N. gonorrhoeae were negative (culture of the rectal swab 
and NAAT for urine and rectum). Results of a throat culture 
for Streptococcus pyogenes and routine lymph node aspirate 
culture for bacteria were also negative. Serum serologic test 
results were negative for acute infection with Treponema 
pallidum, Bartonella spp., and Toxoplasma gondii.

1Results from this study were presented as a poster at the 
IDWEEK 2017 Conference, October 4–8, 2017, San Diego, CA, 
USA. Abstracts of the IDWEEK 2017 Conference have been 
published in a supplement issue of Open Forum Infectious 
Diseases (https://idsa.confex.com/idsa/2017/webprogram/
POSTER.html).
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DNA from the lymph node specimen was frozen and 
sent to Public Health England (London, UK) in Febru-
ary 2017. LGV-specific DNA was detected by using an 
in-house TaqMan RT-PCR. The sequence of the outer 
membrane protein gene from lymph node punctate was 
identical to that of the C. trachomatis L2 reference strain 
L2/434/Bu.

At the initial visit, the patient was treated with intrave-
nous ceftriaxone (2 g) and oral doxycycline (2 × 100 mg). 
After NAATs showed C. trachomatis infection, only doxy-
cycline therapy was continued. Symptoms of proctitis sub-
sided in 2 days. However, because cervical lymphadenitis 
persisted, we treated the patient with a prolonged course 
(6 weeks) of doxycycline. Eventually, the patient showed 
a full recovery.

Our report indicates that LGV might be present in 
MSM in Croatia. The first NAAT-confirmed case of LGV in 
southeastern Europe was reported in Slovenia and described 
an HIV-negative MSM who was ill in 2015 (2). LGV is 
probably underdiagnosed in southeastern Europe because 
of lack of diagnostics and awareness of the infection.

There have been only a few case reports of LGV with 
associated cervical lymphadenopathy (3–8) (Table). Some 
cases had generalized lymphadenopathy (axillar, supracla-
vicular, and retroperitoneal) with constitutional symptoms 
(3); pharyngitis/odynophagia/proctitis/tongue soreness 
(4,7); constitutional symptoms (5,7); tonsillitis (6); or skin 
lesions (8). Case reports have also been described of LGV 
with supraclavicular and mediastinal lymphadenopathy  

without cervical involvement (9). In all of these cases, 
infection with LGV caused by C. trachomatis was estab-
lished by serologic testing or an NAAT for a pharyngeal 
specimen. It is essential to maintain a high level of clinical 
suspicion for LGV in MSM even if noninguinal/femoral 
lymph nodes are affected.

The recommended treatment for LGV is doxycycline 
for 21 days. However, several clinical observations have 
suggested that a 21-day course of doxycycline therapy is 
insufficient for treating inguinal bubonic LGV (2,10), Rec-
ommendations have been given to carefully follow up with 
patients and continue doxycycline treatment until symp-
toms resolve (10). We followed these recommendations for 
our patient who had bubonic cervical lymph node LGV.
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Table. Characteristics of 8 patients with lymphogranuloma venereum and cervical lymphadenopathy* 

Reference 
Patient age, 

y/sex Clinical presentation 
Method of laboratory 

confirmation Therapy/duration 
Andrada et al. (7) 30/M Mouth ulcer, weight loss, cervical 

lymphadenopathy 
Serologic analysis Tetracycline/5 wk 

Thorsteinsson et al. (3) 31/M Fever, supraclavicular, axillar, 
retroperitoneal, and cervical 

lymphadenopathy 

Serologic analysis Tetracycline/4 wk 

Watson et al. (6) 19/F Sore throat, tonsillitis, arthritis, 
erythema nodosum, cervical 

lymphadenopathy 

Serologic analysis Phenoxymethylpenicillin, 
indomethacin, 
erythromycin† 

Albay and Mathisen (5) 18/F Fever, cervical lymphadenopathy Serologic analysis Ampicillin/sulbactam, 
doxycycline† 

Tchernev et al. (8) 36/M Facial skin lesions, cervical and axillary 
lymphadenopathy 

