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The basic reproduction number (R0), also called the basic 
reproduction ratio or rate or the basic reproductive rate, 
is an epidemiologic metric used to describe the conta-
giousness or transmissibility of infectious agents. R0 is 
affected by numerous biological, sociobehavioral, and 
environmental factors that govern pathogen transmission 
and, therefore, is usually estimated with various types of 
complex mathematical models, which make R0 easily mis-
represented, misinterpreted, and misapplied. R0 is not a 
biological constant for a pathogen, a rate over time, or a 
measure of disease severity, and R0 cannot be modified 
through vaccination campaigns. R0 is rarely measured di-
rectly, and modeled R0 values are dependent on model 
structures and assumptions. Some R0 values reported in 
the scientific literature are likely obsolete. R0 must be es-
timated, reported, and applied with great caution because 
this basic metric is far from simple.

The basic reproduction number (R0), pronounced “R 
naught,” is intended to be an indicator of the conta-

giousness or transmissibility of infectious and parasitic 
agents. R0 is often encountered in the epidemiology and 
public health literature and can also be found in the popu-
lar press (1–6). R0 has been described as being one of the 
fundamental and most often used metrics for the study of 
infectious disease dynamics (7–12). An R0 for an infectious 
disease event is generally reported as a single numeric 
value or low–high range, and the interpretation is typically 
presented as straightforward; an outbreak is expected to 
continue if R0 has a value >1 and to end if R0 is <1 (13). 
The potential size of an outbreak or epidemic often is based 
on the magnitude of the R0 value for that event (10), and 
R0 can be used to estimate the proportion of the popula-
tion that must be vaccinated to eliminate an infection from 
that population (14,15). R0 values have been published for 
measles, polio, influenza, Ebola virus disease, HIV disease, 
a diversity of vectorborne infectious diseases, and many 
other communicable diseases (14,16–18).

The concept of R0 was first introduced in the field 
of demography (9), where this metric was used to count  
offspring. When R0 was adopted for use by epidemiologists, 
the objects being counted were infective cases (19). Numer-
ous definitions for R0 have been proposed. Although the ba-
sic conceptual framework is similar for each, the operational 
definitions are not always identical. Dietz states that R0 is “the 
number of secondary cases one case would produce in a com-
pletely susceptible population” (19). Fine supplements this 
definition with the description “average number of second-
ary cases” (17). Diekmann and colleagues use the description 
“expected number of secondary cases” and provide addition-
al specificity to the terminology regarding a single case (13).

In the hands of experts, R0 can be a valuable concept. 
However, the process of defining, calculating, interpreting, 
and applying R0 is far from straightforward. The simplicity of 
an R0 value and its corresponding interpretation in relation to 
infectious disease dynamics masks the complicated nature of 
this metric. Although R0 is a biological reality, this value is 
usually estimated with complex mathematical models devel-
oped using various sets of assumptions. The interpretation of 
R0 estimates derived from different models requires an under-
standing of the models’ structures, inputs, and interactions. 
Because many researchers using R0 have not been trained in 
sophisticated mathematical techniques, R0 is easily subject 
to misrepresentation, misinterpretation, and misapplication. 
Notable examples include incorrectly defining R0 (1) and 
misinterpreting the effects of vaccination on R0 (3). Further, 
many past lessons regarding this metric appear to have been 
lost or overlooked over time. Therefore, a review of the con-
cept of R0 is needed, given the increased attention this metric 
receives in the academic literature (20). In this article, we ad-
dress misconceptions about R0 that have proliferated as this 
metric has become more frequently used outside of the realm 
of mathematical biology and theoretic epidemiology, and we 
recommend that R0 be applied and discussed with caution.

Variations in R0
For any given infectious agent, the scientific literature 
might present numerous different R0 values. Estimations of 
the R0 value are often calculated as a function of 3 primary 
parameters—the duration of contagiousness after a person 
becomes infected, the likelihood of infection per contact 
between a susceptible person and an infectious person or 
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vector, and the contact rate—along with additional param-
eters that can be added to describe more complex cycles of 
transmission (19). Further, the epidemiologic triad (agent, 
host, and environmental factors) sometimes provides in-
spiration for adding parameters related to the availability 
of public health resources, the policy environment, various 
aspects of the built environment, and other factors that in-
fluence transmission dynamics and, thus, are relevant for 
the estimation of R0 values (21). Yet, even if the infectious-
ness of a pathogen (that is, the likelihood of infection oc-
curring after an effective contact event has occurred) and 
the duration of contagiousness are biological constants, R0 
will fluctuate if the rate of human–human or human–vec-
tor interactions varies over time or space. Limited evidence 
supports the applicability of R0 outside the region where 
the value was calculated (20). Any factor having the po-
tential to influence the contact rate, including population 
density (e.g., rural vs. urban), social organization (e.g., in-
tegrated vs. segregated), and seasonality (e.g., wet vs. rainy 
season for vectorborne infections), will ultimately affect 
R0. Because R0 is a function of the effective contact rate, 
the value of R0 is a function of human social behavior and 
organization, as well as the innate biological characteristics 
of particular pathogens. More than 20 different R0 values 
(range 5.4–18) were reported for measles in a variety of 
study areas and periods (22), and a review in 2017 iden-
tified feasible measles R0 values of 3.7–203.3 (23). This 
wide range highlights the potential variability in the value 
of R0 for an infectious disease event on the basis of local 
sociobehavioral and environmental circumstances.

Various Names for R0
Inconsistency in the name and definition of R0 has potential-
ly been a cause for misunderstanding the meaning of R0. R0 
was originally called the basic case reproduction rate when 
George MacDonald introduced the concept into the epi-
demiology literature in the 1950s (17,19,24,25). Although 
MacDonald used Z0 to represent the metric, the current sym-
bolic representation (R0) appears to have remained largely 
consistent since that time. However, multiple variations of 
the name for the concept expressed by R0 have been used in 
the scientific literature, including the use of basic and case 
as the first word in the term, reproduction and reproductive 
for the second word, and number, ratio, and rate for the final 
part of the term (13). Although the frequent use of the term 
basic reproduction rate is in line with MacDonald’s origi-
nal terminology (9), some users interpret the use of the word 
rate as suggesting a quantity having a unit with a per-time 
dimension (7). If R0 were a rate involving time, the metric 
would provide information about how quickly an epidemic 
will spread through a population. But R0 does not indicate 
whether new cases will occur within 24 hours after the initial 
case or months later, just as R0 does not indicate whether the 

disease produced by the infection is severe. Instead, R0 is 
most accurately described in terms of cases per case (7,13). 
Calling R0 a rate rather than a number or ratio might create 
some undue confusion about what the value represents.

R0 and Vaccination Campaigns
Vaccination campaigns reduce the proportion of a popula-
tion at risk for infection and have proven to be highly ef-
fective in mitigating future outbreaks (26). This conclusion 
is sometimes used to suggest that an aim of vaccination 
campaigns is to remove susceptible members of the popu-
lation to reduce the R0 for the event to <1. Although the 
removal of susceptible members from the population will 
affect infection transmission by reducing the number of 
effective contacts between infectious and susceptible per-
sons, this activity will technically not reduce the R0 value 
because the definition of R0 includes the assumption of a 
completely susceptible population. When examining the 
effect of vaccination, the more appropriate metric to use is 
the effective reproduction number (R), which is similar to 
R0 but does not assume complete susceptibility of the pop-
ulation and, therefore, can be estimated with populations 
having immune members (16,20,27). Efforts aimed at re-
ducing the number of susceptible persons within a popula-
tion through vaccination would result in a reduction of the 
R value, rather than R0 value. In this scenario, vaccination 
could potentially end an epidemic, if R can be reduced to 
a value <1 (16,27,28). The effective reproduction number 
can also be specified at a particular time t, presented as R(t) 
or Rt, which can be used to trace changes in R as the number 
of susceptible members in a population is reduced (29,30). 
When the goal is to measure the effectiveness of vaccina-
tion campaigns or other public health interventions, R0 is 
not necessarily the best metric (10,20).

Measuring and Estimating R0
Counting the number of cases of infection during an epi-
demic can be extremely difficult, even when public health 
officials use active surveillance and contact tracing to at-
tempt to locate all infected persons. Although measuring 
the true R0 value is possible during an outbreak of a newly 
emerging infectious pathogen that is spreading through a 
wholly susceptible population, rarely are there sufficient 
data collection systems in place to capture the early stages 
of an outbreak when R0 might be measured most accu-
rately. As a result, R0 is nearly always estimated retrospec-
tively from seroepidemiologic data or by using theoretical 
mathematical models (31). Data-driven approaches include 
the use of the number of susceptible persons at endemic 
equilibrium, average age at infection, final size equation, 
and intrinsic growth rate (10). When mathematical models 
are used, R0 values are often estimated by using ordinary 
differential equations (8–10,19,31), but high-quality data 
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are rarely available for all components of the model. The 
estimated values of R0 generated by mathematical models 
are dependent on numerous decisions made by the modeler 
(8,32,33). The population structure of the model, such as 
the susceptible-infectious-recovered model or susceptible-
exposed-infectious-recovered model, which includes com-
partments for persons who are exposed but not yet infec-
tious, as well as assumptions about demographic dynamics 
(e.g., births, deaths, and migration over time), are critical 
model parameters. Population mixing and contact patterns 
must also be considered; for example, for homogeneous 
mixing, all population members are equally likely to come 
into contact with one another, and for heterogeneous mix-
ing, variation in contact patterns are present among age 
subgroups or geographic regions. Other decisions include 
whether to use a deterministic (yielding the same outcomes 
each time the model is run) or stochastic (generating a dis-
tribution of likely outcomes on the basis of variations in the 
inputs) approach and which distributions (e.g., Gaussian or 
uniform distributions) to use to describe the probable val-
ues of parameters, such as effective contact rates and dura-
tion of contagiousness. Furthermore, many of the param-
eters included in the models used to estimate R0 are merely 
educated guesses; the true values are often unknown or 
difficult or impossible to measure directly (31,34,35). This 
limitation is compounded as models become more complex 
and, thus, require more input parameters (20,35), such as 
when using models to estimate the value of R0 for infec-
tious pathogens with more complex transmission path-
ways, which can include vectorborne infectious agents or 
those with environmental or wildlife reservoirs. In sum-
mary, although only 1 true R0 value exists for an infectious 
disease event occurring in a particular place at a particular 
time, models that have minor differences in structure and 
assumptions might produce different estimates of that val-
ue, even when using the same epidemiologic data as inputs 
(20,31,32,36,37).

Obsolete R0 Values
New estimates of R0 have been produced for infectious 
disease events that occurred in recent history, such as 
the West Africa Ebola outbreak (34,38,39). However, 
for many vaccine-preventable diseases, the scientific lit-
erature reports R0 values calculated much further back in 
history. For example, the oft-reported measles R0 values 
of 12–18 are based on data acquired during 1912–1928 in 
the United States (R0 of 12.5) and 1944–1979 in England 
and Wales (R0 of 13.7–18.0) (14), even though more recent 
estimates of the R0 for measles highlight a much greater nu-
meric range and variation across settings (23). For pertussis 
(R0 of 12–17), the original data sources are 1908–1917 in 
the United States (R0 of 12.2) and 1944–1979 in England 
and Wales (R0 of 14.3–17.1) (14). The major changes that 

have occurred in how humans organize themselves both 
socially and geographically make these historic values ex-
tremely unlikely to match present day epidemiologic reali-
ties. Behavioral changes undoubtedly have altered contact 
rates, which are a key component of R0 calculations. Yet, 
these R0 values have been repeated so often in the literature 
that newer R0 values generated by using modern data might 
be dismissed if they fall outside the range of previous es-
timates. Given that R0 is often considered when designing 
and implementing vaccination strategies and other public 
health interventions, the use of R0 values derived from old-
er data is likely inappropriate (23). Decisions about public 
health practice should be made with contemporaneous R0 
values or R values instead.

Conclusions
Although R0 might appear to be a simple measure that 
can be used to determine infectious disease transmission 
dynamics and the threats that new outbreaks pose to the 
public health, the definition, calculation, and interpreta-
tion of R0 are anything but simple. R0 remains a valuable 
epidemiologic concept, but the expanded use of R0 in both 
the scientific literature and the popular press appears to 
have enabled some misunderstandings to propagate. R0 is 
an estimate of contagiousness that is a function of human 
behavior and biological characteristics of pathogens. R0 is 
not a measure of the severity of an infectious disease or 
the rapidity of a pathogen’s spread through a population. 
R0 values are nearly always estimated from mathematical 
models, and the estimated values are dependent on numer-
ous decisions made in the modeling process. The conta-
giousness of different historic, emerging, and reemerging 
infectious agents cannot be fairly compared without recal-
culating R0 with the same modeling assumptions. Some of 
the R0 values commonly reported in the literature for past 
epidemics might not be valid for outbreaks of the same in-
fectious disease today.

R0 can be misrepresented, misinterpreted, and mis-
applied in a variety of ways that distort the metric’s true 
meaning and value. Because of these various sources of 
confusion, R0 must be applied and discussed with caution 
in research and practice. This epidemiologic construct will 
only remain valuable and relevant when used and interpret-
ed correctly.
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For >40 years, the British Royal Air Force has maintained 
an aeromedical evacuation facility, the Deployable Air Iso-
lator Team (DAIT), to transport patients with possible or 
confirmed highly infectious diseases to the United King-
dom. Since 2012, the DAIT, a joint Department of Health 
and Ministry of Defence asset, has successfully trans-
ferred 1 case-patient with Crimean-Congo hemorrhagic 
fever, 5 case-patients with Ebola virus disease, and 5 
case-patients with high-risk Ebola virus exposure. Cur-
rently, no UK-published guidelines exist on how to transfer 
such patients. Here we describe the DAIT procedures from 
collection at point of illness or exposure to delivery into a 
dedicated specialist center. We provide illustrations of the 
challenges faced and, where appropriate, the enhance-
ments made to the process over time.

In the 1970s, the British Royal Air Force (RAF) was 
tasked with developing a portable isolation facility that 

could retrieve patients with infectious diseases. The origi-
nal Vickers Isolator was manufactured at RAF Lyneham in 
1982 and first used in 1985 (1). The Trexler Air Transport 
Isolator (T-ATI) system has since undergone modifications 
and improvements. Separate T-ATIs are owned by the Min-
istry of Defence (MOD) and the Department of Health, and 
both capabilities are operated by a dedicated MOD team 
that includes the medical operations directorate, the RAF 
Aeromedical Evacuation Coordination Cell (AECC), and 
the Deployable Air Isolator Team (DAIT). Civilian and mil-
itary colleagues have trained and deployed together since 
1996. Since 2012, this team has successfully transferred 1 
patient with advanced Crimean-Congo hemorrhagic fever 
(2) and 5 patients with Ebola virus disease (EVD) (3–5), 2 
with recrudescence or late neurologic complications (6,7). 
In addition, 5 patients with Ebola exposures, including 2 

high-risk and 2 intermediate-risk exposures, have been 
transferred (4,8–10) (Table 1). 

In the United Kingdom, 2 high-level isolation units 
(HLIU) are primarily responsible for the care of patients 
with viral hemorrhagic fevers (VHFs): the Royal Free 
Hospital, London, and the Royal Victoria Infirmary, New-
castle. Both units use the Trexler patient isolator, in which 
patient care is provided within an isolation tent. End-to-end 
maximal patient containment from overseas to the receiv-
ing hospital and subsequent discharge is achieved through 
the T-ATI (Figure 1), which is designed to interface with 
the Trexler isolator. The T-ATI is transported on a suitable 
aircraft and from the airhead using a dedicated ambulance, 
the Jumbulance (Figure 2).

Aeromedical Evacuation of Patients with 
High-Consequence Infectious Disease

The UK T-ATI
There are 2 basic designs of Air Transport Isolator systems, 
closed and open, both of which offer maximum contain-
ment of highly infectious biologic agents. Open systems 
provide a portable isolation facility large enough for both 
the patient and attending medical staff wearing personal 
protective equipment (PPE), whereas closed systems sepa-
rate the patient from attending physicians (11). Several 
commercially available closed isolation systems have been 
developed from chemical, biologic, radiologic, and nuclear 
biodefense funding streams. These are stretcher isolators 
(S-ATI) designed to manage patients exposed to infectious 
agents, as opposed to patients with symptoms of infec-
tious diseases. Because S-ATI are small, their capability to 
support the transfer of sick patients is limited. The United 
Kingdom uses a larger closed T-ATI system for the trans-
fer of infected patients (Figure 1), a design that provides 
patient comfort and medical care while maintaining con-
tainment for the duration of the transfer mission. These 
systems have been used on Lockheed Martin C-130 and 
Boeing C-17 Globemaster (Figures 3,4) aircraft, enabling 
rapid delivery of the T-ATI and clinical team to both stan-
dard and austere landing strips at great distance from the 
United Kingdom.

Aeromedical Transfer of Patients 
with Viral Hemorrhagic Fever
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The sealed T-ATI system includes an ATI frame and 
disposable envelope. It is maintained under negative pres-
sure by a HEPA-filtered ventilation system that uses air-
craft power when emplaned and battery power when out-
side the aircraft, while the cabin pressure is maintained at 
a standard cabin altitude of 8,000 feet. Clinically, this sys-
tem maintains the arterial oxygen hemoglobin saturation at 
≈90% in healthy patients, even inside the negative-pressure 
envelope. Additional oxygenation is possible through the 
use of portable oxygen cylinders and tubing passed into the 
envelope through sealed delivery ports. Cables for monitor-
ing equipment, such as electrocardiogram electrodes, pulse 
oximeters, and blood pressure sensors, also pass through 
the ports, as does tubing for parenteral fluids or medication.