NAAT: Chlamydia 
trachomatis DNA in skin 

lesions and serologic 
analysis 

Surgical excision of 
cervical lymph nodes; 

pentamidine and 
doxycycline/3 wk 

Dosekun et al. (4) 32/M Sore throat, cervical lymphadenopathy, 
odynophagia, mouth ulcer, proctitis, 

cervical lymphadenopathy 

NAAT: LGV-specific DNA 
in pharyngeal swab 

specimen 

Amoxicillin/1 wk, 
doxycycline/1 wk 

Dosekun et al. (4) 27/M Sore throat, cervical lymphadenopathy, 
odynophagia, mouth ulcer, proctitis, 

cervical lymphadenopathy 

NAAT: LGV-specific DNA 
in pharyngeal and rectal 

swab specimens 

Azithromycin/1 g, 
doxycycline/2 wk 

This study 48/M Fever, cervical lymphadenopathy, 
proctitis 

NAAT: LGV-specific DNA 
in cervical lymph node 

sample obtained by fine-
needle aspirate; 

serologic analysis 

Ceftriaxone/5 d, 
doxycycline/6 wk 

*LGV, lymphogranuloma venereum; NAAT, nucleic acid amplification test. 
†Duration of therapy not reported. 
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We isolated a strain of Zika virus, MB16-23, from Aedes 
aegypti mosquitoes collected in Miami Beach, Florida, USA, 
on September 2, 2016. Phylogenetic analysis suggests that 
MB16-23 most likely originated from the Caribbean region.

In 2016, outbreaks of locally transmitted Zika virus oc-
curred in Miami (Wynwood neighborhood) and Miami 

Beach, in Miami-Dade County, Florida, USA (1). During 
these outbreaks, a Centers for Disease Control and Preven-
tion (CDC) emergency response team was deployed to assist 
Miami-Dade County disease surveillance and control efforts. 
CDC entomologists within the CDC emergency response 
team worked with Miami-Dade County Mosquito Control 
and sampled mosquito populations using BG-Sentinel type-
2 traps (Biogents AG, Regensburg, Germany) to determine 
basic entomological parameters. Routinely, mosquitoes were 
collected, identified to species on the basis of the morpho-
logic characteristics described by Darsie and Ward (2), and 
shipped inactivated and preserved in RNAlater (Ambion Inc., 
Austin, TX, USA) to the Bronson Animal Disease Diagnostic 
Laboratory (Kissimmee, FL, USA) for Zika virus testing.

In addition to the routine outbreak protocol, 2 BG-
Sentinel type-2 traps were placed at a construction site 
near the intersection of James Avenue and Lincoln Road 
(25°47′25.68″N, 80°07′50.24″W) in Miami Beach on Sep-
tember 1, 2016. This site was selected because it was adjacent 
to a site where Zika cases had been detected. On September 
2, 2016, the mosquitoes captured were frozen and shipped 
on dry ice to the CDC laboratory in Fort Collins, Colora-
do, USA. In the laboratory, the mosquitoes were identified 
to species on chill tables; female Aedes aegypti mosquitoes 
were separated into pools of 50 mosquitoes or less. A total 
of 293 female Ae. aegypti mosquitoes were collected (146.5/
trap/day), grouped into 7 pools, and processed for presence 
of arboviral agents by cytopathic effect (CPE) assay.

We triturated pools of mosquitoes in 500 µL of Dul-
becco’s modified Eagle medium complete with penicillin 
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(100 U/mL), streptomycin (100 mg/mL), 20% fetal bovine 
serum, and 50 µg/mL amphotericin B. We used the clari-
fied supernatants from triturated mosquito pools to inocu-
late Vero (mammalian) cells in 24-well plates. We observed 
the inoculated cells daily and harvested them upon the ap-
pearance of CPE. Of the mosquito pools processed, only 
1 pool of 50 female Ae. aegypti mosquitoes caused CPE. 
Final titration of the Vero passage was 7.02 log10 PFU/mL. 
We reinoculated the harvested supernatant onto Ae. albop-
ictus C6/36 cells; these cell cultures were maintained at 
28°C with complete Dulbecco’s modified Eagle medium 
supplemented with 2% fetal bovine serum and penicillin/
streptomycin. We extracted viral RNA from 140 µL of the 

supernatant harvested from the C6/36 cell cultures using a 
QIAamp RNA Mini Kit (QIAGEN, Valencia, CA, USA). 
We performed reverse transcription PCR confirmation on 
the extracted RNA using flavivirus-specific primers, as de-
scribed previously (3).

We performed all procedures using commercial prod-
ucts according to the manufacturer’s protocols unless oth-
erwise noted. We generated cDNA from extracted RNA 
using the NuGEN Ovation RNA-seq system V2 (NuGEN 
Technologies, San Carlos, CA, USA). Libraries were con-
structed using the Ion Xpress Plus gDNA Fragment Library 
preparation kit (Life Technologies, Carlsbad, CA, USA) by 
fragmenting cDNA for 1.5 min, generating fragments of 

Figure. Maximum-likelihood tree generated from 
the whole-genome nucleotide sequences of 89 
strains of Zika virus from Florida, Central America, 
and the Caribbean. Arrow indicates strain MB16-
23, identified in Miami Beach, Florida, USA.
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250 bp on average; we quantified the libraries using the Ion 
Library TaqMan Quantitation kit (Life Technologies).

We performed whole-genome sequencing on the Ion 
Torrent Personal Genome Machine system (Life Technolo-
gies) and completed preparation of template-positive ion 
sphere particles using the Ion OneTouch 2 system and Ion 
PGM Hi-Q OT2 Kit (Life Technologies). We loaded Ion 
spheres into an Ion 316 Chip v2 (Life Technologies) and 
sequenced them on the Ion Torrent Personal Genomics 
Machine instrument using the Ion PGM Hi-Q sequenc-
ing kit (Life Technologies). We generated full genome 
sequences using a templated assembly in SeqMan NGen 
(DNASTAR, Madison, WI, USA) and using Zika virus 
strain PRVABC-59 (GenBank accession no. KX377337) as 
a reference. We subjected consensus genomes generated by 
templated assemblies to BLAST analysis (http://www.ncbi.
nlm.nih.gov/BLAST) and determined that they were >98% 
similar to the respective reference sequences.

We aligned the full genome sequence of MB16-23 
(GenBank accession no. MF988743) with available se-
quences in the National Center for Biotechnology Infor-
mation database (NCBI Bioprojects PRJNA342539 [4] 
and PRJNA344504 [5]) using MUSCLE (6) on the Cipres 
Science Gateway (7). We performed maximum-likelihood 
inference with GTRCAT majority rule criterion bootstrap-
ping using RAxML-HPC2 on XSEDE of the Cipres Sci-
ence Gateway (8). We edited output trees with FigTree ver-
sion 1.4 (http://tree.bio.ed.ac.uk/software).

Phylogenetic analysis showed that MB16-23 was closely 
related to 9 other sequences from Miami, suggesting a com-
mon origin to all these sequences (Figure), and was also close-
ly related to the sequence DominicanRepublic_KY014300, 
from Santo Domingo, Dominican Republic. This finding sug-
gests that MB16-23 and the 9 related sequences originated 
from a strain or strains introduced from the Caribbean region. 
Our results support previous observations that genomes col-
lected in Miami-Dade County during July 2016–November 
2016 share a common ancestor with genomes localized to the 
Caribbean area, particularly the Dominican Republic (4,5). 

In summary, we report an isolate of Zika virus, strain 
MB16-23, from a pool of 50 Ae. aegypti mosquitoes col-
lected in Miami Beach, Florida. Phylogenetic analysis sug-
gests that MB16-23 shares a common ancestor with other 
Florida Zika virus genomes as well as genomes localized to 
the Caribbean region.
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The African swine fever epizootic in central and eastern Eu-
ropean Union member states has a newly identified com-
ponent involving virus transmission by wild boar and virus 
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survival in the environment. Insights led to an update of the 
3 accepted African swine fever transmission models to in-
clude a fourth cycle: wild boar–habitat.

The main components in the epidemiology of African 
swine fever (ASF) have been known since the first de-

scription of the disease: soft Ornithodoros spp. ticks, wart-
hogs, domestic pigs, and pig-derived products such as pork. 
Three independent epidemiologic cycles (sylvatic, tick–pig, 
and domestic) have been described (1) (Figure). In the syl-
vatic cycle, ASF virus circulates between the natural reser-
voirs of the virus (i.e., warthogs and soft ticks), without caus-
ing disease in the warthogs. This ancient cycle is the origin of 
the tick–pig cycle and the domestic cycle and thus the origin 
of ASF as a disease. In the tick–pig cycle, the virus circulates 
between soft ticks and domestic pigs. This cycle has mainly 
been described in sub-Saharan Africa, but also played an im-
portant role during the epizootic on the Iberian Peninsula. In 
the domestic cycle, the virus is transmitted among domestic 
pigs, or from pig products to domestic pigs. This cycle does 
not involve the natural reservoirs.