Clinical access consists of a half-suit on either 
side of the T-ATI; an additional half-suit can be fitted 
to permit access to the head and neck of the patient for 
intubation, if required (Figure 5). Arm and glove ports 
along the side of isolator enable multiple staff to access 
the patient simultaneously (Figure 1). At the foot of the 
envelope are 2 clinical waste disposal areas. Medical 
equipment likely to be needed for the management of the 
patient during the flight, such as intubation equipment, 
bag-valve mask, suction units, and intravenous access 
equipment, must be placed within the envelope before 
sealing the unit.

Logistical challenges overseas make moving the ATI 
away from the aircraft impractical, so the patient is usually  
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Table 1. Aeromedical transfers of patients with confirmed and exposed viral hemorrhagic fever to the United Kingdom, 2012–2016* 

Mission Date Infection Origin 
Patient signs/symptoms 

(stable/unstable) 
Isolator 

type Aircraft 
Patient 

outcome 
1 2012 Oct 4 CCHF Afghanistan† (1) Blood, diarrhea 

(unstable) 
T-ATI Lockheed C-130 

Hercules 
Died 

2 2014 Aug 23 EVD Sierra Leone (4) None (stable) T-ATI Boeing C-17 Survived 
3 2014 Dec 29 EVD Sierra Leone† (2) None (stable) T-ATI Lockheed C-130 

Hercules 
Survived 

4 2015 Jan 29 Ebola exposure Sierra Leone (10) None SI Boeing C-17 Survived 
5 2015 Jan 31 Ebola exposure Sierra Leone (10) None SI Boeing C-17 Survived 
6 2015 Mar 13 EVD Sierra Leone (3) Diarrhea (stable) T-ATI Boeing C-17 Survived 
  Ebola exposure Sierra Leone (10) None  SI  Survived 
  Ebola exposure Sierra Leone (10) None  SI  Survived 
7 2015 Mar 11 Ebola exposure Sierra Leone (10) None  SI Boeing C-17 Survived 
8 2015 Oct 9 EVD United Kingdom (5) Meningitis T-ATI Boeing C-17 Survived 
9 2016 Mar 22 EVD United Kingdom (6) Late neurologic 

complications 
T-ATI Lockheed C-130 

Hercules 
Survived 

*CCHF, Crimean-Congo hemorrhagic fever; EVD, Ebola virus disease; SI, stretcher isolator; T-ATI, Trexler Air Transport Isolator; UK, United Kingdom. 
†Aeromedical transfer originated within the United Kingdom.  

 

Figure 1. The Trexler Air 
Transport Isolator, a portable 
isolation facility used to transfer 
patients with serious infectious 
diseases. The sealed system 
is maintained under negative 
pressure by a HEPA-filtered 
ventilation system (red boxes, 
marked with white asterisk). 
Portable oxygen cylinders and 
tubing passed into the envelope 
through sealed delivery ports 
(black arrows) permit additional 
oxygenation of the patient. 
Additional ports allow cables 
for monitoring equipment and 
tubing for parenteral fluids or 
medication (white arrows). A 
half-suit on either side of the 
isolator (black asterisk) enables 
healthcare workers’ clinical 
access to the patient, and an 
additional half-suit can be fitted 
to the head of the patient for 
intubation (white arrowhead). Additional arm and glove ports along the side (black arrowheads) allow multiple workers to access the patient 
simultaneously. Two larger-bore disposable waste areas are available at the foot of the envelope (black star).
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moved to the airhead using appropriate and proportional 
infection prevention control (IPC) measures tailored to 
the location (12). Aeromedical personnel, who are fully 
trained in the use of PPE and decontamination, assist the 
patient into the T-ATI before boarding. Once the T-ATI is 

sealed, the patient’s care does not require staff PPE. Upon 
the aircraft’s return to the United Kingdom, a dedicated 
T-ATI Jumbulance is positioned at the receiving airbase 
to transport the T-ATI and to minimize the risk for exter-
nal contamination.
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Figure 2. Dedicated road 
transport that can accommodate 
the Air Transport Isolator patient 
transport system, such as the 
Jumbulance shown enables 
seamless end-to-end transfer 
from patient pickup to the 
destination facility.

Figure 3. A single Trexler 
Air Transport Isolator patient 
transport system ready for use 
on a Boeing C-17 Globemaster 
transport aircraft. 
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Guidance on the Air Transfer of VHF
Before 2014, UK guidance focused on the public health 
response to inadvertent importation of cases of VHF on do-
mestic aircraft (13); some US guidance existed on the use 
of closed isolator procedures (14). In response to the 2014–
2016 Ebola crisis in West Africa, the US Centers for Dis-
ease Control and Prevention (15), Canadian Critical Care 
Society (CCCS) (16), and European Centre for Disease Pre-
vention and Control (11) have published patient transport 
guidelines. As the sole UK provider of air transfer of highly 
infectious patients, the MOD has extensive standard oper-
ating procedures for the retrieval of both civilian and mili-
tary patients with EVD. In 2014, the United States, through 
license with Phoenix Air (17), developed an open system 
with VHF capability and now has 2 options for transport-
ing highly contagious patients: in single-patient isolator 
units that are similar to the T-ATI (the Phoenix Air Air-
borne Biologic Containment System [18]) or in fully con-
tained medical transport units (developed by MRIGlobal,  
with support from the US Department of State and the Paul 
G. Allen Ebola Program [19]).

Case Referral
The decision to evacuate patients with highly infectious 
diseases from their point of infection or diagnosis to the 
United Kingdom is a complex process that considers the 
clinical, public health, and political contexts. The clinical 
decision is made between the clinical lead in-country, the 
on-call HLIU physician at the Royal Free Hospital, and the 
on-call RAF medical consultant, with additional advice 

from the RAF public health lead as required. The flight de-
tails are planned in conjunction with AECC.

The initial call to the United Kingdom referring con-
firmed or suspected VHF cases or a high-risk exposure is 
taken by either the National Health Service England Emer-
gency Preparedness Resilience and Response Duty Offi-
cer, the RAF, or the HLIU, Royal Free Hospital (London, 
UK). The transfer is coordinated by National Health Ser-
vice England Emergency Preparedness Resilience and Re-
sponse and approved and enabled through Cabinet Office 
Briefing Room meetings and Ministers of State. Once ap-
proved there is a cross-governmental process to coordinate 
local and national UK government, the receiving HLIU, 
MOD Med Ops, and RAF AECC staff.

DAIT Activation
Ultimately, the transfer of a patient is authorized only if 
it is deemed in the best interest of the patient, after which 
AECC activates the DAIT. After receiving the order to de-
ploy, the DAIT personnel convene at RAF Brize Norton 
(Oxfordshire, UK) to plan and execute the mission, and 
communicate with receiving hospitals, specialist ambu-
lance services, police and security services, government 
agencies, ministerial offices, and multiple agencies in-
volved in flight planning and diplomatic clearances (20). 
For T-ATI transfers, the Jumbulance is prepositioned to the 
receiving airfield to enable a seamless, contained transfer 
of the patient within the T-ATI by road from the aircraft to 
the receiving hospital. The length of the mission, from start 
to the return of the aircraft, is often >24 hours.
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Figure 4. Demarcation of clean and dirty zones during use of the Trexler Air Transport Isolator patient transport system on a Boeing 
C-17 Globemaster transport aircraft. A) Yellow lines clearly demarcate clean and dirty zones as required for transporting both confirmed 
and exposed viral hemorrhagic fever case-patients. B) For exposed patients, the demarcation zone should extend to a corridor leading 
to isolated toileting and comfort facilities.
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For asymptomatic exposure cases in which isolation 
of the source patient is not deemed necessary at the outset, 
a T-ATI is brought aboard to ensure immediate appropri-
ate isolation if symptoms develop in flight. The DAIT is 
responsible for the planning, preparation, and conduct of 
the clinical aeromedical recovery, from the point of origin 
to the destination hospital, in a manner that protects the air-
crew, aeromedical staff, and local populations while pro-
viding high-quality clinical care to the patient. For flights 
that require overflying other nations, the DAIT routinely 
seeks diplomatic clearance. In the cases we described, ei-
ther there was no requirement for clearance (over-sea flight 
route to Sierra Leone) or the flight was within UK airspace.

The DAIT is continuously available, held at a high lev-
el of readiness, with DAIT staff on call for a month at a time 
on average every 3 months. At times of high operational 
demand, the call period may be longer or the frequency 
of service higher. When on call, DAIT staff convene for 
monthly PPE/T-ATI training and refresher training, rein-
forcing the team ethos required for these arduous and emo-
tive missions and ensures skill retention.

UK DAIT Team Composition
The team composition is tailored to the requirements of 
the specific mission. To move a single highly contagious 
patient requires 12 personnel, including IPC nurses, an 
RAF consultant physician and anesthetist, a civilian infec-
tious diseases consultant from the Royal Free HLIU team, 
medical assistants, a medical and dental support system 

technician to assess and monitor T-ATI integrity, and a 
medical support officer, who acts as a liaison with the host 
nation nonclinical staff, ensures involvement of legitimate 
personnel only, and minimizes press access. Oversight of 
the whole mission is provided by a team leader/flight di-
rector who remains removed from direct clinical care and 
allows the clinical team to focus solely on the patient’s 
needs without distraction. Additional staff are considered 
for flights involving >2 patients, depending on the clinical 
scenario, and the United Kingdom maintains the capabil-
ity to activate 2 teams concurrently if required.

Deployment of the DAIT
Before the DAIT departs the United Kingdom, and before 
equipment is loaded onto the airplane, final preparations en-
sure that all potential in-flight needs have been addressed, and 
that all personnel have appropriate travel and health docu-
mentation (visas, antimalarial medication, and immunization 
evidence). As part of the risk assessment conducted in the 
United Kingdom, an advance military reconnaissance team 
may conduct an initial assessment with the local treatment 
facility staff in the country of patient origin, with respect to 
the patient and the clinical context. If in-country retrieval by 
the DAIT can be avoided, the benefits for both the DAIT and 
patient include minimized safety and security risks in volatile 
regions, time spent in PPE, and fatigue on the return flight. 
Alternatively, the DAIT can split into 2 parts on arrival: a 
reconnaissance team to assess the patient, and the main party 
to prepare the T-ATI, decontamination area, and aircraft.
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Figure 5. Larger Trexler Air 
Transport Isolator patient 
transport systems enable care 
providers to access a patient 
via half-suits along the side of 
the patient; however, manual 
dexterity is severely impaired.
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The reconnaissance team, usually consisting of the clin-
ical lead, civilian ID consultant, an infection control nurse, 
and a medic, performs the initial assessment of the patient, 
either at the host hospital or preferably at the airhead. Ideally, 
the team conducts the assessment wearing full PPE consistent 
with UK national guidance (18) for confirmed cases. How-
ever, local sensibilities need to be considered and may dictate 
that a more practical compromise is required while minimiz-
ing risk to medical attendants and maximizing patient safety; 
thus, the DAIT reconnaissance team may alter PPE only if 
appropriate. An example is evacuating a foreign aid worker 
from a facility that is the only option for local patients. The 
team must quickly and efficiently assess the patient’s clini-
cal and mental status for entering a T-ATI, as well as assess 
the potential effects of the hypobaric, hypoxic aeromedical  
environment, the overall safety of the transfer, and the un-
derlying conditions on the ground. Once at the airhead, the 
team usually conducts a final assessment immediately before 
transferring the patient to the ATI.

As with any aeromedical evacuation, a full risk as-
sessment that considers the safety of the patient, team, air-
crew, and aircraft must be performed before embarkation. 
Whereas it might appear to be futile to cancel a mission at 
this stage, if the risk to transfer is deemed too high (such 
as in advanced disease), the flight environment deemed 
unwise (high risk for hypoxia or long transfer with lim-
ited available intervention), or the risk for deterioration too 
great, the reconnaissance team and team leader must make 
this judgment call. Alternatively, the team may deem a case 
less infectious, which requires a lower level of isolation 
(for example, management of exposure to contacts). The 
team must also consider interventions, such as cannulation 
or catheterization, that may be easier to perform while in 
PPE on the ground before boarding the plane.

Meanwhile, the main team positions the T-ATI and 
sets up the decontamination area for the reconnaissance 
team. The aircraft is set up with demarcated clean and dirty 
zones and, for VHF exposure cases in which the T-ATI is 
not deemed necessary at the outset of the flight, an identified 
corridor (Figure 4, panels A, B) for the patient to access a 
dedicated area for eating and toileting. These measures sepa-
rate the patient from all but immediate clinical staff and en-
sure safe IPC measures in the event of clinical deterioration.

For confirmed cases, the DAIT leader coordinates the 
safe loading of the patient into the T-ATI and its subse-
quent loading onto the aircraft. This process is followed by 
the reconnaissance team decontamination, with assistance 
from trained RAF regiment staff for PPE doffing (Figure 6) 
and clinical waste management.

Delivery of In-Flight Care
The challenges of delivering in-flight clinical care to a pa-
tient within the T-ATI are substantial; time needed to enter 

the half-suits, limited visibility, reduced manual dexterity, 
and aircraft noise and vibration make any action beyond 
observations and simple intervention difficult. Drugs and 
parenteral fluids for hydration or to replace electrolyte ab-
normalities are administered through closed circuits and 
longer lines with larger volume flushes to minimize expo-
sure risk and permit rapid administration from outside the 
isolator. In extreme cases, if a patient deteriorates, the team 
could consider administering drugs such as vasopressors 
but would need to deliver them through existing venous ac-
cess (either peripheral or central). If the patient’s condition 
includes agitation, anxiety, or confusion, the team can offer 
anxiolytic or sedative therapy and should be prepared to 
manage a potentially compromised airway. To date, most 
patients transferred have not been critically ill, with the 
exception of the Crimean-Congo hemorrhagic fever trans-
fer from Glasgow to London in October 2012. Unless it is 
critical to move an unstable patient, or one who is expected 
to significantly deteriorate, the patient may be best served 
with local medical care. Nonmedical requirements, such as 
hydration and food, must be considered before patient iso-
lation, and the risk from human waste can be minimized 
by using containers with absorbent powders or gels that 
solidify fluids. 
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Figure 6. The Deployable Air Isolator Team lead, a senior 
infection and prevention control nurse, is responsible for 
overseeing the preparation of the Air Transport Isolator patient 
transport system on the ground (A), the transfer of the patient 
into the isolator, and the safe transfer of the patient onto the 
aircraft by the main team while the reconnaissance team 
performs their decontamination drills (B).
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The DAIT team members do not need to remain in 
full PPE once the patient is inside the isolator. Rotating 
the nursing team every hour on the inbound flight mini-
mizes fatigue and ensures delivery of quality care. A death 
in flight is managed with standard procedures, which vary 
depending on the jurisdiction of the flight.

Patient Delivery in the United Kingdom
The aircraft always lands as close to the receiving hospital 
as possible to reduce the transfer time; close coordination 
between the airport staff, police, and ambulance services 
ensures a secure arrival process. For cases of exposure 
only, transfer in a standard ambulance is often appropri-
ate without the need for PPE; for confirmed VHF cases in 
the T-ATI, Jumbulance transfer with a police escort mini-
mizes delay and ensures adequate security. Coordinating 
arrival at the specialist center (Figure 2) permits securing 
and clearing the transfer route to allow smooth passage to 
either the patient isolator (Figure 7) in the HLIU or a neg-
ative-pressure room.

After delivery of the patient to the receiving unit, the 
envelope, T-ATI frame, and Jumbulance require decontam-
ination. After the HLIU staff’s thorough assessment of the 
envelope to determine if any breaches have occurred, the 
T-ATI envelope and frame are fumigated with vaporized 
hydrogen peroxide (21). The envelope is then collapsed, 
autoclaved, and disposed as conventional clinical waste 
onsite. After the removal of patient’s clinical waste, DAIT 
and HLIU personnel decontaminate the Jumbulance. Staff 
then shower and don fresh scrubs. The decontamination of 

the Jumbulance takes a few hours, and the T-ATI frame is 
returned within 7 days for reuse. Twice-yearly training be-
tween the RAF and HLIU includes the review of protocols 
and equipment.

Aeromedical evacuations are often long, with DAIT 
staff working for 24–36 hours. Aircrew manage aeromedi-
cal evacuations, including those using the T-ATI, as for 
any other flight operation, with consideration of crew hours 
in accordance with standard procedure. During the 2014–
2016 Ebola outbreak, a typical move to Sierra Leone would 
involve activating the team with a “6-hour wheels up” poli-
cy from point of activation. Within these 6 hours, the DAIT 
would travel to RAF Brize Norton and undertake equip-
ment checks, aircrew would conduct flight preparation, and 
AECC staff would undertake ongoing communications and 
diplomatic clearances. The flight time to Sierra Leone was 
8–10 hours each way, and crews spent up to 3 hours on the 
ground. After the return flight, the road transfer and hando-
ver to the receiving unit typically took 4 hours, including 
recovery of the DAIT to RAF Brize Norton.

Discussion
The 2014–2016 Ebola outbreak in West Africa reaffirmed 
the requirement for aeromedical evacuation capability (a 
combination of both the appropriate equipment and suit-
able expert personnel trained in both the management of 
VHF and AE) for highly infectious diseases. During 2014 
and 2015, the DAIT successfully transferred 5 patients 
with confirmed VHF and 5 with Ebola virus exposure. 
Each mission provided an opportunity to refine policy and 
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Figure 7. Isolator–isolator 
transfer is the safest means of 
transfer for patients with serious 
infectious diseases and requires 
practice in dedicated training 
exercises, as shown.