In 2007, ASF was introduced into Georgia in Eurasia. 
The epizootic was not brought under control, and the disease  

spread to the surrounding countries, including the Russian 
Federation, and further to Belarus and Ukraine (2). In 2014, 
ASF reached the European Union (EU) member states of 
Estonia, Latvia, Lithuania, and Poland; in 2016, Moldova; 
and in 2017, the Czech Republic and Romania. In the on-
going epizootic in the Caucasus, Moldova, Romania, the 
Russian Federation, and Ukraine, the epidemiology seems 
to follow the common domestic cycle: the infection cir-
culates among small pig farms, affecting few commercial 
farms, and somewhat frequently spills over to wild boar 
(3). A similar cycle has been present in Sardinia since 1978 
(1). Since 2014, the affected EU member states have ap-
plied a common reporting framework and shared outbreak 
data. From these data, a previously undescribed epidemio-
logic pattern became evident: a cycle that focuses on the 
wild boar population and its habitat as a virus reservoir 
(4) (Figure). We suggest naming this cycle the wild boar– 
habitat cycle.

In the ongoing epizootic, ASF disease dynamics have 
proven to be complex and difficult to control (5). ASF 
prevalence remains <5%, and a pattern of local persistence 
with slower than expected dynamic spatial spread is evi-
dent, estimated at an average of 1–2 km/month (6). During 

Figure. The 4 epidemiologic cycles of African swine fever and main transmission agents. 1) Sylvatic cycle: the common warthog 
(Phacochoerus africanuus), bushpig (Potamochoerus larvatus), and soft ticks of Ornithodoros spp. The role of the bushpig in the sylvatic 
cycle remains unclear.  2) The tick–pig cycle: soft ticks and domestic pigs (Sus scrofa domesticus). 3) The domestic cycle: domestic pigs 
and pig-derived products (pork, blood, fat, lard, bones, bone marrow, hides). 4) The wild boar–habitat cycle: wild boar (S. scrofa),  
pig- and wild boar–derived products and carcasses, and the habitat.
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2016 in the Baltic states, <85% of wild boar found dead 
were ASF virus–positive, although virus prevalence in 
hunted wild boar was very low (0.5%–3%) (6). Currently, 
a standardized approach for estimating prevalence is lack-
ing, and depending on which areas (infected, surveillance, 
or unrestricted zones) and categories (found dead, killed in 
car accidents, or hunted) of wild boar that are included, the 
reported figures can underestimate or overestimate the true 
prevalence. The prevalence of antibody-positive hunted 
wild boar is lower than the virus prevalence for all infected 
countries and has no clear temporal trend. The low preva-
lence in hunted wild boar is to be expected, because this 
group represents an apparently healthy population, consid-
ering the nature of the disease and its high case-fatality rate 
among wild boar (7).

The wild boar–habitat cycle is characterized by both 
direct transmission between infected and susceptible 
wild boar and indirect transmission through carcasses 
in the habitat. The habitat contamination from ASF vi-
rus–positive wild boar carcasses, and the possible sub-
sequent intraspecies scavenging (8), offer possibilities 
for both low-dose and high-dose infections, depending 
on landscape, time, season, and carcass decomposition. 
These epidemiologic drivers of disease intermingle with 
wild boar population determinants such as wild boar de-
mography, including fertility; management factors such 
as winter feeding to avoid wild boar population crashes 
associated with cold weather and feed scarcity; hunting 
rates; hunting techniques; and hunting bag composition. 
Positive associations between wild boar population den-
sity and ASF have been found (4), but contrary to ear-
lier predictions, wild boar density does not seem to be a 
strictly limiting factor for persistence (9). The long-term 
availability of the virus in infected carcasses overtakes 
the expected density-dependent transmission pattern and 
enables the virus to persist despite any wild boar depop-
ulation effort and the high mortality rate (10). Environ-
mental persistence of the virus is favored by a cold and 
moist climate. In the ongoing outbreak, geography, ecol-
ogy, meteorology, and wild boar demography all affect 
the epidemiology, and each contributes to the viability 
of the wild boar–habitat cycle. This association further 
suggests that ASF may persist in the habitat despite low 
availability of susceptible hosts.

Despite each epidemiologic cycle being independent, 
intercycle disease transmission will occasionally occur. Just 
as the intracycle spread in the domestic transmission cycle, 
such spread can be anthropogenic. Anthropogenic factors 
and intercycle spread from the domestic cycle to the wild 
boar–habitat transmission cycle seem to be causative fac-
tors for long-distance spread of ASF, thus contributing to 
sustaining and enlarging the geographic range of the wild 
boar–habitat transmission cycle in the ongoing epizootic.
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In 2017, two cases of dengue fever were imported from 
Hurghada, Egypt, where dengue fever was not considered 
endemic, to Moscow. These cases show how emergence of 
dengue fever in popular resort regions on the coast of the Red 
Sea can spread infection to countries where it is not endemic.

From 2012, when registration of dengue fever cases be-
came official in the Russian Federation, through Decem-

ber 2017, ≈700 cases of imported dengue fever have been 
registered in Russia (1). Of these, ≈90% of cases were as-
sociated with travel to southern and Southeast Asia, mainly 
Thailand. In 2015, almost 2.5 million Russian citizens visit-
ed Egypt (the fifth most popular destination for tourists from 
Russia) (2). After a plane crash caused by a terrorist attack on 
October 31, 2015, air connections and tours to Egypt were 
stopped; however, many Russian citizens with relatives or 
real estate in resort areas of Egypt still travel there.

In Africa, dengue fever is endemic to 34 countries, in-
cluding Egypt. During 1960–2010, a total of 20 confirmed 
outbreaks in 15 countries were registered (3). For the past 
7 years, outbreaks in East Africa have been registered in 
Somalia (2011, 2013), Kenya (2011, 2013, 2014), Tanzania 
(2013, 2014), and Mozambique (2014). In 2017, outbreaks 
were registered in 8 countries, 6 in West Africa and 2 in 
East Africa (Kenya, Seychelles). In Sudan, which is bor-
dered on the north by Egypt, outbreaks were registered in 
2010, 2011, and 2014 (4,5).

Dengue fever cases have been registered earlier in 
Egypt; the last outbreak was in 2015 in Dairut, but there are 
no data about outbreaks in cities on the coast of the Red Sea 

(e.g., Hurghada, Sharm El-Sheikh, and Dahab), which have 
become resort destinations for Russian citizens (6). In Oc-
tober 2017, the health department of the Red Sea governor-
ate reported cases of dengue fever in El Qoseir, a city 145 
km south of Hurghada, with a population of ≈50,000. Pre-
liminary results indicated that 1,200–2,500 persons were 
infected (7,8). Since November 2017, six cases of dengue 
among tourists returning from Hurghada (9,10) were re-
ported in Belgium (1), Austria (1), and Germany (4). Until 
2017, to our knowledge, no cases of dengue fever had been 
imported from Egypt to Russia. We report 2 cases in per-
sons returning to Russia after visiting Hurghada.

Patient 1 was a 63-year-old female Moscow resident. 
During October 12–28, 2017, she had visited relatives in 
Hurghada, stayed in their apartment, and noted multiple in-
sect bites. On October 18, she experienced acute onset of 
chills, fever, and aches. She did not seek medical care and 
did not measure her temperature. She took acetaminophen 
to control her symptoms. Over 10 days, her health gradu-
ally improved, but the fatigue remained. After returning 
to Moscow, she noted low-grade fever (up to 37.0°С) and 
was hospitalized in Infectious Clinical Hospital No. 1 with 
a diagnosis of fever of unknown origin. At admission, she 
complained of fatigue, restless sleep, dizziness, and tinni-
tus. Her general condition was stable and her temperature 
was 37.5°С; physical examination revealed no significant 
abnormalities. Complete blood count, urinalysis, and bio-
chemical test results were within normal limits. On day 32 
after symptom onset, serum testing by IgM antibody capture 
(MAC)–ELISA (in-house kit) detected IgM (titer 1:1,600) 
and IgG ELISA detected IgG (titer 1:12,800) against den-
gue virus (DENV). On day 34, real-time PCR (Dengue 
Real-TM Genotype; Sacace Biotechnologies, Como, Italy), 
used according to the manufacturer’s instructions, detected 
DENV type 2 RNA in urine (detected on 35th amplification 
cycle). Patient 1 received symptomatic treatment and was 
discharged after improvement with no complications.