SYNOPSIS

procedure (Table 2), with resulting improvements to pol-
icy, training, and equipment. A larger number of T-ATIs 
and more efficient VHF decontamination have shortened 
turnaround time between transports and enabled versatil-
ity through accommodation of multiple T-ATIs and expo-
sure cases (Figure 8). Information transfer is more robust 
between clinical staff at all levels and among the aircrew, 
logistic support teams, and senior military, civil, and politi-
cal stakeholders. A clear organizational structure supports 

rapid decision making from the highest political level down 
to service delivery.

We expect this resource to continue to evolve, shaped 
by future collaborations. The greatest challenge that 
emerged after the 2014–2016 Ebola epidemic is main-
taining corporate knowledge and expertise; to ensure 
competence and confidence managing VHF requires con-
tinuous training. Regular exercises that test not only in-
dividual staff but the whole system, with particular focus 
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Table 2. Limitations and challenges in Deployable Air Isolator Team missions and subsequent enhancements, United Kingdom* 
Limitations and challenges Enhancements 
Mission 1: Advanced CCHF in Glasgow—400-mile transfer to HLIU London (2) 
UK cross-governmental communication and media interest: 
Identifying the correct persons within the relevant UK and Scottish 
government departments to authorize the substantial costs 
involved was challenging because the Department of Health had 
restructured and NHS England formed with a loss of critical 
contact details. The coordination of the clinical transfer, with 
limited clinical experience of VHF and lack of standard operating 
procedures, and concurrent management of the extensive media 
interest, was time consuming and, at times, risked distraction from 
patient care, particularly for the lead clinician. 

 Allocation of roles out with the front-line team for liaison with 
and arranging authorization by governmental departments. 

 Addition of Liaison Officer to manage extensive media interest 
(3–5,8) and minimize intrusion on patient dignity. 

 RAF anesthetic consultant for support of assessment, transfer 
and airway management such as in the event of neurologic 
compromise (2,6). 

 Civilian infectious diseases expert to allow an independent 
critical eye to assess and modify DAIT procedures and 
equipment. 

 Review of service level agreement between Department of 
Health and MOD for national air transfer (only international 
prior provision existed). 

 Recognition that road transfer in standard VHF PPE (20) posed 
increased risk. 

Mission 2: Decontamination 
Before 2014, the T-ATI was decontaminated using formaldehyde 
before it was incinerated. This relatively slow and intensive 
process was potentially limited by lack of access to the whole T-
ATI frame and by requiring physical cleaning by humans, 
increasing risk to staff. 

 A new vaporized hydrogen peroxide protocol has enabled 
much faster turnaround time and safer T-ATI decontamination 
(21). 

Missions 2 and 3: Environmental effects on working in PPE 
Heat and humidity while wearing chemical-resistant Tychem F 
PPE suits (Figure 6) posed challenges in Sierra Leone, while 
steamed-up goggles and sweat-filled gloves resulted in the loss of 
vision and dexterity. Gusting wind made decontamination and 
equipment containment difficult, compounding communication 
difficulties due to PPE and aircraft noise. Conversely, at Glasgow 
International Airport, Glasgow, Scotland, UK, near-freezing 
temperatures were experienced during the T-ATI transfer and 
decontamination procedures, and the hours of darkness 
presented visibility problems when working in PPE. 

 Subsequent mission staff numbers, previously kept low to 
minimize VHF exposure, were revised upward for confirmed 
cases, and the use of lighter Tychem B/C suits offered the 
same protection. 

Missions 4 and 5: Needle-stick exposure 
The DAIT were deployed to Sierra Leone to assess and transport 
HCWs who sustained a needle-stick injury while working in an 
Ebola treatment center (4,8,9). An in-country risk assessment 
permitted HCWs to return to the United Kingdom as standard 
aeromedical evacuations with DAIT as escorts, after initially being 
deemed too high risk to travel on a commercial airline. A T-ATI 
was kept on standby in case of clinical deterioration. 

 In-country risk assessment modified the role of the DAIT to 
provide standard aeromedical evacuation with T-ATI on stand-
by for those with high-risk exposure rather than confirmed 
EVD. 

  Civilian infectious diseases consultant enabled more rapid 
access to advanced EVD treatments for the injured HCWs. 

Mission 6: Multiple patients on one platform, one confirmed in T-ATI and 2 exposed contacts with T-ATI on standby (Figure 5) 
Three military HCW exposed to Ebola were returned from the 
Ebola Treatment Centre, Kerrytown, Sierra Leone, alongside a 
confirmed Ebola case-patient. After an in-country risk assessment, 
3 T-ATIs were flown on a single C-17 airframe (Figure 5) to Sierra 
Leone (4). Two exposed HCWs joined the RAF flight to the HLIU, 
Royal Free Hospital; 2 were flown back 48 h later by commercial 
flight to the HLIU, Royal Victoria Hospital in Newcastle. 

 Team augmented to 22 personnel for 3 T-ATI. Marked out 
floating clean/dirty line through aircraft should all 3 T-ATI be 
used. 

*CCHF, Crimean-Congo hemorrhagic fever; DAIT, Deployable Air Isolation Team; EVD, Ebola virus disease; HCW, healthcare worker; HLIU, high-level 
isolation units; MOD, Ministry of Defence; NHS, National Health Service; PPE, personal protective equipment; RAF, Royal Air Force; T-ATI, Trexler Air 
Transport Isolator; VHF, viral hemorrhagic fever. 
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on interagency collaboration, are required. Most patients 
transferred during the Ebola outbreak had been asymp-
tomatic or were in the early stages of disease; innovation 
in closed T-ATI development is required to optimize the 
care provided to symptomatic patients, such as improved 
ergonomic design to make clinical intervention as simple 
as possible and PPE development to facilitate easier pa-
tient management. There is an ongoing role for single-
person isolation units and portable biocontainment units 
that can provide for multiple patients and providers in a 
more functional medical unit. The clinical disadvantages 
of the current T-ATI include its size (it is not transport-
able on helicopters, or without a dedicated Jumbulance) 
and reduced dexterity that challenges staff in delivering 
optimal patient care.

For the past 40 years, the UK T-ATI system has pro-
vided end-to-end biologic containment from overseas site to 
specialist unit. Since 2012, a total of 8 successful missions 
have provided learning opportunities that have greatly im-
proved the service. The system allows for a highly special-
ized capability, providing both moral support to those com-
bating the disease overseas and safe transfer of potentially 
isolated cases to or within the United Kingdom (22).

Although the United Kingdom expects to continue to 
use the T-ATI, more advanced systems have been devel-
oped that are smaller and more versatile and may also pro-
vide easier clinical access to the patient. The United King-
dom is not currently looking to use larger transportable 
medical units. If the mission changes, the T-ATI, developed 
in the United States, remains an alternative solution if the 
numbers of patients requiring transfer increase or there is a 
demand to provide a higher level of care to VHF patients. It 
is possible that a greater future threat comes from airborne 
infectious disease; the flexible, adaptable, responsive, and 
safe capability of T-ATI and DAIT allows the transport of 

patients with highly transmissible airborne diseases back to 
the United Kingdom if required.

Because many nations do not have an aeromedical 
evacuation facility, it is unclear whether the RAF should 
repatriate patients to non–United Kingdom destinations. If 
it should, considerations include logistics of patient deliv-
ery from airstrip to the receiving unit (either in the T-ATI or 
in PPE); appropriate in-hospital transfer; and safe clinical 
waste and T-ATI envelope disposal and decontamination. 

About the Author
Dr. Nicol is a Royal Air Force general physician and the RAF 
Clinical Director of Deployed Hospital Care. He has conducted 
transfers of patients with viral hemorrhagic fever using the  
Trexler Air Transport Isolator system.
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Clinical features of human metapneumovirus (HMPV) in-
fection have not been well documented for adults. We 
investigated clinical and radiologic features of HMPV in-
fection in 849 adults in a tertiary hospital in South Korea. 
We classified patients into groups on the basis of under-
lying diseases: immunocompetent patients, solid tumor 
patients, solid organ transplantation recipients, hemato-
poietic stem cell transplant recipients, hematologic malig-
nancy patients, and patients receiving long-term steroid 
treatment. Of 849 HMPV-infected patients, 756 had com-
munity-acquired infections, 579 had pneumonia, and 203 
had infections with other pathogens. Mortality rates were 
highest in hematopoietic stem cell transplantation recipi-
ents (22% at 30 days). Older age, current smoking, and 
underlying disease were associated with HMPV pneumo-
nia. Body mass index and an immunocompromised state 
were associated with 30-day mortality rates in HMPV-
infected patients. Bronchial wall thickening, ground-glass 
opacity, and ill-defined centrilobular nodules were com-
mon computed tomography findings for HMPV pneumo-
nia. Macronodules and consolidation were observed in 
<50% of patients.

Human metapneumovirus (HMPV), first described in 
2001, is a common pathogen that causes acute re-

spiratory tract infections in all age groups (1). Seroposi-
tivity for IgG against HMPV has been detected in up to 
100% of persons 20 and >65 years of age, and reinfection 
is common (2–4). HMPV infection shows a seasonal pat-
tern in the United States, Asia, and countries in Europe, 
and most infections occur in spring (3,5–9). Although 
HMPV infection is usually asymptomatic or causes mild 
and self-limiting symptoms in young healthy adults, it can 
cause severe pneumonia in elderly and immunocompro-
mised persons (10–13). HMPV infection progresses from  

upper respiratory tract infection (URI) to lower respira-
tory tract disease in up to 60% of hematopoietic stem cell 
transplant (HCT) recipients (14), and mortality rates are 
6%–40% (15,16). Moreover, ≈50% of patients with solid 
organ transplants (SOT) infected with HMPV progress to 
pneumonia (13,17,18), and HMPV infection is frequently 
detected in patients with exacerbated chronic obstructive 
pulmonary disease (19).

Clinical characteristics such as host immunity in 
patients with HMPV infection and radiologic findings 
of HMPV pneumonia are needed for early detection of 
HMPV infection and for studies of HMPV pneumonia-
related outcomes (14,20,21). Although a recent study 
of 3 long-term care facilities in Japan reported clinical 
and radiologic characteristics of HMPV pneumonia, that 
study did not assess the proportion of URIs, included only 
immunocompetent persons, and did not determine over-
all outcomes of HMPV pneumonia. Therefore, we con-
ducted a study that included a large consecutive cohort of 
adults infected with HMPV and assessed the proportions 
of HMPV-associated URI and pneumonia in patients with 
various underlying disease, and laboratory findings, ra-
diologic findings, including computed tomography (CT) 
images, and overall outcomes.

Methods
This retrospective consecutive cohort study covered the 
period January 2010–February 2016. The study was ap-
proved by the institutional review board of Asan Medi-
cal Center (approval no. 2017–0016), which waived the 
requirement for informed consent because of the retro-
spective nature of this study. During the study period, all 
patients who came to this hospital, regardless of whether 
they were in the outpatient clinic, hospitalized, or in the 
emergency department, and who had respiratory symptoms 
suggestive of URI or pneumonia underwent routine collec-
tion of nasopharyngeal swab specimens, blood cultures, or 
both. Testing decisions were made by the clinicians. We 
assessed pathogens before giving any antimicrobial drugs 
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to patients with no history of treatment at another hospital. 
If relevant pathogens could not be identified, bronchoal-
veolar lavage (BAL) fluid was obtained. BAL fluid was 
not obtained if there was no evidence of pneumonia and 
symptoms were eliminated by conservative management. 
The decisions for laboratory testing and BAL procedures 
were clinician directed, and laboratory results were as-
sessed retrospectively.

During January 2010–February 2016, a total of 
15,311 patients had tests performed for respiratory virus 
infections. For these patients, 817 patients had multiple 
tests because of multiple different episodes (> a 2-month 
interval between tests); 591 patients had 2 tests, 149 had 
3 tests, 46 had 4 tests, 15 had 5 tests, 10 had 6 tests, 3 had 
7 tests, 1 had 8 tests, and 2 had 9 tests. The total number 
of tests was 16,489. If a patient was infected more than 
once with HMPV during the study period, we used only 
the first episode for analysis. We thoroughly reviewed 
electronic medical records of patients, and their clinical 
characteristics; immune status, such as transplant history 
and steroid or immunosuppressant use; presence of other 
pathogens; length of hospital stay; and clinical course, 
such as admission to an intensive care unit; and death.

Definitions
Community-acquired infection indicated respiratory in-
fection detected in a person in a community without a his-
tory of hospitalization or living in a long-term care facility 
within the previous 14 days. Hospital-acquired infection 
was defined as respiratory infection that occurred >48 
hours after hospital admission with new onset respiratory 
symptoms. We assessed respiratory virus infection in na-
sopharyngeal secretions and BAL fluid by using a multi-
plex reverse transcription PCR and a Seeplex RV 15 ACE 
Detection Kit (March 2010–October 2013) or an Anyplex 
II RV 16 Detection Kit (November 2013–August 2017) 
(both from Seegene Inc., http://www.seegene.com).

Patients positive for HMPV, but with no evidence of 
pneumonia by chest radiographs or CT images, were de-
fined as having URI. Patients who had new pulmonary 
infiltrates by chest radiographs or CT images and HMPV 
in nasopharyngeal samples or BAL fluid were defined as 
having pneumonia. Patients with other pathogens in naso-
pharyngeal or blood samples within 2 days of diagnosis 
of HMPV infection were defined as co-detection positive 
for another pathogen (14). Long-term steroid use was de-
fined as steroid treatment (>5 mg/d of prednisolone or an 
equivalent drug) for >6 months because of an underlying 
condition or disease (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/25/1/18-1131-App1.pdf), such as 
adrenal insufficiency, interstitial lung disease, or asthma. 
The mean dose of steroid was 1.80 mg/kg/d (range 0.53–
2.02 mg/kg/d).

Radiologic Evaluation
For patients given a diagnosis of HMPV infection, 
we evaluated the presence of pneumonic infiltrates 
on chest radiographs to detect pneumonia. We also  
evaluated bilaterality and the number of involved zones 
(total of 6 zones; i.e., right and left upper, middle, and  
lower zones).

We performed CT examinations by using 16- or 64-detec-
tor CT scanners (SOMATOM Sensation 16; Siemens Medical 
Solutions, https://www.siemens.com/global/de/home.html; and 
LightSpeed VCT; General Electric Healthcare, https://www.
gehealthcare.com). We reviewed all axial and coronal CT im-
ages on the picture archiving and communication system by us-
ing the mediastinal (width, 450 hounsfield units [HUs]; level, 
50 HUs), lung (width, 1,500 HUs; level, –700 HUs), and bone 
(width, 1,000 HUs; level, 200 HUs) window settings.

We assessed CT findings for distribution of paren-
chymal abnormalities (number of involved lobes and 
bilaterality); the presence and extent of centrilobular 
nodules; consolidation; ground-glass opacities; and 
the presence of macronodules, bronchial wall thicken-
ing, bronchiectasis, lymphadenopathy, and pleural ef-
fusion. CT patterns were defined on the basis of the  
glossary of terms for thoracic imaging (22). All CT 
results were reviewed in consensus by 2 chest radi-
ologists (1 with 2 years of experience and 1 with 15 
years of experience) in thoracic imaging. Results were 
independently reviewed by a third radiologist to evalu-
ate the reliability of the CT findings (percent extent 
of centrilobular nodules, consolidation, and ground- 
glass opacities).

Statistical Analysis
Patients were subgrouped according to underlying con-
ditions: immunocompetent patients, patients with solid 
tumors, SOT recipients, HCT recipients, patients with 
hematologic malignancy (HM), and patients receiving 
long-term steroid treatment. We compared characteris-
tics and outcomes of HMPV infection for each of these 
groups. We compared proportions of HMPV pneumo-
nia in immunocompetent and immunocompromised pa-
tients by using the χ2 test. Univariate and multivariable 
logistic regression analyses were performed to identify 
clinical factors associated with HMPV pneumonia and 
the 30-day mortality rate in HMPV-infected patients. 
Body mass index (BMI) was analyzed as a continuous 
variable. We assessed interobserver agreement for CT 
findings by determining intraclass correlation coeffi-
cients with κ statistics. We compared categorical vari-
ables by using the χ2 test or Fisher exact test. We com-
pared continuous variables by using the Student t-test 
or the Mann-Whitney U test. CT findings for HMPV 
pneumonia without another pathogen were compared in  
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immunocompetent and immunocompromised patients. 
A 2-sided p value <0.05 was defined as statistically sig-
nificant. We performed all statistical analyses by using 
SPSS version 21.0 (SPSS Inc., https://www.ibm.com/
analytics/spss-statistics-software).

Results

Patient Characteristics
For the study period, January 2010–February 2016, we 
identified 850 adults infected with HMPV (Figure 1). 
There was 1 patient in the long-term steroid use group 
who had 2 episodes, and the interval between the 2 epi-
sodes was 1 year. The overall percentage of patients 
with HMPV infection among all those tested was 5.6% 
(850/15,311). HMPV was detected in 5.2% (851/16,489) 
of all tests. Most (82.0%, 696/850) patients were given a 
diagnosis during March–June (Figure 2). One patient who 
did not undergo radiologic examination was excluded, 
and 579 (68.2%) of the 849 HMPV-infected patients were 
given a diagnosis of pneumonia. For pneumonia patients, 
14 patients with negative results for chest radiographs had 
pneumonia on the next CT scan. The percentage of pneu-
monia in immunocompetent patients (72.5%, 333/459) 
was slightly higher than that for immunocompromised 
patients (63.1%, 246/390) (p = 0.003).

We determined characteristics of the HMPV-infected 
patients (Table 1). Of the 849 patients, 459 were immuno-
competent, 174 had solid tumors, 59 had a history of SOT, 
9 underwent HCT, 58 had underlying HM, and 90 had a 
history of long-term steroid use. We provide details of their 
underlying diseases (Appendix Table 1). Median age of 
immunocompetent HMPV-infected patients was 67 years, 
which was higher than that for the solid tumor, SOT, HCT, 
and HM patient groups. Most (89%) HMPV infections 
were community-acquired; the remaining infections (11%) 
were nosocomial. C-reactive protein concentration (6.5 
mg/dL vs. 2.6 mg/dL; p<0.001), leukocyte count (7.5 × 103 

cells/μL vs. 6.5 × 103 cells/μL; p = 0.001), and neutrophil 
count (5.5 × 103 cells/μL vs. 4.3 × 103 cells/μL; p<0.001) 
were significantly higher in patients with pneumonia than 
in those without pneumonia.

Overall, 23.9% (203/849) of patients had a pathogen 
other than HMPV, and 16.5% (140/849) had pneumonia 
and another pathogen (Appendix Table 2). Rates for other 
pathogens ranged from 20% to 33% in subgroups and were 
highest for patients with HM (32.8%, 19/58) and those 
receiving long-term steroid treatment (32.2%, 29/90).  
Bacteria were the most common co-detected pathogens 
(57.1%, 116/203).

Of the HMPV-infected patients, 65% were hospitalized 
for a median of 7 days (range 4 days–13 days) (Table 2). An 
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Figure 1. Flowchart for analysis of clinical and radiologic characteristics of adults with HMPV infections, South Korea. BMT, bone 
marrow transplant; CT, computed tomography; CXR, chest radiograph; HMPV, human metapneumovirus; SOT, solid organ transplants; 
TP, transplant.
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antiviral agent (oral ribavirin) was used in 129 patients, and 
intravenous immunoglobulin was used in 11 patients. For pa-
tients hospitalized for pneumonia, 68 (8%) required admission 
to the intensive care unit. HCT recipients had the highest all-
cause 30-day (22%) and 90-day (33%) mortality rates.

Clinical Factors Related to HMPV Pneumonia
We compared clinical characteristics for patients with HMPV 
and URI or pneumonia by using logistic regression analysis 
to identify factors associated with HMPV pneumonia (Table 
3). Univariate analysis showed that median age was higher in 
patients with pneumonia than in those with URI (66.0 vs. 59.0 
years, odds ratio [OR] 1.02, 95% CI 1.01–1.03; p<0.001). 
Current cigarette smoking (OR 2.10, 95% CI 1.47–2.99; 
p<0.001) and diabetes (OR 1.47, 95% CI 1.08–2.01; p = 0.02) 
were also significantly associated with HMPV pneumonia. 
The proportion of HMPV pneumonia was higher for immu-
nocompetent patients (73%, 333/459) than for patients with 
solid tumors (61%, 106/174) or SOT (49%, 29/59) (p<0.001), 
However, differences for patients with HCT (89%, 8/9), HM 
(66%, 38/58), and steroid use (70%, 63/90) were not statisti-
cally significant (p = 0.36) (Figure 3).

Multivariable logistic regression analysis showed that 
age (OR 1.02, 95% CI 1.01–1.03; p = 0.001) and current 
smoking (OR 2.07, 95% CI 1.30–3.29; p = 0.002) were in-
dependently associated with HMPV pneumonia, and that 
diabetes showed marginal significance (OR 1.37, 95% CI 
0.96–1.95; p = 0.08). The proportion of HMPV pneumo-
nia was significantly lower for patients with solid tumors 
(OR 0.57, 95% CI 0.38–0.84; p = 0.005) or SOT (OR 0.35, 
95% CI 0.19–0.65; p = 0.001) than for immunocompetent 
patients; no major differences were observed for the HCT, 
HM, and steroid use groups.

Clinical Factors Related to 30-Day Mortality Rates  
in HMPV-Infected Patients
We found that current smoking (OR 1.92, 95% CI 
1.04–3.56; p = 0.04), BMI (OR 0.89, 95% CI 0.79–0.95;  

p = 0.001), and underlying immunocompromised status,  
such as patients with solid tumor, (OR 3.00, 95% CI 1.48–
6.08; p = 0.002), but not SOT, were significantly associ-
ated with 30-day mortality rates in HMPV-infected patients 
(Table 4). The association of 30-day mortality rate was 
highest for HCT patients (OR 7.91, 95% CI 1.52 – 41.1; 
p<0.01). Multivariable logistic regression analysis showed 
that BMI (OR 0.86, 95% CI 0.79–0.95; p = 0.002) and un-
derlying immunocompromised status, such as patients with 
solid tumor (OR 3.43, 95% CI 1.58–7.44; p = 0.002), re-
mained associated factors with 30-day mortality rate.

Radiologic Findings for HMPV Pneumonia
We detected HMPV pneumonia radiographically for 68% 
(579/849) of all patients, and 56.0% (324/579) of these pa-
tients had bilateral involvement. Median number of involved 
zones in patients with HMPV pneumonia was 3 (range 
2–5). To evaluate CT findings for HMPV pneumonia, we 
analyzed 251 patients without another pathogen who had 
CT performed at the time of diagnosis (Table 5). Of these 
patients, 76% (192/251) showed bilateral involvement. Of 
the patients with HMPV pneumonia, 69% (174/251) had 
centrilobular nodules, 43% (107/251) had consolidations, 
and 79% (199/251) had ground-glass opacities (Figure 4). 
Macronodules (45%, 114/251) and bronchial wall thicken-
ing (88%, 222/251) were common findings, whereas medi-
astinal lymphadenopathy (27%, 68/251) and pleural effusion 
(22%, 56/251) were less common. Intraclass correlation 
coefficients of radiologists for CT findings (percent extents 
of centrilobular nodules, consolidation, and ground-glass 
opacities) ranged from 0.84 to 0.95 (p<0.001). The number 
of involved lobes was greater and pleural effusion was more 
frequent in immunocompromised patients than in immuno-
competent patients (Figure 5; Appendix Table 3).

Discussion
We found that HMPV pneumonia in adults was associated 
with older age, current cigarette smoking, and underlying  
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Figure 2. Monthly distribution 
of HMPV infection, South 
Korea. A) Rates of underlying 
diseases; B) proportions of upper 
respiratory tract infection and 
lower respiratory tract disease. 
HCT, hematopoietic stem cell 
transplantation; HM, hematologic 
malignancy; HMPV, human 
metapneumovirus; LRD, lower 
respiratory tract disease; SOT, 
solid organ transplants; URI, 
upper respiratory infection. A color 
version of this figure is available 
online (http://wwwnc.cdc.gov/EID/
article/25/1/18-1131-F2.htm).
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diseases. Lower BMI and immunocompromised state,  
except SOT, were associated with 30-day mortality rates 
in HMPV-infected patients. Chest radiographs showed  

bilateral lung involvement in 56% of patients, and CT scans 
showed bilateral lung involvement in 76% of patients. 
Bronchial wall thickening, ground-glass opacities, and  
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Table 1. Clinical characteristics of patients infected with human metapneumovirus, South Korea* 
Characteristic Immunocompetent Solid tumors† SOT HCT HM Steroid use Total 
Total 459 (54) 174 (20) 59 (7) 9 (1) 58 (7) 90 (11) 849 
Age, y 67 (56–75) 62 (53–70) 56 (49–62) 54 (32–63) 60 (47–67) 67 (52–75) 64 (53–73) 
Sex        
 M 229 (50) 89 (51) 25 (42) 6 (67) 24 (41) 50 (56) 442 (52) 
 F 230 (50) 85 (49) 34 (58) 3 (33) 34 (59) 40 (44) 407 (48) 
Smoking status        
 Never 326 (71) 104 (60) 43 (73) 5 (56) 40 (69) 47 (52) 565 (67) 
 Former 99 (22) 63 (36) 16 (27) 3 (33) 14 (24) 38 (42) 233 (6) 
 Current 34 (7) 7 (4) 0 1 (11) 4 (7) 5 (6) 51 (27) 
BP, mm Hg        
 Systolic 134  

(120–152) 
124  

(115–137) 
131  

(116–146) 
130  

(113–136) 
128  

(120–140) 
134  

(120–151) 
131  

(119–147) 
 Diastolic 80 (73–90) 80 (73–88) 82 (74–92) 88 (82–90) 82 (76–90) 82 (74–90) 80 (73–90) 
Temperature, °C 36.6  

(36.4–37.2) 
36.6 

(36.4–37.2) 
36.4 

(36.2–36.8) 
36.7 

(36.5–37.7) 
36.5 

(36.2–36.7) 
36.6 

(36.3–36.9) 
36.6 

(36.4–37.1) 
Temperature, >37°C 70 (15) 25 (14) 4 (7) 3 (33) 5 (9) 16 (18) 123 (14.5) 
Heart rate, beats/min 83 (70–99) 88 (78–103) 82 (73–91) 100 (90–

110) 
87 (77–100) 93 (84–106) 87 (74–100) 

Respiratory rate, 
breaths/min 

20 (18–22) 20 (18–20) 18 (18–20) 22 (20–27) 20 (18–22) 22 (20–24) 20 (18–22) 

Body mass index, 
kg/m2 

23.2 
(20.4–25.9) 

23.1 
(20.3–25.5) 

23.2 
(21.3–25.1) 

20.2 
(17.0–25.1) 

22.4 
(20.5–25.2) 

22.6 
(20.2–24.4) 

23.1 
(20.4–25.5) 

Hypertension 239 (52) 71 (41) 47 (80) 3 (33) 22 (38) 51 (57) 433 (51) 
Diabetes mellitus 157 (34) 42 (24) 44 (75) 4 (44) 20 (35) 29 (32) 296 (35) 
Location of patients‡        
 Outpatient clinic 22 1 2 0 0 2 27 
 Hospitalized 131 137 21 3 24 35 351 
 ED 306 36 36 6 34 53 471 
Type of infection        
 CA 415 (90) 150 (86) 51 (86) 7 (88) 47 (81) 84 (93) 756 (89) 
 Nosocomial 44 (10) 24 (14) 8 (14) 2 (22) 11 (19) 6 (7) 93 (11) 
URI 126 (28) 68 (39) 30 (51) 1 (11) 20 (35) 27 (30) 270 (32) 
LRD 333 (73) 106 (61) 29 (49) 8 (89) 38 (66) 63 (70) 579 (68) 
Initial CRP level at 
hospital admission, 
mg/L 

4.3 
(1.5–9.9) 

6.5 
(2.6–13.3) 

4.6 
(1.0–7.7) 

10.6 
(5.5–19.7) 

5.8 
(2.8–12.0) 

4.4 
(1.9–4.4) 

4.9 
(1.8–11.0) 

Leukocyte count at 
diagnosis, × 103/μL 

7.7 
(5.5–10.5) 

5.4 
(2.8–8.7) 

8.5 
(4.8–10.6) 

12.0 
(6.5–13.6) 

4.8 
(2.3–7.4) 

8.3 
(5.7–11.5) 

7.2 
(4.9–10.3) 

 >10 128 (28) 33 (19) 16 (27) 5 (56) 7 (12) 34 (38) 223 (26) 
 <10 331 (72) 141 (81) 43 (73) 4 (44) 51 (88) 56 (62) 626 (74) 
Neutrophil count at 
diagnosis, × 103/μL§ 

5.5 
(3.4–8.3) 

3.9 
(1.7–6.5) 

6.1 
(3.3–8.5) 

7.9 
(5.9–9.5) 

2.9 
(1.3–5.1) 

6.2 
(3.9–9.6) 

5.1 
(3.0–8.1) 

 >5.0 252 (55) 67 (39) 35 (59) 6 (67) 14 (24) 56 (62) 430 (51) 
 <5.0 205 (45) 106 (61) 24 (41) 1 (11) 42 (72) 32 (36) 410 (48) 
Lymphocyte count at 
diagnosis, × 103/μL§ 

1.3 
(0.9–1.8) 

0.8 
(0.5–1.3) 

1.0 
(0.6–1.4) 

2.9 
(0.7–4.2) 

0.8 
(0.4–1.7) 

1.1 
(0.7–1.6) 

1.1 
(0.7–1.6) 

 >0.7 380 (83) 97 (56) 41 (70) 5 (56) 33 (57) 65 (72) 621 (73) 
 <0.7 77 (17) 76 (44) 18 (31) 2 (22) 23 (40) 23 (26) 219 (26) 
Platelet count, × 
103/μL 

193 
(145–243) 

149 
(101–223) 

166 
(116–231) 

82 
(35–187) 

86 
(36–146) 

198 
(143–245) 

176 
(124.5–233) 

Blood urea nitrogen, 
mg/Dl 

14 
(10–22) 

13 
(9–19) 

21 
(14–31) 

15.0 
(8.5–27.0) 

14.5 
(10–20.3) 

15 
(11–23.5) 

14.0 
(10.0–21.0) 

Creatinine, mg/dL 0.8 
(0.7–1.1) 

0.8 
(0.6–1.0) 

1.3 
(1.0–1.8) 

0.9 
(0.7–1.4) 

0.8 
(0.6–1.2) 

0.8 
(0.6–1.1) 

0.8 
(0.7–1.1) 

Procalcitonin, ng/mL 0.2 
(0.1–1.2) 

0.2 
(0.1–0.7) 

0.2 
(0.1–1.2) 

0.2 
(0.1–1.1) 

0.2 
(0.1–0.6) 

0.2 
(0.1–0.9) 

0.2 
(0.1–0.9) 

*Values are no. (%) or median (interquartile range) unless otherwise indicated. BP, blood pressure; CA, community acquired; CRP, C-reactive protein; 
ED, emergency department; HCT, hematologic stem cell transplantation; HM, hematologic malignancy; HMPV, human metapneumovirus; LRD, lower 
respiratory tract disease; SOT, solid organ transplants; URI, upper respiratory tract infection.  
†Patients with solid tumors were given chemotherapy within 6 mo. 
‡Locations at which patients were tested for HMPV. 
§Detailed laboratory results, including neutrophil and lymphocyte counts, were unavailable for 9 patients who visited outpatient clinics 
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ill-defined centrilobular nodules were common CT findings 
in patients with HMPV pneumonia.

Recent studies have demonstrated that low BMI was a 
major risk factor for hospitalization of patients with pneu-
monia (23,24). A U-shaped relationship between BMI and 
pneumonia has been shown in a recent meta-analysis, in 
which an underweight condition (BMI <18.5) and morbid 
obesity (BMI >40) are both associated with the risk for 
community-acquired pneumonia (25). Conversely, being 
overweight and obese (BMI 25.0–39.9) were major factors 
in reducing the risk for death from pneumonia (26). In our 

study, the risk for HMPV pneumonia associated with BMI 
was not evident because only 14 patients were underweight, 
and there was no patient with a BMI >32. However, lower 
BMI increased the mortality rate for HMPV pneumonia. 
This finding coincides with the obesity survival paradox, 
which shows a decreased pneumonia mortality rate for 
overweight and obese patients (26).

Although most young healthy adults with HMPV in-
fection are asymptomatic or have mild symptoms, HMPV 
pneumonia can cause severe symptoms in elderly (7) and 
immunocompromised (14,17,27,28) patients. Mortality 
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Table 2. Co-detection of other pathogens and clinical course of patients infected with human metapneumovirus, South Korea* 
Characteristic Immunocompetent Solid tumors SOT HCT HM Steroid use Total 
Total 459 (54) 174 (20) 59 (7) 9 (1) 58 (7) 90 (11) 849 
URI 126 (28) 68 (39) 30 (51) 1 (11) 20 (35) 27 (30) 270 (32) 
LRD 333 (73) 106 (61) 29 (49) 8 (89) 38 (66) 63 (70) 579 (68) 
Ribavirin use 44 (10) 22 (13) 10 (17) 5 (56) 23 (40) 22 (24) 126 (15) 
IVIG use 3 (1) 0 1 (2) 0 1 (2) 3 (3) 8 (1) 
Both ribavirin and IVIG 
use 

2 (0.4) 0 0 0 0 1 (1) 3 (0.4) 

Co-detection of other pathogen, n = 126       
 URI 17 (13) 18 (26) 10 (33) 1 (100) 10 (50) 7 (26) 63 (23) 
 LRD 72 (21) 23 (22) 13 (45) 1 (13) 9 (24) 22 (35) 140 (24) 
 Bacteria 48 20 16 1 11 20 116 
 Virus 32 14 7 0 6 5 64 
 Fungi 3 5 0 1 0 0 9 
 Bacteria and virus 6 1 0 0 2 3 12 
 Bacteria and fungi 0 1 0 0 0 0 1 
 Virus and fungi 0 0 0 0 0 1 1 
Hospital admission 279 (65) 98 (56) 32 (54) 6 (67) 35 (60) 64 (71) 552 (65) 
Length of hospital stay, 
days 

6.0 
(4.0–13.0) 

7.0 
(4.0–12.0) 

6.0 
(4.0–14.0) 

7.0 
(5.3–55.3) 

10.5 
(5.8–32.5) 

7.0 
(4.0–16.0) 

7.0 
(4.0–13.0) 

ICU admission 42 (9) 4 (2) 5 (10) 1 (11) 5 (10) 11 (12) 68 (8) 
All-cause mortality rate 
at 30 d 

16 (3) 17 (10) 0 (0) 2 (22) 5 (9) 7 (8) 47 (6) 

All-cause mortality rate 
at 90 d 

18 (4) 22 (13) 1 (2) 3 (33) 7 (12) 8 (9) 59 (7) 

Overall mortality rate 42 (9) 34 (20) 3 (5) 4 (44) 21 (36) 22 (24) 126 (15) 
*Values are no. (%) or median (interquartile range) unless otherwise indicated. HCT, hematologic stem cell transplantation; HM, hematologic malignancy; 
ICU, intensive care unit; IVIG, intravenous immunoglobulin; LRD, lower respiratory tract disease; SOT, solid organ transplants; URI, upper respiratory 
tract infection. 