Patient 2 was a 49-year-old male Moscow resident. 
During October 28–November 17, 2017, he had vacationed 
in Hurghada, stayed in a hotel, and noted insect bites. He 
denied having had contact with ill persons. On November 
15, he experienced acute onset of chills, fatigue, and fever 
(39.0°С). He did not seek medical care and did not measure 
his temperature again. He took nonsteroidal antiinflamma-
tory medications to control his symptoms. After return-
ing to Moscow (via Istanbul), he was taken by emergency 
ambulance to Municipal Infectious Diseases Hospital No. 
2, where he was hospitalized for suspected malaria. At ad-
mission, he had fever and rash. His general condition was 
stable and his temperature was 39.0°С. Physical examina-
tion revealed mild macular rash and liver enlargement 3 cm 
below the edge of the costal arch. Complete blood count in-
dicated thrombocytopenia (106 × 109 thrombocytes/L) and 
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leukopenia (1.8 × 109 cells/L); urinalysis and biochemical 
test results were within normal limits. On day 7 after symp-
tom onset, real-time PCR (Dengue Real-TM Genotype) de-
tected DENV type 2 RNA in blood (25th cycle) and urine 
(30th cycle). Patient 2 received symptomatic treatment and 
was discharged after improvement with no complications.

The emergence of dengue fever on the coast of the Red 
Sea, a popular resort region for tourists from many coun-
tries, can lead to increased importation to countries where 
it is not endemic. Considering these 2 cases of dengue 
fever imported from Hurghada, Egypt, tourists should be 
informed about the risk for DENV infection before they 
travel, preventive measures should be explained, and tour-
ists should be advised to seek medical care early if they 
experience symptoms. 

Dr. M.A. Saifullin is a chief of the Isolation Department in the 
Municipal Infectious Diseases Hospital No.1, Moscow, Russian 
Federation, and a researcher in the arboviruses biology laboratory 
of the Research Institute of Epidemiology and Microbiology n.a. 
N.F. Gamalei, Moscow. His research interests include arboviral 
infections, tropical diseases, and travel medicine.
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“Thousands have lived without love,  
not one without water.”

—W. H. Auden, “First Things First”

Water is the most precious and essential natural re-
source. If unadulterated and at room temperature, 

it is tasteless, odorless (to humans), and transparent. Wa-
ter sustains life, reshapes topography, provides passage 
and conveyance, and delineates and destroys geopolitical 
boundaries. Water comprises ≈71% of Earth’s surface, and 
the United States Geological Survey estimates that Earth 

is covered by more than 332,500,000 cubic miles (mi3) of 
water. Archaeology, history, and anthropology corroborate 
that most civilizations originated near water. American ma-
rine biologist Sylvia Earl offers this perspective: “No wa-
ter, no life. No blue, no green.”

Vivid blues and greens interspersed with layers of 
white splash across this month’s cover art, “Water Prayer 
I,” one of a series of water-related pieces from the portfo-
lio of artist Patricia Goslee, who lives in Washington, DC, 
United States. Her abstract work points to the possibility 
of mutability and transformation in water. A hazy hatch-
work sweeps across the top of the painting and repeats 
in the lower right. Green and pale blue spheres of color 
float above the patterns. Dominating the image, a dense V-
shaped amalgamation of speckled shapes—some uniform 

Patricia Goslee, (b. 1960), Water Prayer I, 2005 (detail). Acrylic on canvas, 11 in × 17 in/28 cm × 43 cm. Digital image courtesy of the artist. 
Washington, DC, United States. 
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and others elongated—streaks diagonally across the center 
of the canvas while a column of undulating forms juts up 
along the left side.

Goslee’s water-themed painting can be viewed from 
divergent perspectives. It might be perceived as capturing a 
teeming collection of microorganisms inhabiting a drop of 
water. Conversely, it could suggest the proverbial 10,000-
foot view, the stretched convergence of a city and river 
delta, interlaced with roads, canals, and lakes and dotted 
with buildings, fields, forests, and towns as viewed from an 
airplane window.

It may be a viewer’s choice, because Goslee, who fa-
vors a style that is colorful and intuitive, approaches her 
painting without a preconceived plan. In her words, “It’s 
a blank slate every time I start. I make marks, move and 
pour paint on the canvas. Sometimes I use spray paint, 
and sometimes I draw on the surface of the paintings. It 
all evolves and is ultimately a practice that allows me to 
process my experience of the world.” (P. Goslee, pers. 
comm., 2018 Feb 11.) 

 “Flow” was an exhibition of Goslee’s works dis-
played at the District of Columbia Arts Center in 2009–
2010. Notes from this exhibition also offer perspective 
into her style of painting, “The most obvious unifying ele-
ment in Goslee’s mixed media work is pattern: layers of 
color and form operate as a visual metaphor for layers of 
awareness. The results achieved often depict isolated mo-
ments, visualizations.”