 

 
Table 3. Clinical characteristics of patients associated with pneumonia for patients with human metapneumovirus, South Korea* 

Characteristic URI, n = 270 LRD, n = 579 
Univariate analysis 

 
Multivariable analysis 

OR (95% CI) p value OR (95% CI) p value 
Age 59.0 (49.3–69.8) 66.0 (56.0–74.0) 1.02 (1.01–1.03) <0.001  1.02 (1.01–1.03) 0.001 
Male sex 121 (45) 321 (55) 1.57 (1.17–2.09) 0.002  0.95 (0.65–1.40) 0.81 
Smoking    <0.001   0.01 
 Never 209 (77) 356 (61) 1   1  
 Former 12 (4) 39 (7) 1.91 (0.98–3.73) 0.59  1.66 (0.80–3.43) 0.17 
 Current 51 (19) 182 (31) 2.10 (1.47–2.99) <0.001  2.07 1.30–3.29) 0.002 
Body mass index, kg/m2 23.4 (21.0–25.7) 22.7 (20.1–25.4) 0.97 (0.94–1.00) 0.09  0.97 (0.93–1.00) 0.07 
Diabetes mellitus 79 (29) 217 (37) 1.47 (1.08–2.01) 0.02  1.37 (0.96–1.95) 0.08 
Community-acquired pneumonia 238 (88) 516 (89) 0.83 (0.53–1.30) 0.41  1.10 (0.68–1.79) 0.69 
Other pathogen 63 (23) 140 (24) 0.92 (0.66–1.30) 0.64  1.05 (0.73–1.52) 0.80 
Underlying condition    0.002   0.003 
 Immunocompetent 126 (47) 333 (58) 1   1  
 Solid tumor 68 (25) 106 (18) 0.59 (0.41–0.85) 0.005  0.57 (0.38–0.84) 0.005 
 SOT 30 (11) 29 (5) 0.37 (0.21–0.63) <0.001  0.35 (0.19–0.65) 0.001 
 HCT 1 (0.4) 8 (1) 3.03 (0.38–24.45) 0.30  3.75 (0.44–31.85) 0.23 
 HM 20 (7) 38 (7) 0.72 (0.40–1.28) 0.26  0.79 (0.43–1.45) 0.45 
 Steroid use 27 (10) 63 (11) 0.88 (0.54–1.45) 0.62  0.72 (0.43–1.22) 0.22 
*Values are no. (%) or median (interquartile range). HT, hematologic stem cell transplantation; HM, hematologic malignancy; LRD, lower respiratory tract 
disease; OR, odds ratio; SOT, solid organ transplants; URI, upper respiratory tract infection. 
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rates for HMPV pneumonia have been reported to be high-
er (up to 40%) in HCT recipients (15). A recent meta-anal-
ysis showed that the overall HMPV mortality rate for HCT 
recipients was 6% and that the HMPV-associated mortality 
rate was 5.9 times higher in patients with pneumonia (27%) 
than in patients with URI (16). In our study, although the 
number of HCT patients was small (n = 9), the mortality 
rate was highest for HCT recipients, and the all-cause 30-
day mortality rate was 22%. Conversely, the proportion of 
SOT patients with pneumonia was lower than that for im-
munocompetent patients, and mortality rates were lower 
for SOT patients than for all other groups.

The proportion of patients with HMPV pneumonia 
among those with HMPV infection was smaller for the solid 
tumor and SOT groups than for immunocompetent patients, 
whereas the mortality rate was highest for HCT recipients, 
followed by those with HM. This finding might be explained 

by the fact that immunocompetent patients visited the tertiary 
hospital only when respiratory symptoms were not eliminated 
by management in a primary clinic, whereas patients about to 
receive organ transplants or HCT visited the tertiary hospi-
tal if they had less severe symptoms, and had more periodical 
follow-up visits. Therefore, the proportion of pneumonia in 
the immunocompetent group was high in this study.

In our study, use of ribavirin was more common in 
ICU admitted patients, and mortality rates were also higher 
in patients who received ribavirin. However, this study was 
not designed to analyze the efficacy of ribavirin, and riba-
virin might been have used more often for treatment in se-
verely ill patients. Thus, the effect of ribavirin use was not 
determined in this study.

We found that, radiologically, most patients with 
HMPV pneumonia had bilateral involvement; the main 
findings on CT images included ill-defined centrilobular 
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Table 4. Clinical characteristics associated with 30-day mortality rate for patients with human metapneumovirus, South Korea* 

Characteristic 
Recovered, n = 

802 
30-day mortality 

rate, n = 47 
Univariate analysis 

 
Multivariable analysis 

OR (95% CI) p value OR (95% CI) p value 
Age 63.5 (53.0–73.0) 67.0 (55.0–77.0) (0.99–1.04) 0.15  1.02 (1.00–1.05) 0.11 
Male sex 416 (52) 26 (55) 0.87 (0.48–1.57) 0.65    
Smoking    0.04   0.54 
 Never 540 (67) 25 (53) 1   1  
 Former 48 (6) 3 (6) 1.35 (0.39–4.63) 0.63  0.67 (0.15–3.04) 0.61 
 Current 214 (27) 19 (40) 1.92 (1.04–3.56) 0.04  1.35 (0.69–2.64) 0.39 
Body mass index, kg/m2 23.1 (20.5–25.6) 20.5 (18.2–24.1) 0.89 (0.79–0.95) 0.001  0.86 (0.79–0.95) 0.002 
Diabetes mellitus 277 (35) 19 (40) 1.29 (0.71–2.35) 0.41  1.48 (0.77–0.95) 0.24 
Community-acquired pneumonia 715 (89) 40 (85) 0.70 (0.30–1.60) 0.39  0.83 (0.32–2.11) 0.69 
Other pathogen 193 (24) 10 (21) 0.86 (0.42–1.76) 0.68  0.75 (0.35–1.60) 0.45 
Underlying condition    0.02   0.02 
 Immunocompetent 443 (55) 16 (34) 1     
 Solid tumor 157 (20) 17 (36) 3.00 (1.48–6.08) 0.002  3.43 (1.58–7.44) 0.002 
 SOT 59 (7) 0 0.00 (0.00–0.00) 1.00  0.00 (0.00–0.00) 1.00 
 HCT 7 (0.9) 2 (4) 7.91 (1.52–41.1) 0.01  9.19 (1.47–57.37) 0.02 
 HM 53 (7) 5 (11) 2.61 (0.92–7.42) 0.07  3.44 (1.14–10.34) 0.03 
 Steroid use 83 (10) 7 (15) 2.34 (0.93–5.85) 0.07  2.40 (0.91–6.34) 0.08 
*Values are no. (%) or median (interquartile range). HCT, hematologic stem cell transplantation; HM, hematologic malignancy; OR, odds ratio; SOT, solid 
organ transplants. 

 

 
Table 5. CT findings for 251 patients with HMPV pneumonia without another pathogen, South Korea* 

Characteristic Immunocompetent 
Solid 

tumors SOT HCT HM 
Steroid 

use Total 
Patients with HMPV pneumonia 
without another pathogen 

259 81 36 7 29 41 453 

Patients who underwent CT scans 138 43 26 3 23 18 251 
 Bilateral 100 (72.5) 34 (79.1) 21 (80.8) 3 (100) 20 (87.0) 14 (77.8) 192 (76) 
 No. involved lobes 3 (2–6) 5 (3–6) 4 (2–5) 6 (6–6) 5 (3–6) 4 (3–5) 4 (2–6) 
 Macronodule 67 (49) 19 (44) 11 (31) 1 (33) 12 (52) 4 (22) 114 (45) 
 Patients with centrilobular nodules 101 (73) 28 (65) 17 (47) 2 (67) 13 (57) 13 (72) 174 (69) 
 Extent of centrilobular nodules 10 (5–30) 10 (0–20) 10 (0–20) 20 (10–20) 10 (0–20) 10 (0–23) 10 (5–20) 
 Patients with consolidation 57 (41) 20 (47) 13 (50) 0 8 (35) 9 (50) 107 (43) 
 Extent of consolidation 0 (0–10) 0 (0–15) 3 (0–10) 0 (0–0) 0 (0–10) 8 (0–20) 0 (0–10) 
 Patients with ground-glass opacity 109 (79) 38 (88) 21 (81) 2 (67) 15 (65) 14 (78) 199 (79) 
 Extent of ground-glass opacity 10 (10–20) 10 (10–30) 10 (10–23) 10 (10–10) 10 (5–20) 18 (9–33) 10 (10–20) 
 Bronchial wall thickening 121 (88) 35 (81) 25 (96) 3 (100) 1 (4) 17 (94) 222 (88) 
 Bronchiectasis 17 (12) 4 (9) 4 (15) 1 (33) 3 (13) 5 (28) 34 (14) 
 Cavitation 1 (0.7) 0 0 0 0 1 (6) 2 (1) 
 Lymphadenopathy 40 (29) 14 (33) 6 (23) 0 (0) 2 (9) 6 (33) 68 (27) 
 Pleural effusion 24 (17) 15 (35) 7 (27) 1 (33) 5 (22) 4 (22) 56 (22) 
*Values are no. (%) or median (interquartile range) unless otherwise indicated. CT, computed tomography; HCT, hematologic stem cell transplantation; 
HM, hematologic malignancy; LRD, lower respiratory tract disease; SOT, solid organ transplants; URI, upper respiratory tract infection. 
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nodules, ground-glass opacities, and irregular nodular con-
solidations. These findings suggested bronchitis and bron-
chiolitis and were consistent with those of previous studies 
(28–32). Findings of bronchial wall thickening, bronchiol-
itis, and centrilobular nodules were likely caused by patho-
genesis of HMPV pneumonia, which affects the airways 
and lung epithelia and induces inflammatory cascades (33–
35). Because these CT findings are also observed for bacte-
rial pneumonia, they might be insufficient for excluding the 
possibility of another pathogen. CT scans of patients infect-
ed with HMPV but without another pathogen showed that 
the number of involved lobes and the frequency of pleural 
effusion were greater in the immunocompromised patients 
than in the immunocompetent patients.

This study had several limitations. First, patients 
with mild symptoms and no definite lesions by chest radi-
ography might not undergo CT examinations. Therefore,  

patients with mild pneumonia that is not clearly visible 
on chest radiographs and who have not undergone CT 
scans might be classified as being in the URI group. Sec-
ond, patients with low virus loads might be undetected 
because the Seeplex PCR has a sensitivity of 88% and 
the Anyplex test has a sensitivity of 96% for detecting 
HMPV infection (36). In addition, we did not routinely 
assess virus loads in specimens by using quantitative 
methods. Therefore, the effect of virus load on develop-
ment of HMPV pneumonia could not be assessed, al-
though virus load was shown not to be a major factor 
for HCT recipients (14). Third, we routinely checked 
patients who had respiratory infection symptoms by us-
ing nasopharyngeal swab specimens or blood cultures 
in our hospital. However, the decision for testing was 
made by clinicians, and patients with subtle respiratory 
symptoms might not be identified.

In conclusion, we report clinical and radiologic find-
ings for HMPV infection in patients with various immune 
states. About half of these patients, even those who were 
immunocompetent, had HMPV pneumonia. Older age and 
current smoking were strongly associated with HMPV 
pneumonia, and the mortality rate was high in HCT recipi-
ents. CT showed that bilateral bronchial wall thickening, 
ground-glass opacities, and ill-defined centrilobular nod-
ules were common.

H.J.K., H.N.L., S.H.C., and K.-H.D. designed the study; H.J.K., 
H.N.L., S.H.C, H.S., and K.-H.D. wrote the article; H.J.K., 
H.N.L., S.H.C, H.S., and K.-H.D. conducted the study; H.J.K., 
H.J. Kim, and H.S. developed new reagents or analytic tools; and 
H.J.K. and H.J. Kim analyzed data.
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Figure 3. Proportion of HMPV-infected patients with various 
underlying diseases having HMPV pneumonia, South Korea. 
HCT, hematopoietic stem cell transplantation; HM, hematologic 
malignancy; HMPV, human metapneumovirus; LRD, lower 
respiratory tract disease; SOT, solid organ transplants; URI, upper 
respiratory tract infection.

Figure 4. Imaging of 55-year-old immunocompetent woman with human metapneumovirus pneumonia, South Korea. A) Initial chest 
radiograph showing ill-defined patchy and nodular ground-glass opacities in the right lung and left lower lung zone. B, C) Chest 
computed tomography showing irregular nodular consolidation (arrows in panel B) and multiple ill-defined centrilobular nodular opacities 
(arrowheads in panel C) with mild bronchial wall thickening. Five days later, the lesions had resolved completely.
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Figure 5. Imaging of 38-year-old woman in South Korea who underwent liver transplantation 2 months earlier, followed by 
immunosuppressant therapy, who visited the emergency department because of dyspnea, chills, and fever. A) Initial chest radiograph 
showing bilateral peribronchial infiltration in the central areas of both lungs and minimal pleural effusion. B) Five days later, the patient 
was admitted to the intensive care unit and underwent intubation because of progressive dyspnea. Radiograph showed extensive 
bilateral peribronchial nodular infiltrates. C, D) Computed tomography performed on the same day as in panel B showing multifocal 
peribronchial nodular consolidation (arrows), ground-glass opacities (arrowheads), and irregular small nodules, along with small 
amounts of bilateral pleural effusion. The patient was given ribavirin and prophylactic antimicrobial drugs and recovered after 10 days in 
the intensive care unit.
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We conducted an observational study from January 2016 
through January 2017 of patients admitted to a reference 
pediatric hospital in Madrid, Spain, for neurologic symptoms 
and enterovirus infection. Among the 30 patients, the most 
common signs and symptoms were fever, lethargy, myo-
clonic jerks, and ataxia. Real-time PCR detected enterovi-
rus in the cerebrospinal fluid of 8 patients, nasopharyngeal 
aspirate in 17, and anal swab samples of 5. The enterovirus 
was genotyped for 25 of 30 patients; enterovirus A71 was 
the most common serotype (21/25) and the only serotype 
detected in patients with brainstem encephalitis or enceph-
alomyelitis. Treatment was intravenous immunoglobulins 
for 21 patients and corticosteroids for 17. Admission to the 
pediatric intensive care unit was required for 14 patients. 
All patients survived. At admission, among patients with the 
most severe disease, leukocytes were elevated. For chil-
dren with brainstem encephalitis or encephalomyelitis, cli-
nicians should look for enterovirus and not limit testing to 
cerebrospinal fluid. 

Enteroviruses (family Picornaviridae) are RNA viruses; 
the >100 recognized enterovirus types are classified 

into 4 species, A–D. Enterovirus infections are common 
worldwide and occur mostly among children; infections are 
usually asymptomatic or mild but can produce severe neu-
rologic disease (1). Enterovirus A71 (EV-A71) has emerged 
as an etiologic agent of aseptic meningitis, encephalitis, 
encephalomyelitis, acute flaccid paralysis, and other se-
vere systemic disorders, including neurogenic pulmonary 
edema, and cardiopulmonary failure (2). The first outbreak 
of EV-A71–associated neurologic disease occurred in Cali-
fornia in the 1960s (3). Since then, epidemics have been 
reported in the Asia-Pacific region (4–7). In Europe, an out-
break was first described in Bulgaria and Hungary in the 
1970s (8,9). During 2016, an outbreak of enterovirus with 
neurologic involvement was detected in Spain. The first 
case described was that of acute flaccid paralysis associated 
with enterovirus D68 in Catalonia, followed by another 3 
cases in Aragón, Galicia, and Asturias. During April–June 
2016 in Catalonia, several cases of brainstem encephalitis 
and encephalomyelitis associated with EV-A71 infection 
affected >100 children (10–16). Since May 2016, increased 
numbers of enterovirus central nervous system (CNS) in-
fections have been observed in Madrid.

In this article, we describe the epidemiology, clinical 
data, therapies, and clinical progression of children 
hospitalized at Hospital Infantil Universitario Niño Jesús 
of Madrid during 2016 because of neurologic signs and 
symptoms and confirmed enterovirus infection. We also 
describe which variables were associated with severe 
disease and worst prognoses.

We enrolled only patients for whom written informed 
consent was obtained from the next of kin, caretakers, 
or guardians on behalf of the children. The study was 

approved by the Hospital Infantil Universitario Niño Jesús 
of Madrid (Spain) ethics committee. The research was 
conducted according to The Code of Ethics of the World 
Medical Association (Declaration of Helsinki).

Material and Methods

Study Design
This study was an observational prospective study of 
children admitted to the Hospital Infantil Universitario 
Niño Jesús of Madrid from January 2016 to January 
2017 because of neurologic symptoms with suspicion of 
enterovirus infection (meningitis, meningoencephalitis, 
encephalomyelitis, brainstem encephalitis, or acute flaccid 
paralysis). The hospital is a 230-bed reference medical center 
for patients with high-complexity pathologic conditions.

We included children with a clinical diagnosis of  
meningitis, encephalitis, brainstem encephalitis, encephalo-
myelitis with or without autonomic dysfunction, or flaccid 
paralysis resulting from spinal cord involvement. We ex-
cluded children with neurologic impairment but no entero-
virus isolation.

Data Collection and Diagnosis
For each patient, we collected demographic, clinical, biolog-
ical, microbiological, and radiographic data. Demographic 
data were patient sex, age in months, and hospitalization 
duration. Clinical data were past medical condition(s); fe-
ver duration; respiratory, gastrointestinal, and neurologic 
symptoms; and mucocutaneous manifestations. Biological 
data were leukocytosis (>15,000 leukocytes/mm3), throm-
bocytosis (>400,000 thrombocytes/mm3), and C-reactive 
protein and procalcitonin levels. Microbiological data were 
blood and cerebrospinal fluid (CSF) analysis and bacterial 
culture results. For each patient, we tested CSF for entero-
virus by real-time PCR and for herpes simplex virus by re-
verse transcription PCR. If those PCRs were negative, we 
collected nasopharyngeal aspirates and anal swab samples 
for enterovirus detection by real-time PCR. Enterovirus-
positive samples were genotyped at the Enterovirus Unit of 
the National Centre for Microbiology (Institute of Public 
Health “Carlos III,” Madrid, Spain). Radiologic data were 
from imaging studies performed on all children with rhom-
boencephalitis, acute flaccid paralysis, or neurologic dete-
rioration. Studies included brain and spine magnetic reso-
nance imaging (MRI).

Management and Follow-Up
Patients with meningoencephalitis or rhomboencephali-
tis and substantial somnolence or incipient bulbar clini-
cal signs received intravenous immunoglobulins (IVIG) 
(400 mg/kg 1×/d for 5 d). Patients with signs of bulbar or  
medullary involvement or with lesions suggestive of  
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rhomboencephalitis seen on MR images received meth-
ylprednisolone (30 mg/kg 1×/d for 3–5 d) and fluoxetine 
(0.3 mg/kg 1×/d for 14 d). Each patient underwent a 
follow-up examination at 1 and 3 months after hospital 
admission. To stratify the severity of illness, we used 
the World Health Organization (WHO) Guide to Clini-
cal Management and Public Health Response for Hand, 
Foot and Mouth Disease (15). The 6 clinical conditions 
classified by WHO are aseptic meningitis, encephalitis, 
brainstem encephalitis (rhomboencephalitis), encephalo-
myelitis, autonomic nervous system dysfunction, and car-
diopulmonary failure. 

Statistical Analyses
We report descriptive statistics in terms of absolute 
frequencies and percentages. For data comparisons of 
categorical variables, we used Pearson χ2 or Fisher exact 
tests when appropriate. We describe continuous nonnormal 
distributed variables as median values and interquartile 
ranges (IQRs) and compared them by using the Mann-
Whitney U test and Kruskal-Wallis analysis. Statistical 
analyses were performed with SPSS version 22.0 software 
(https://www.ibm.com/es-es/marketplace/spss-statistics). 
We considered p<0.05 as statistically significant.

Results 

Epidemiologic Data
During the study period, 42 patients were hospitalized for 
suspected enterovirus neurologic disease. For 12 patients, 
other causes for their neurologic signs were identified or 
enterovirus was not isolated. Of the 30 remaining patients, 
median age was 23 months (IQR 16–41 months), 18 were 
male, and 26 became ill during May–September (peak 
incidence [8 cases] in July) (Table; Figure 1).

Clinical Manifestations
Of the 30 patients included in the study, fever (axillary 
temperature >38°C [100.4°F]) was observed for 22, vomiting 
for 21, fatigue for 20, headache for 11, catarrhal symptoms 
for 6, and diarrhea for 2. Mucocutaneous manifestations were 
observed for 6 patients; the main manifestation was petechial 
rash on the extremities. The most common neurologic 
sign among the 30 patients was lethargy or drowsiness for 
24, followed by myoclonic jerks for 4, tremor for 7, and 
ataxia for 17. One patient had tetraparesis and another had 
paresis isolated to the right arm. Cardiorespiratory failure 
(cardiogenic shock and neurogenic pulmonary edema) 
developed in 3 patients; 1 experienced cardiac arrest, which 
was reversed with advanced cardiopulmonary resuscitation 
maneuvers. For those who experienced them, fever and 
neurologic signs started a median of 3 days (IQR 1.25–5 
days) before hospitalization.

Supplementary Testing 
Blood analysis revealed leukocytosis in 10 patients and 
thrombocytosis in 9. No patient had significant alterations 
in plasma C-reactive protein levels, and only 1 showed 
elevated procalcitonin levels (3.6 ng/mL [reference value 
0.5 ng/mL]).

All patients underwent lumbar puncture. CSF analyses 
showed a median leukocyte count of 112 leukocytes/mm3 
(IQR 28–211 leukocytes/mm3) and an average mononuclear 
cell percentage of 56% (IQR 19.5%–90.0%). For only 3 
patients CSF contained <10 leukocytes/mm3 (reference 
count). In the CSF, the median level of protein was 32.5 
mg/dL (IQR 26–46 mg/dL) and of glucose 62.5 mg/dL 
(IQR 55–67 mg/dL). In no patient was the glucose level 
<50 mg/dL.

Real-time PCR detected enterovirus in CSF of 8 
of the 30 patients, all of whom had aseptic meningitis. 
Patients for whom CSF analysis was negative underwent 
nasopharyngeal aspirate or anal swab sample testing for 
enterovirus by the same real-time PCR. An enterovirus 
was isolated from nasopharyngeal aspirate of 17 of the 30 
patients and from anal swab samples of 5. The enterovirus 
from 25 of 30 patients was genotyped; most frequently 
identified was EV-A71 (21 patients), followed by echovirus 
(2 patients), enterovirus B (1 patient), and rhinovirus (1 
patient). EV-A71 was the only serotype detected in patients 
with brainstem encephalitis or encephalomyelitis and was 
isolated from respiratory and fecal samples. Patients from 
whom other enteroviruses (echovirus, enterovirus B, or 
rhinovirus) were isolated received a diagnosis of meningitis 
or encephalitis. No cultures of CSF or blood were positive 
for bacteria. In no patient was herpes simplex virus detected 
in CSF.

MRI was performed for 26 of the 30 patients; results 
were within normal limits for 5. Among the 26 patients, 
the radiologic abnormalities identified were leptomenin-
geal enhancement in 5, alteration of the signal of the white 
matter in the rhomboencephalic region (bulb, protuber-
ance, cerebellum, or fourth ventricle) in 16, and cervical 
myelopathy in 3 (Figures 2, 3).

Treatment
Of the 30 patients, 21 received IVIG; 17 received 
corticosteroids, and 11 of those 17 received corticosteroids 
and fluoxetine. No patient with aseptic meningitis or 
encephalitis received treatment.

Outcomes and Variables Associated with  
More Severe Disease
Median hospital stay was 10 days (IQR 6–14.5 days). Four-
teen patients were admitted to the pediatric intensive care 
unit (PICU) because of decreased consciousness level (9 
patients), paresis (1 patient), or automatic nervous system 
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dysregulation (4 patients, among whom 3 exhibited cardio-
respiratory failure and required mechanical ventilation and 
treatment with an inotrope such as milrinone). The median 
PICU stay was 9.5 days (IQR 1.5–47 days). None of these 
patients died.

At the time of hospital discharge, 20 children 
experienced no sequelae, 7 had cerebellar dysfunction that 
consisted of slightly wide foot placement while walking 
or slight instability while sitting, 1 had paresis of the right 
upper limb, and 1 had peripheral facial paralysis. Another 
patient had acquired brain damage. Follow-up examination 
at 3 months after hospital admission detected only slight 
cerebellar alteration in 2 patients and a mild motor deficit 
with difficulty extending the right upper limb in 1 patient. 

Of the patients with autonomic nervous system dys-
regulation and cardiorespiratory failure, 1 had acquired 
brain damage requiring a tracheostomy and a nasogastric 

tube for feeding. At the time of the most recent follow-up 
examination (June 30, 2018), the patient no longer required 
mechanical ventilation or the nasogastric tube for feeding.

In terms of clinical and analytical criteria, only the 
number of leukocytes in the blood at the time of admission 
was significantly higher in patients with the most severe 
disease (according to WHO classification) (p = 0.00). Of 
the 30 patients, all 3 with cardiopulmonary failure exhibited 
bulbar inflammatory lesions on MR images, but this finding 
was also found in 13 patients without autonomic nervous 
system dysfunction.

Discussion
The outbreak we report occurred in spring and summer, 
the typical prevalence pattern of enterovirus in Spain 
(17). The first outbreak of CNS disease associated with 
EV-A71 in Spain occurred in March 2016, when the 

 
Table. Enterovirus serotype, localization of isolation, WHO clinical classification, and outcomes for 30 patients with enterovirus 
infection and neurologic disease, Madrid, 2016* 

Patient no. 
Patient 
age/sex WHO clinical classification Enterovirus source Enterovirus serotype Patient outcome 

1 2 mo/M Aseptic meningitis CSF Genotyped negative Recovered 
2 16 d/F Aseptic meningitis CSF ND Recovered 
3 3 mo/F Encephalitis Nasopharyngeal aspirate A71 Recovered 
4 10 mo/F Encephalitis Nasopharyngeal aspirate  A71 Recovered 
5 12 mo/M Brainstem encephalitis Nasopharyngeal aspirate  A71 Unknown 
6 17 mo/F Brainstem encephalitis Nasopharyngeal aspirate Genotyped negative Unknown 
7 21 mo/F Brainstem encephalitis Nasopharyngeal aspirate  A71 Cerebellar 

dysfunction 
8 22 mo/F Encephalitis Nasopharyngeal aspirate Rhinovirus Recovered 
9 19 mo/M Encephalitis Nasopharyngeal aspirate  A71 Unknown 
10 18 mo/M Encephalitis Anal swab sample  A71 Cerebellar 

dysfunction 
11 2 y/M Brainstem encephalitis Nasopharyngeal aspirate  A71 Recovered 
12 2 y/M Cardiopulmonary failure Nasopharyngeal aspirate  A71 Acquired brain 

damage 
13 23 mo/F Cardiopulmonary failure Anal swab sample  A71 Cerebellar 

dysfunction 
14 2 y/M Encephalitis Nasopharyngeal aspirate  B Recovered 
15 3 y/M Brainstem encephalitis Nasopharyngeal aspirate  A71 Recovered 
16 3 y/F Brainstem encephalitis Anal swab sample  A71 Recovered 
17 3 y/F Cardiopulmonary failure Nasopharyngeal aspirate  A71 Paresis of the right 

upper limb 
18 4 y/F Brainstem encephalitis Nasopharyngeal aspirate  A71 Cerebellar 

dysfunction 
19 4 y/M Aseptic meningitis CSF ND Recovered 
20 4 y/M Brainstem encephalitis Nasopharyngeal aspirate  A71 Cerebellar 

dysfunction 
21 4 y/M Aseptic meningitis CSF Echovirus Recovered 
22 6 y/M Aseptic meningitis CSF ND Recovered 
23 6 y/F Aseptic meningitis CSF Echovirus Recovered 
24 7 y/M Brainstem encephalitis Nasopharyngeal aspirate  A71 Cerebellar 

dysfunction 
25 1 mo/M Encephalitis CSF  A71 Recovered 
26 4 y/M Encephalitis Nasopharyngeal aspirate  A71 Recovered 
27 5 y/M ANS dysfunction Nasopharyngeal aspirate  A71 Cerebellar 

dysfunction 
28 2 y/F Encephalitis Nasopharyngeal aspirate  A71 Recovered 
29 2 y/M Brainstem encephalitis Anal swab sample  A71 Recovered 
30 20 mo/M Brainstem encephalitis Anal swab sample  A71 Peripheral facial 

paralysis 
*ANS, autonomic nervous system; CSF, cerebrospinal fluid; ND, not done; WHO, World Health Organization. 
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number of children with neurologic syndromes caused 
by enterovirus infection in Catalonia increased (13,15). 
In the rest of Spain, some sporadic cases occurred, but no 
reports were published. In our case series of concurrent 
neurologic disease and enterovirus infection, the main 
cause was EV-A71. In the Catalonia outbreak and in the 
cases reported here, infection with enterovirus D68, a se-
rotype that may cause an acute flaccid polio-like paralysis 
in children with previous respiratory infections, was ruled 
out. Since 2012, the incidence of fever and hand, foot, and 
mouth disease (HFMD) caused by EV-A71 was increas-
ing in Spain, but until 2016 this virus had not produced 
severe neurologic disease (16).

The clinical characteristics of the patients in our study 
were similar to those of patients described in other case 
series: young children (<5 years of age) with fever and 
respiratory or gastrointestinal symptoms, followed 3–5 
days later by neurologic signs. The rate of mucocutane-
ous manifestations in patients in our study was low. The 
neurologic signs were drowsiness, ataxia, and positive 
meningeal signs, concordant with signs described in the 

literature (12,13,18,19). Myoclonic jerks were rare among 
patients in our study compared with patients in other case 
series (20,21).

Detection of EV-A71 from sterile sites is specific but 
usually insensitive. Virus is detected in 0%–5% of CSF 
samples from patients with neurologic disease. Real-time 
PCR for enterovirus in CSF was negative for 83.3% of pa-
tients in our study, and most diagnoses were made from na-
sopharyngeal aspirates or anal swab samples, as described 
elsewhere (1,2,10–15,18,19,22). This finding may be be-
cause the neurologic involvement is caused by an immune-
mediated response (22,23) or because of earlier enterovirus 
elimination from CSF (19). Consequently, diagnostic as-
sessments should include specimens from multiple sites. 
Disease was less severe for patients with positive PCR re-
sults for enterovirus in CSF.

Of the radiologic studies, the most specific was the 
MRI, which showed tegmental-protuberancial involve-
ment (characteristic high-signal intensities on T2-weight-
ed images). A restricted diffusion pattern was observed in 
images of patients with severe disease (the 3 patients with 

Figure 1. Monthly distribution 
of patients admitted to Hospital 
Infantil Universitario Niño Jesús, 
Madrid, Spain, for CNS infections 
in 2016. CNS, central nervous 
system; EV, enterovirus.

Figure 2. Magnetic resonance 
images of the brain of a 
2-year-old boy with enterovirus 
meningoencephalitis. A–C) 
Brain at time of diagnosis. 
FLAIR sequences show 
hyperintense lesions around 
ventricle IV (A), posterior region 
of the pons (B), and posterior 
region of the mesencephalon 
(C). D–F) Control images 
of cerebrum 6 months after 
diagnosis. FLAIR sequences 
show slight hyperintensity of 
signal around ventricle IV, lower 
than in the initial study (D), and 
complete resolution of lesions in 
the posterior region of the pons 
(E) and mesencephalon (F).
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cardiopulmonary failure). In this study, lesions detected 
on MR images coincided with those described in the lit-
erature (12,19,24,25); we found a high number of patients 
who had nonsevere symptoms and MR images indicating 
bulbar involvement.

There is no proven effective therapy for EV-A71 in-
fections. Antiviral drugs, corticosteroids, and IGIV have 
been used. The treatment given to patients in this series 
was chosen because it had been effective in other patients 
with enterovirus infection and CNS disease (1,2,11–
15,18–22,26–30) and because it is a common treatment 
for viral and inflammatory myelitis (31). During the first 
outbreaks in Asia, IGIV was already in use, and a retro-
spective comparison suggests that this treatment was ben-
eficial (32,33). However, the use of corticosteroids has 
been questioned after publication of a comparative study 
(34). In our experience, all patients with severe disease 
received corticosteroids, even though WHO does not rec-
ommend them for patients with HFMD of any severity. 

Fluoxetine inhibits replication of enterovirus B and D 
but not of enterovirus A or C or of rhinovirus (35–37). At 
the time of admission, some of our patients received fluox-
etine because we did not know the type of enterovirus; after 
the serotype was known to be A71, use of fluoxetine was 
not indicated.

Several antiviral drugs are available. Pleconaril is an 
antiviral drug that inhibits the entry of enteroviruses into 
cells, but it is not active against enterovirus serotypes A71 
or D68 (28). Other antiviral drugs, such as pocapavir and 
vapendavir, have not been shown to be effective (38).

Concern about enterovirus outbreaks and the lack of 
effective treatment is growing. Many EV-A71 vaccines 
have been studied (39–45). In China, 2 inactivated EV-A71 
vaccines have been approved for the prevention of severe 
HFMD (46). Efficacy, immunogenicity, and safety were 
reported, concluding that vaccine efficacy was 94.84% 
(CI 83.53%–98.38%) and, in the second year, 100% (CI 
84.15%–100%) against HFMD related to EV-A71 (47). No 
serious adverse events related to the vaccine have been de-
scribed (47). As a result of these data, the potential severity 
of disease, and the lack of etiologic treatment, this vaccina-
tion could be the most useful preventive strategy.