Water is essential for life and for preserving health, 
but under certain circumstances, it can be the reservoir and 
conduit for pathogens that can lead to disease and death. 
Water is used in myriad ways to maintain hygiene, arguably 
handwashing being most critical for preventing the spread 
of organisms responsible for diseases as diverse as influ-
enza and other respiratory infections, diarrheal disease, and 
healthcare-associated infections in hospitals. Water is criti-
cal for sterilization: steam under pressure has a long history 
of use for sterilization to prevent the spread of infections by 
reusable surgical instruments.

Water has been the source for infections of inter-
national and local importance. Vibrio cholerae, which 
preys on areas without adequate access to clean water and 
sanitation systems, has been responsible for 7 pandemics 
since the 19th century, killing millions of people across 
the globe. This organism remains endemic to many coun-
tries. Legionella pneumophila is transmitted by inhalation 
of contaminated aerosols from cooling towers, decorative 
fountains, hot water tanks, large plumbing systems, and 
the like. More recently, complex devices that use water 
and water drains have been identified as the site of bio-
films harboring pathogens. Biofilms may form on a vari-
ety of water-associated surfaces, including living tissues, 
indwelling medical devices, industrial or potable water 

system piping, and natural aquatic systems. Surgical site 
infections caused by nontuberculous mycobacteria asso-
ciated with the heater–cooler devices used during cardiac 
surgery have been reported internationally. Pseudomonas 
aeruginosa and other highly resistant organisms have 
been responsible for outbreaks associated with the waste 
and tap water systems in healthcare institutions.

Antibiotics themselves can contaminate water. A 
group of researchers discovered concentrations of phar-
maceuticals, including levels of ciprofloxacin greater 
than those found in the blood of humans taking this anti-
biotic, in effluent from a water treatment plant that served 
around 90 drug manufacturers in India. They studied bac-
teria in river sediments and found genetic materials that 
could potentially confer resistance to ciprofloxacin and  
other antibiotics.

One of the most abundant and indispensable com-
pounds, water courses through art, literature, history, and 
science. A multitude of different names exist for water, 
and cataloguing these would prove an arduous, compli-
cated endeavor. Spending a few minutes reflecting on Go-
slee’s “Water Prayer I” enables us to move beyond words 
and simply appreciate how important water is to life  
and health.
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Upcoming Issue
•  History of Mosquitoborne Diseases in the United States and 

Implications for New Pathogens 

•  Surveillance for Mosquitoborne Transmission of Zika Virus,  
New York City, NY, USA

•  Two Cases of Israeli Spotted Fever with Purpura Fulminans,  
Sharon District, Israel 

•  Dynamics of Spirochetemia and PCR Detection of Borrelia 
miyamotoi Disease 

•  Epidemic Dynamics of Vibrio parahaemolyticus K17 Illness in a 
Hotspot of Disease Emergence

•  Human Usutu Virus Infection with Atypical Neurologic Presentation, 
Montpellier, France, 2016 

•  Heartland Bunyavirus and Hemophagocytic Lymphohistiocytosis in 
an Immunocompromised Patient

•  Epizootic Hemorrhagic Disease Virus Serotype 6 Infection in Cattle, 
Japan, 2015 

•  External Quality Assessment for Zika Virus Molecular Diagnostic 
Testing, Brazil 

•  Seroprevalence of Severe Fever with Thrombocytopenia Syndrome 
Virus in Rural Areas, South Korea 

•  Equine Encephalosis Virus in India, 2008 

•  Foodborne Outbreaks Caused by Human Norovirus GII.P17-GII.17–
Contaminated Dried Shredded Seaweed (Nori), Japan, 2017 

•  Fatal Visceral Leishmaniasis Caused by Leishmania infantum, 
Lebanon 

•  Borrelia miyamotoi sensu lato in Highly Endangered Père David 
Deer and Haemaphysalis longicornis Ticks

•  Multiple Introductions of Influenza A(H5N8) Virus into Poultry, 
Egypt, 2017 

•  Fatal Tickborne Encephalitis Virus Infections Caused by Siberian and 
European Subtypes, Finland, 2015 

•  Middle East Respiratory Syndrome Coronavirus Antibodies in 
Dromedary Camels, Bangladesh, 2015 

•  Potentially Same Novel Ehrlichia Species in Horses in Nicaragua  
and Brazil 

Complete list of articles in the May issue at  
http://www.cdc.gov/eid/upcoming.htm