The severity of the neurologic involvement and the le-
thality of the different outbreaks described for enterovirus 
vary (1,2,10–15,18–22). In our case series, prognoses were 
favorable, and no patients died. However, 1 in 2 patients 
was admitted to the PICU. Three patients with autonomic 
nervous system dysfunction and cardiopulmonary failure 
required mechanical ventilation and inotropes. One re-
quired tracheostomy and feeding by nasogastric tube, and 
another experienced paresis of the right upper limb. We 
found statistically significant leukocytosis only in the most 
severely affected children, as has been described (1,2,19).

Our study has several limitations because it is an ob-
servational single-center study. The treatment used was 
empirically prescribed, thus limiting conclusions about ef-
fectiveness. The rate of sequelae was low, but long-term 
follow-up was not conducted. A multicenter study would 
be desirable.

In conclusion, the serotype most frequently isolated 
from the patients in our series was EV-A71. PCRs from 
respiratory and gastrointestinal tract samples had higher 
diagnostic value than PCRs of CSF. Treatment with IVIGs 
and corticosteroids was administered according to disease 
severity. Higher leukocyte counts were associated with 
more severe disease. There were no deaths and only 2 
patients experienced significant sequelae, but almost half of 
the patients required admission to the PICU. For children 
with brainstem encephalitis or encephalomyelitis, infection 
with EV-A71 should be suspected. Diagnostic testing 
should include nasopharyngeal and anal swab samples as 
well as CNS fluid.
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Imported infectious diseases are becoming a serious public 
health threat in China. However, limited information concern-
ing the epidemiologic characteristics of imported infectious 
diseases is available. In this study, we collected data related 
to imported infectious diseases in mainland China from the 
National Information Reporting System of Infectious Diseases 
and analyzed demographic, temporal, and spatial distribu-
tions. The number of types of imported infectious diseases 
reported increased from 2 in 2005 to 11 in 2016. A total of 
31,740 cases of infectious disease were imported to mainland 
China during 2005–2016; most of them were found in Yun-
nan Province. The cases were imported mainly from Africa 
and Asia. As a key and effective measure, pretravel education 
should be strengthened for all migrant workers and tourists in 
China, and border screening, cross-border international co-
operation, and early warning should be further improved.

The advance of globalization, frequent personnel ex-
changes, and close international trade cooperation make 

it possible for infectious diseases from all over the world 
to be imported into China. The number of persons entering 
and leaving China has been steadily increasing, from 302 
million person-times in 2005 to 570 million person-times 
in 2016, and the number of visitor arrivals in Yunnan Prov-
ince has increased from 1.5 million (1.0 million foreign-
ers) in 2005 to 6.0 million (4.5 million foreigners) in 2016  
(1). According to the China Statistical Yearbook (http://www.
stats.gov.cn/english/Statisticaldata/AnnualData), the number 
of inbound tourists from Africa has grown from 238,000 in 
2005 to 589,000 in 2016, whereas the number of inbound 
tourists from Asia has grown from 12.5 million in 2005 to 
18.0 million in 2016. The number of migrant workers leav-
ing China rose in the same period, from 272,900 to 494,200. 

Some infectious diseases have been reemerging, such as epi-
demic hemorrhagic fever and malaria, which previously had 
basically been controlled, and wild poliovirus, which had been 
eliminated in China in 2000. After >10 years without a case of 
wild poliovirus infection in China, an outbreak of wild polio-
virus infection occurred in 2011 in Xinjiang Uyghur Autono-
mous Region (2). A few emerging infectious diseases, such as 
Middle East respiratory syndrome (MERS), yellow fever, and 
Zika virus disease, have also been imported into China.

Since 2010, annual numbers of autochthonous malaria 
cases in China have fallen to unprecedentedly low levels; only 
hundreds of cases now occur in limited areas (3–5), whereas 
the number of imported cases has risen substantially (6). Ma-
laria is a mosquitoborne infectious disease that caused a heavy 
health and economic burden in the past. Anopheles sinensis, 
An. lesteri, An. minimus, and An. dirus mosquitoes are consid-
ered to be 4 major malaria vectors in China. As a main vector 
of transmitting malaria, An. sinensis mosquitoes are present 
in all provinces and regions except Qinghai and Xinjiang; 
An. lesteri mosquitoes are found in areas south of 34°N lati-
tude, An. minimus mosquitoes in mountainous and hilly areas 
south of 33°N latitude, and An. dirus mosquitoes mainly in 
the tropical jungles of Hainan. In China, Aedes albopictus and 
Ae. aegypti mosquitoes are 2 major vectors that can transmit 
flaviviruses and alphaviruses, which cause diseases such as 
dengue fever, chikungunya, and yellow fever. According to a 
recent investigation by the Chinese Center for Disease Control 
and Prevention (CDC), Ae. aegypti mosquitoes are found in 
10 cities or counties in Yunnan Province, 7 cities or counties 
in Hainan Province, 1 city in Guangdong Province, and ar-
eas south of the Tropic of Cancer in Taiwan. Ae. albopictus 
mosquitoes are widely present in 25 provinces in China, in 
the southeastern parts of a line between Shenyang in Liaoning 
Province and Motuo County in Tibet (7,8).

This study describes the epidemiologic characteristics 
of imported infectious disease cases during 2005–2016 in 
mainland China. It also provides scientific information for 
prevention and control in the future.
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Materials and Methods

Surveillance System
In China, since the establishment in the 1950s of the Noti-
fiable Disease Reporting System (NDRS), which was the 
main communicable disease surveillance system, many 
disease-specific surveillance systems have been developed 
as complements to NDRS. In 2004, the National Informa-
tion Reporting System of Infectious Diseases, an inter-
net-based real-time information reporting technique, was 
integrated into NDRS to improve case-based reporting. 
The workflow includes data collection, data management, 
data use, and report dissemination. Once a case of notifi-
able infectious disease or emerging infectious disease is 
identified, it is mandatory for doctors in all hospitals and 
clinics to report to the network within the statutory period. 
CDCs at various levels (e.g., provincial) are in charge of 
data checking, utilization, and timely information feed-
back by uploading the reports on the websites. All the 
hospitals and CDCs at different levels can download these 
reports and know the national status in a timely manner, 
which makes the epidemic information transparent. The 
completeness and timeliness of case reporting have im-
proved dramatically since 2004 (9). Therefore, this study 
takes 2005 as the first year of analysis, considering data 
quality and stability.

Once an emerging infectious disease is found that is 
not yet included in statutory reporting but is of consid-
erable interest, the National Health Commission of the 
People’s Republic of China usually organizes relevant ex-
perts in clinical, epidemiologic, etiologic, and other areas 
to assess its risk of becoming epidemic, spreading range, 
influence extent, and social burden to determine whether 
the disease should be added to the list of notifiable infec-
tious diseases. The results are submitted to the National 
People’s Congress for deliberation and adoption. At the 
same time, the emerging infectious disease is required 
to be reported under “other categories of infectious dis-
eases” in the National Information Reporting System of 
Infectious Diseases.

Data Collection
Using data from the National Information Reporting Sys-
tem of Infectious Diseases (which does not include Hong 
Kong, Macao, and Taiwan), we performed a retrospective 
analysis of imported infectious diseases in mainland China 
during January 1, 2005–December 31, 2016. We selected 
data according to reporting date, reporting area, and final 
confirmation. The cases reported in the National Informa-
tion Reporting System of Infectious Diseases, including 
laboratory-confirmed cases and clinically diagnosed cases, 
were diagnosed by clinicians according to the unified na-
tional diagnostic criteria (10).

Population and Case Definition
We divided the population into citizens of China and for-
eign citizens according to their native countries, so the im-
ported cases included not only citizens of China returning 
from migrant work or other travel abroad but also foreign 
visitors, expatriates, and migrant workers in China. The 
major occupational categories of patients were migrant 
workers, doctors, teachers, students, and retirees.

Local CDC staff ascertained a potential imported case 
according to the field investigation results after diagnosis. 
A case in a patient who had visited or lived in an endemic 
or epidemic area outside China within the longest incuba-
tion period before the date of onset was classified as an 
imported case. Conversely, a case would be classified as 
a domestic case if there was no evidence of an infection 
acquired abroad.

Statistical Analysis
We entered and managed the data using Microsoft Excel 
2010 (https://office.microsoft.com/excel). We used SPSS 
18.0 (https://www.ibm.com/analytics/spss-statistics-soft-
ware) to describe characteristics of imported infectious 
diseases regarding geographic and temporal distribution, 
gender, age, region, or country of origin. We created distri-
bution maps of imported cases using ArcGIS 10.3 (http://
www.arcgis.com).

Results
During 2005–2016, a total of 31,740 cases of infectious 
diseases were imported into China. These included 27,497 
cases of malaria, 3,351 cases of dengue fever, 773 cases of 
influenza A(H1N1), 24 cases of Zika virus disease, 18 cas-
es of chikungunya fever, 11 cases of yellow fever, 2 cases 
of acute flaccid paralysis caused by poliomyelitis, 1 case 
of MERS, and 65 cases of other infectious diseases (Table 
1). The study revealed that Yunnan Province witnessed the 
largest number of imported cases of infectious diseases 
during the study period.

Epidemiologic Profile of Imported Cases in  
Mainland China, 2005–2016

Demographic Characteristics of Imported Cases
Most persons with imported cases were male. The me-
dian age of patients with imported cases of malaria was 
39 years; of patients with dengue fever, 32 years; and of 
influenza A(H1N1), 20 years (Table 2; Figure 1). Among 
these imported cases, 2,470 were reported in foreigners and 
29,270 in travelers from China; 18,932 cases were reported 
in migrant workers from China and 12,808 in persons with 
other occupations. Migrant workers from China accounted 
for 65.2% of imported malaria cases and 28.1% of import-
ed dengue fever cases.
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Trends in Imported Cases in Mainland China, 2005–2016
In 2005, only 2 types of imported infectious diseases were 
reported in mainland China: malaria and dengue fever. Chi-
kungunya was imported into China in 2008 and influenza 
A(H1N1) in 2009; Lyme disease has been imported since 
2012. Since 2013, the number of types of imported infectious  

diseases reported has increased each year. A total of 6 types 
of diseases, including scrub typhus, visceral leishmaniasis 
(VL), Japanese encephalitis (JE), epidemic hemorrhagic 
fever, loiasis, and Crimean-Congo hemorrhagic fever, 
started to be imported in 2013. Imported cases of Esche-
richia coli O157:H7 infection, schistosomiasis, and MERS 
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Table 1. Imported infectious diseases in mainland China, 2005–2016* 

Disease 
Indigenous 

cases 
Imported 

cases 
Total 
cases 

Imported 
cases, % 

Main reporting 
provinces/cities 

Main location(s) 
of acquisition 

Malaria       
 Plasmodium vivax 149,675 10,506 160,181 6.6 Yunnan Asia (Myanmar) 
 P. falciparum 8,080 14,896 22,976 64.8 Yunnan, Guangxi Asia (Myanmar), Africa 

(Ghana) 
 Undetermined species 29,929 2,095 32,024 6.5 NA NA 
 Subtotal 187,684 27,497 215,181 8.1 NA NA 
Dengue fever 58,602 3,351 61,953 5.4 Yunnan Asia (Myanmar) 
Influenza A(H1N1) 75,924 773 76,697 1.0 Beijing, Guangdong Asia, USA 
Chikungunya 244 18 262 6.9 Guangdong, Zhejiang Angola, Philippines 
Lyme disease 162 2 164 1.2 Beijing Germany 
EHF 44,682 7 44,689 0.0 NA NA 
Scrub typhus 68,841 7 68,848 0.0 Hubei Thailand 
VL 1,317 14 1,331 1.1 Hubei, Sichuan Afghanistan, Spain 
JE 5,656 17 5,673 0.3 NA NA 
AFP 27,056 2 27,058 0.0 NA NA 
Loiasis 0 11 11 100.0 Beijing, Shandong, 

Hubei 
Cameroon, Congo, 

Gabon 
EHEC 4 3 7 42.9 Jiangsu Thailand 
CCHF 0 1 1 100.0 Beijing Congo 
Schistosomiasis 0 1 1 100.0 Beijing Nigeria 
MERS 0 1 1 100.0 Guangdong South Korea 
Yellow fever 0 11 11 100.0 Fujian Africa (Angola) 
Zika virus 0 24 24 100.0 Guangdong South America 

(Venezuela) 
Total 470,172 31,740 501,911 6.3   
*AFP, acute flaccid paralysis; CCHF, Crimean-Congo hemorrhagic fever; EHEC, Escherichia coli O157:H7; EHF, epidemic hemorrhagic fever; JE, 
Japanese encephalitis; MERS, Middle East respiratory syndrome; NA, not applicable; VL, visceral leishmaniasis 

 

 
Table 2. Demographic characteristics of persons with imported cases of infectious disease in mainland China, 2005–2016* 

Disease 

Sex, no. (%) 
Mean age, y 

(range) 

Native country, no. (%) 

 

Occupation, no. (%) 

Total M F China Other 
Migrant 
worker Other 

Malaria 25,819 
(93.9) 

1,678 
(6.1) 

39 (1–83) 26,048 (94.7) 1,449 (5.3)  17,929 
(65.2) 

9,568 (34.8) 27,497 

Dengue fever 2,138 (63.8) 1,213 
(36.2) 

32 (1–86) 2,403 (71.7) 948 (28.3)  943 (28.1) 2,408 (71.9) 3,351 

Influenza 
A(H1N1) 

758 (98.1) 15 (1.9) 20 (0.7–75) 731 (94.6) 42 (5.4)  15 (1.9) 758 (98.1) 773 

Chikungunya 15 (83.3) 3 (16.7) 25 (20–47) 15 (83.3) 3 (16.7)  4 (22.2) 14 (77.8) 18 
Lyme disease 1 1 NA 1 1  0 2 2 
Scrub typhus 3 (42.9) 4 (57.1) 23 (3–42) 2 (28.6) 5 (71.4)  0 7 7 
VL 13 (92.9) 1 (7.1) 34 (25–49) 14 (100.0) 0 (0.0)  13 (92.9) 1 (7.1) 14 
JE 12 (70.6) 5 (29.4) 8 (1–54) 5 (29.4) 12 (70.6)  0 17 17 
EHF 7 (100.0) 0 48 (25–71) 6 (85.7) 1 (14.3)  5 (71.4) 2 (28.6) 7 
AFP 0 2 NA 2 0  0 2 2 
Loiasis 10 (90.9) 1 (9.1) 37 (22–60) 11 (100.0) 0 (0.0)  8 (72.7) 3 (27.3) 11 
EHEC 3 0 63 (43–74) 3 0  0 3 3 
CCHF 1 0 35 1 0  0 1 1 
Schistosomiasis 1 0 28 1 0  0 1 1 
MERS 1 0 43 0 1  0 1 1 
Yellow fever 8 (72.7) 3 (27.3) 42 (18–53) 11 (100.0) 0 (0.0)  8 (72.7) 3 (27.3) 11 
Zika virus 15 (62.5) 9 (37.5) 30 (5–55) 16 (66.7) 8 (33.3)  7 (29.2) 17 (70.8) 24 
Total 28,805 

(90.8) 
2,935 
(9.2) 

NA 29,270 (92.2) 2,470 (7.8)  18,932 
(59.6) 

12,808 
(40.4) 

31,740 

*AFP, acute flaccid paralysis; CCHF, Crimean-Congo hemorrhagic fever; EHEC, Escherichia coli O157:H7; EHF, epidemic hemorrhagic fever; JE, 
Japanese encephalitis; MERS, Middle East respiratory syndrome; NA, not applicable; VL, visceral leishmaniasis 
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were reported in 2015. In 2016, 24 cases of Zika and 11 
cases of yellow fever were imported. The types of reported 
imported infectious diseases increased dramatically after 
2013 and reached 11 types in 2016, compared with only 2 
types in 2005.

We found that imported cases of malaria showed an 
upward trend from 2005 to 2016. The imported cases of 
dengue fever increased year by year; increased sharply in 
2013 and 2015, with a peak in 2015 (1,094 cases); and de-
clined slightly in 2016 (Figure 2).

Seasonal Distribution of Imported Cases
Many of the main imported diseases in mainland China ex-
hibited seasonality. Most yellow fever cases were imported 
in March. There was usually a higher incidence of imported 
malaria during April–August, reaching a peak in May and 
June. All the JE cases were imported during June–Septem-
ber, whereas incidence of imported dengue fever usually 
peaked in October (Figure 3). In particular, the cases of 
Zika were imported mainly through international airports 

around major festival events, such as the Spring Festival 
(celebrating the lunar new year), May Day, the Mid-Au-
tumn Festival, and the National Day (October 1) (11).

Spatial Distribution of Imported Diseases

Provinces with Imported Diseases
All 31 provinces across the country reported imported ma-
laria (Figure 4); 36.1% (9,931 cases) were reported in Yun-
nan Province. The number of imported malaria cases in Yun-
nan Province was generally decreasing, however, whereas it 
had been slowly increasing in Sichuan, Henan, Jiangsu, and 
Zhejiang Provinces and other southeastern provinces year by 
year. In 2013, imported malaria increased sharply in Guangxi 
Province, which had the largest number of imported malaria 
cases in China for that year (1,261/4,067; 31.0%), account-
ing for 52.7% (1,261/2,394) of the total imported malaria 
cases in this province during 2005–2016 (data not shown).

Twenty-seven provinces across the country, all except 
Shanxi, Qinghai, Ningxia, and Tibet, reported dengue fever 
during 2005–2016. Among all imported dengue fever cas-
es, 42.9% (1,439/3,351) were reported in Yunnan Province 
(data not shown). Influenza A(H1N1) was imported mainly 
into Beijing, Guangdong, and other major port cities (data 
not shown).