Upcoming Infectious
Disease Activities
April 18–20, 2018
ISIRV
International Society for Influenza 
and Other Respiratory Virus Diseases
Neglected Influenza Viruses Group
Brighton, UK  
https://science.vla.gov.uk/ 
flu-lab-net/index.html

April 18–20, 2018
SHEA
Society for Healthcare  
Epidemiology of America
Spring 2018 Conference
Portland, OR, USA
http://sheaspring.org/

April 23–25, 2018
2018 Annual Conference on
Vaccinology Research
Bethesda, MD, USA
www.nfid.org/acvr

May 6–9, 2018
ASM Clinical Virology Symposium
West Palm Beach, FL, USA
https://www.asm.org/index.php/ 
2018-clinical-virology-symposium

June 7–11, 2018
ASM Microbe
Atlanta, GA, USA
https://www.asm.org/index.php/ 
asm-microbe-2018

August 26–29, 2018
ICEID
International Conference on
Emerging Infectious Diseases
Atlanta, GA, USA
https://www.cdc.gov/iceid/index.html

October 28–30, 2018
2018 Annual Congress
International Society for Vaccines
Atlanta, GA, USA

Announcements
Email announcements to EID Editor 
(eideditor@cdc.gov). Include the event’s 
date, location, sponsoring organization, and 
a website. Some events may appear only on 
EID’s website, depending on their dates.
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Article Title
Reemergence of Intravenous Drug Use as Risk Factor for  

Candidemia, Massachusetts, USA

CME Questions
1.  Your patient is a 32-year-old man with a history of 
intravenous drug use (IVDU) who was admitted to the 
intensive care unit for an invasive infectious illness. 
Based on the case series by Poowanawittayakom and 
colleagues, which of the following statements about 
the clinical features of candidemia in patients with a 
history of IVDU vs. those without such a history  
is correct?
A.  Patients with vs. those without a history of IVDU were 

significantly more likely to be coinfected with HIV
B.  Patients with vs. those without a history of IVDU 

were more likely to have end-organ involvement, 
suggesting a reemergence of IVDU as a risk factor for 
invasive candidiasis

C.  Mortality rate was higher in patients with IVDU than in 
patients without IVDU

D.  The percentage of patients with a prosthetic valve did 
not differ significantly between groups

2.  Based on the case series by Poowanawittayakom 
and colleagues, which of the following statements 
about the microbiological features of candidemia in 
patients with vs. those without a history of IVDU  
is correct?
A.  Candida albicans was isolated from the bloodstream 

in a significantly higher percentage of patients with 
IVDU than in patients without IVDU

B.  The percentage of Candida isolates identified as  
C. parapsilosis was significantly higher in the  
non-IVDU group than in the IVDU group

C.  C. glabrata and C. tropicalis were significantly more 
common in the non-IVDU group

D.  The finding of different species of Candida in the IVDU 
group argues against a common source of infection

3.  Based on the case series by Poowanawittayakom 
and colleagues, which of the following statements 
about the clinical implications of findings from this 
case series of patients with candidemia associated or 
not associated with IVDU is correct?
A.  IVDU-associated candidemia cases declined during 

the 7-year study
B.  IVDU-associated candidemia cases in this study were 

very similar to previously reported cases associated 
with injection of brown heroin

C.  Infections are a significant cause of morbidity/
mortality in IVDU, and invasive candidiasis should be 
considered in the differential diagnosis of infectious 
sequelae of IVDU

D.  Fluconazole is the treatment of choice for  
IVDU-associated candidemia
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Article Title
Rickettsial Illnesses as Important Causes of Febrile Illness  

in Chittagong, Bangladesh

CME Questions
1.  You are asked to evaluate a patient with a 2-week 
history of fever and malaise. Which one of the 
following symptoms was least common in cases of 
rickettsial illness in the current study?
A. Headache
B. Skin lesions
C. Myalgia
D. Anorexia

2.  What does the current study describe regarding the 
epidemiology of rickettsial illness in Bangladesh?
A. 23% of cases of fever were attributable to  

rickettsial infection
B. Murine typhus was more common than scrub  

typhus overall
C. Murine typhus and scrub typhus occurred at  

equal rates
D. Most patients with scrub typhus came from rural areas

3.  The prevalence of scrub typhus peaked during 
which of the following months in the current study?
A. February/March
B. June/July
C. September/October
D. November/December

4.  Which one of the following strains of Orientia 
tsutsugamushi was most prevalent during the 
observation year in the current study?
A. Karp
B. Gilliam
C. TA763
D. Kato
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