Origin Region/Country of Imported Diseases
According to our analysis, Africa and Asia were the main re-
gions of origin of imported cases; 15,021 (47.3%) patients 
came from Africa and 12,581 (39.6%) from Asia (Figure 5). 
Asia was the main origin of imported dengue fever (3,097 
cases, 92.4%), chikungunya, VL, JE, and other diseases. Afri-
ca was the main region of origin for imported malaria (14,854 
cases, 54.0%), and others, especially Plasmodium falciparum, 
yellow fever, loiasis, and other diseases (Table 3).
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Figure 1. Distribution by age group of imported malaria, dengue 
fever, and influenza A(H1N1) cases in mainland China, 2005–2016.

Figure 2. Annual number of 
imported malaria, dengue fever, 
and influenza A(H1N1) cases in 
mainland China, 2005–2016.
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Myanmar was the main country of origin for 5 im-
ported diseases. These diseases were malaria (7,888 cases, 
28.7%), dengue fever (1,384 cases, 41.3%), scrub typhus 
(6 cases, 85.7%), JE (13 cases, 76.5%), and acute flaccid 
paralysis (2 cases, 100.0%) (additional data not shown).

Malaria was imported mainly from Africa (14,854 
cases, 54.0%) and Asia (9,160 cases, 33.3%). P. vivax 
came mainly from Asia, especially Myanmar (peaked in 
2011), and was introduced into Yunnan Province during 
2005–2016. There was an exception, however: Ghana ex-
ported more cases of P. vivax malaria to China in 2013. 
After that introduction, the number of imported cases of  

 P. vivax malaria from Ethiopia, Angola, Equatorial Guinea, 
and other countries in Africa began to increase slightly. P. 
falciparum malaria also came mainly from Asia, especially 
from Myanmar, which exported it into Yunnan Province 
until 2013. In 2013, the largest number of cases of P. fal-
ciparum malaria came from Ghana; thereafter, most cases 
were imported from Angola, Nigeria, Equatorial Guinea, 
Ghana, and other countries in Africa, mainly into Guangxi, 
Jiangsu, and other southeastern provinces in China (data 
not shown).

Imported dengue fever cases were mainly from Asia, 
especially from Myanmar; most of them were brought into 
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Figure 3. Monthly distribution of 
imported malaria, dengue fever, 
and influenza A(H1N1) cases in 
mainland China, 2005–2016.

Figure 4. Number of cases of 
imported infectious diseases in 
mainland China, by province, 
2005–2016. 
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Yunnan and Guangdong Provinces. Influenza A(H1N1) 
was imported mainly from the United States (141 cases, 
18.2%) and Australia (111 cases, 14.4%). The 1 case 
of MERS was imported from South Korea in 2015. All 
11 imported cases of yellow fever came from Angola.  
Of the 24 imported Zika cases, 70.8% (17 cases) were 
from Venezuela.

Discussion
Many infectious diseases, such as P. vivax malaria, dengue 
fever, influenza A(H1N1), epidemic hemorrhagic fever, 
JE, chikungunya, Lyme disease, scrub typhus, and VL, are 
found frequently in the indigenous population of China, but 
some are found more often as imported diseases, such as P. 
falciparum malaria, yellow fever, Zika virus, and MERS. 
Imported P. falciparum malaria is a major obstacle to 
achieving malaria elimination in China (12–14). This study 
showed that malaria was the most frequent imported infec-
tious disease during 2005–2016, and Yunnan was the prov-
ince with the greatest number of cases of imported malaria, 
which was consistent with other relevant studies in China 
(15–17). The reason for the large number of imported cases 
is that Yunnan Province has long international borders with 
Myanmar, Laos, Vietnam, and other countries of the Great-
er Mekong Subregion that show a high incidence of malaria 
(16). The persons who cross these borders to enter or leave 
China increase opportunities for infectious diseases to be 
imported from adjacent countries (3,14,18,19), especially 
from Myanmar (12,13,20).

P. falciparum malaria was imported mainly from 
Ghana and P. vivax malaria mainly from Asia, which was 
consistent with Zhou’s findings (5). The number of cases 
of P. falciparum malaria imported into Guangxi Province 
increased significantly in 2013; this increase can be attrib-
uted mainly to cases imported from Ghana in 2013, which 
was related to people working in Ghana and other Africa 
countries during a gold rush in that year (21,22).

Africa and Asia were the main origins of imported 
malaria and other mosquitoborne diseases, findings con-
sistent with those of Tian et al. (23). First, as a result of 
the rapid development of international economic exchange, 
trade, and travel, the number of migrant workers from 
China in Africa and Asia has increased annually in recent 
years. Second, climate and sanitary conditions in Africa 
and Southeast Asia are suitable for mosquitoes. Migrant 
workers from China in these areas are engaged mostly in 
outdoor field work, and their working and living environ-
ments are not mosquito preventive. Therefore, they have 
greater risk for infection (24,25). In addition, their health 
education level and self-protection awareness are low. All 
these factors have resulted in an increased number of ma-
laria and other mosquitoborne diseases (26). Therefore, the 
main challenges of eliminating P. falciparum malaria are 
curtailing border malaria and imported cases from Myan-
mar and countries in Africa (6,14). Cooperation between 
China and neighboring countries has played an important 
role in improving malaria control at cross-border areas and 
should be further strengthened.

This study revealed that imported cases of infectious 
diseases such as malaria, dengue fever, and chikungunya 
were more common in male youths, which is consistent 
with the findings of Jiao et al. (24). Industries that use labor 
from China generally include construction, manufacturing, 
and transportation; therefore, the proportion of young men 
was high among migrant workers from China, to meet the 
needs of these industries.

Because of the distributions of mosquitoes and other 
vectors in China, diseases such as dengue fever, P. vivax 
malaria, JE, epidemic hemorrhagic fever, and chikungu-
nya are acquired primarily locally. However, the numbers 
and the types of imported infectious diseases reported have 
increased in recent years. We indicate 4 main reasons for 
this increase. First, globalization is a major factor. With 
growing economic globalization, ongoing development of 
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Figure 5. Number of cases of 
infectious diseases exported to 
mainland China, by country of 
origin, 2005–2016. 
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international trade, and convenient and fast transportation 
in recent years, factors such as microbial mutation, global 
warming, floods, droughts, and natural migration of ani-
mals as disease vectors have increased the risk of disease 
introduction into China (27–29). Second, these increases 
are related to the increases in the number of migrant work-
ers from China, as well as increases in the number of tour-
ists. This study showed that migrant workers from China 
accounted for a large proportion of imported malaria. Mi-
grant workers and tourists are more at risk than local resi-
dents because of lack of preexisting immunity that dramati-
cally increases the chances that they could become infected 
with these diseases and bring them in from abroad (19). 
Third, the level of surveillance, diagnosis, and detection of 
emerging or reemerging infectious diseases improved in 
China during the study years, which potentially contributed 
to the increase in the number and the types of cases with a 
confirmed diagnosis. Finally, some of the increases were 
caused by newly discovered or emerging infections, such 
as MERS, which was discovered in 2012 and confirmed 
in 2013; the 1 case imported into China was a result of the 
large outbreak in South Korea in 2015.

This study has analyzed the epidemiologic character-
istics of all imported infectious diseases in mainland China 
over a recent 10-year period to provide scientific guidance 
for control and prevention of imported diseases in China. 
The study also has limitations. First, there is currently no 
special reporting system for imported infectious diseases in 
China. The imported cases that were analyzed in this study 
were reported through the National Information Reporting 
System of Infectious Diseases and identified by local CDC 
staff through epidemiologic investigation; therefore, not all 
imported cases may have been identified. A second limitation  

is that the data of this study were obtained from the moni-
toring system and there are few denominator data to use 
for calculating the rates of imported infectious diseases, so 
conclusions are limited and risks cannot be calculated. Fi-
nally, the factors concerning imported infectious diseases 
are complex, whereas our data are limited. Some demo-
graphic characteristics; trip information, such as purpose 
and duration of travel; and climate, environmental, and 
other relevant information could not be obtained. In sub-
sequent research, we will focus on the collection of more 
information and continue to conduct our in-depth study of 
imported infectious diseases.

To control and prevent imported infectious diseases, 
we recommend several measures. First, pretravel education 
targeting infectious diseases that are endemic or prevalent 
in the destination countries is key for the prevention of im-
ported diseases, especially imported malaria. Such educa-
tion includes pretravel special training sessions; distribu-
tion of pamphlets or leaflets; and posttravel tips via notices, 
banners, or scrolling electronic screens at international en-
try and exit ports. Also important are dispensing of free 
preventive medications for malaria prophylaxis, self-treat-
ment of severe travelers’ diarrhea, and vaccination against 
vaccine-preventable diseases such as JE and yellow fever 
during international travel and residence (30).

Second, border screening should be strengthened and 
improved. The effectiveness of border screening is contro-
versial (31), but in recent years, China’s screening prac-
tices have proven to be a crucial measure for discovering 
imported infectious diseases in travelers who are ill at the 
time they cross a border. Screening has played a major role 
in prevention as the first line of defense against importa-
tion of foreign infectious diseases. For example, among 25 
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Table 3. Imported infectious diseases in mainland China, by region of origin, 2005–2016* 

Disease Africa Asia Oceania Europe 
North 

America 
South 

America 
Central 
America 

Not 
ascertainable Total 

Malaria 14,854 9,160 68 5 2 18 0 3,390 27,497 
Dengue 129 3,097 44 6 7 25 0 43 3,351 
Influenza A(H1N1)  7 268 122 62 187 7 0 120 773 
Chikungunya 2 12 0 0 0 1 0 3 18 
Lyme disease 0 0 0 1 1 0 0 0 2 
Scrub typhus 0 7 0 0 0 0 0 0 7 
VL 1 12 0 1 0 0 0 0 14 
JE 0 17 0 0 0 0 0 0 17 
AFP 0 2 0 0 0 0 0 0 2 
EHEC 0 3 0 0 0 0 0 0 3 
EHF 5 2 0 0 0 0 0 0 7 
Loiasis 11 0 0 0 0 0 0 0 11 
Schistosomiasis 1 0 0 0 0 0 0 0 1 
CCHF 1 0 0 0 0 0 0 0 1 
MERS 0 1 0 0 0 0 0 0 1 
Yellow fever 10 0 0 0 0 0 0 0 10 
Zika virus 0 0 3 0 0 19 2 0 24 
Total 15,021 12,581 237 75 197 70 2 3,556 31,740 
% 47.3 39.6 0.8 0.2 0.6 0.2 0 11.2 100 
*AFP, acute flaccid paralysis; CCHF, Crimean-Congo hemorrhagic fever; EHEC, Escherichia coli O157:H7; EHF, epidemic hemorrhagic fever; JE, 
Japanese encephalitis; MERS, Middle East respiratory syndrome; VL, visceral leishmaniasis. 
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cases of Zika virus disease imported into mainland China in 
2016, border screening recognized 9 (11), and of 11 cases 
of imported yellow fever reported in 2016, border screen-
ing recognized 6 (32). Border screening should be strength-
ened and improved to prevent those epidemic diseases and 
others from entering China (32–34).

Third, as a second line of defense against imported dis-
eases, fever clinics and primary clinicians need to play an 
active role in identifying patients with imported infectious 
diseases. At present, many problems exist in fever clin-
ics set up in medical institutions, such as failure to meet 
requirements, unqualified procedures, or nonstandardized 
management, and some locations may even be out of ser-
vice. Clearer management standards are needed to provide 
a better chance for infectious disease screening. Training of 
medical staff, especially primary clinicians, should be rein-
forced to improve the ability to identify, diagnose, and treat 
emerging or reemerging infectious diseases and to ensure 
that imported cases can be diagnosed and control measures 
can be implemented as early as possible to prevent these 
diseases from further spreading in China.

Fourth, multisectoral and regional cooperation mecha-
nisms, especially international cooperation mechanisms 
in the border areas, should be further enhanced (35). We 
suggest that the relevant departments should intensify co-
operation by using well-defined responsibilities and should 
improve communication regarding all aspects of public 
information sharing, training, monitoring, and control. It 
is critical that, in the border areas, neighboring countries 
develop the management of persons entering and leaving, 
improve the control of mosquitoes, and jointly respond to 
infectious diseases.

Fifth, it is necessary to improve the early warning and 
response capacity for emerging infectious diseases. We 
recommend establishing a special system of surveillance, 
risk assessment, and early warning. Spatiotemporal models 
linking disease data and different environmental factors are 
also urgently needed (36).

In summary, our study found that the numbers of 
emerging infectious diseases imported into China have in-
creased year by year. Therefore, we must pay closer atten-
tion to prevention and control of imported cases, while pre-
venting and controlling indigenous cases. These factors are 
crucial for preventing and controlling infectious diseases, 
such as P. falciparum malaria, that have a large number of 
imported cases and seriously hinder the process of China 
eliminating malaria and other diseases.

This study was funded by the World Bank Avian/Human Influ-
enza Trust Fund Grant Project of Capacity Building for Emerg-
ing Infectious Diseases Control and Prevention in China (grant 
no. TF012401) and the National Natural Science Foundation of 
China (grant no. 81703280).
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Elizabethkingia infections are difficult to treat because of 
intrinsic antimicrobial resistance, and their incidence has 
recently increased. We conducted a propensity score–
matched case–control study during January 2016–June 
2017 in South Korea and retrospectively studied data 
from patients who were culture positive for Elizabethkingia 
species during January 2009–June 2017. Furthermore, we 
conducted epidemiologic studies of the hospital environment 
and mosquitoes. The incidence of Elizabethkingia increased 
significantly, by 432.1%, for 2016–2017 over incidence 
for 2009–2015. Mechanical ventilation was associated 
with the acquisition of Elizabethkingia species. Because 
Elizabethkingia infection has a high case-fatality rate and is 
difficult to eliminate, intensive prevention of contamination 
is needed.

The genus Elizabethkingia comprises glucose-nonfer-
menting, gram-negative rods that are widely distrib-

uted in natural environments, including in soil and fresh-
water, and in hospital environments (1). E. meningoseptica 
(originally named Chryseobacterium meningoseptica) has 
been associated with opportunistic infections, such as sep-
sis in immunocompromised patients and meningitis in neo-
nates (2). Two new species of Elizabethkingia have been 
proposed: E. miricola, which was first isolated from wa-
ter from the Russian space station MIR in 2003 (3,4); and 
E. anophelis, which was first isolated from the midgut of 
the Anopheles gambiae mosquito in 2011 (5). Because E. 
anophelis was the most frequently isolated Elizabethkingia 
species in recent clinical studies, as confirmed by 16s 
rRNA gene sequencing (6,7), but is commonly misidenti-
fied as E. meningoseptica, many previously reported cases 

of E. meningoseptica could actually have been caused by 
E. anophelis (8,9).

Infection caused by Elizabethkingia species is difficult 
to treat and results in a high case-fatality rate, probably 
because of intrinsic antimicrobial resistance (10). E. 
meningoseptica has been documented to carry class A 
extended-spectrum β-lactamases and 2 chromosomal 
metallo-β-lactamases (11,12).

Some outbreaks of Elizabethkingia species have 
been reported to have resulted from a contaminated water 
source (13–15). Furthermore, recent increases in the annual 
incidence of Elizabethkingia species. have been reported 
in many countries (14,16–19). However, knowledge 
about host risk factors associated with the acquisition 
of Elizabethkingia species is lacking, and no evidence 
exists that mosquitoes or other sources act as vectors in 
transmitting it to humans. Thus, we investigated the annual 
incidence and clinical characteristics of Elizabethkingia 
acquisition in a tertiary teaching hospital in Seoul, South 
Korea. We aimed to determine whether the incidence of 
Elizabethkingia species had increased in this hospital and 
to analyze the risk factors associated with Elizabethkingia 
acquisition. To identify the source of Elizabethkingia, we 
obtained and analyzed epidemiologic studies from the 
hospital environment and mosquitoes.

Methods

Study Participants
We retrospectively collected data from all nonduplicate 
persons who had positive culture results for Elizabethkingia 
species from Severance Hospital, a >2,000-bed tertiary 
teaching hospital in South Korea, during January 1, 2009–
June 30, 2017. The hospital had 10 intensive care units 
(ICUs) for adults and 2 for children. During this period, the 
annual number of inpatient-days was >670,000.
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Elizabethkingia Acquisition, South Korea

Because we had identified strains in our previous study 
(7), we updated our in-house library of matrix-assisted la-
ser desorption/ionization time-of-flight mass spectrometry 
(MS) (Bruker Daltonic GmbH, https://www.bruker.com). 
Elizabethkingia species were identified by 2 matrix-assist-
ed laser desorption/ionization time-of-flight MS systems; 
the Bruker MS used the updated in-house library and the 
Vitek MS (bioMèrieux, https://www.biomerieux.com) 
used the latest version of IVD (in vitro diagnostic database) 
V3.2. Strains with discrepant results were confirmed by 
16S rRNA gene sequencing using universal primers.

We collected the following clinical data using elec-
tronic medical records: age-adjusted Charlson comor-
bidity index (20), sex, sites of specimen collection, date 
of specimen collection, date of patient death, pulse rate, 
oxygen saturation, body temperature, chest radiograph 
results, and any antimicrobial agents administered dur-
ing hospitalization. We also obtained available labora-
tory findings from the same day as specimen collection 
and within 7 days from the same day as specimen col-
lection, including C-reactive protein level, erythrocyte 
sedimentation rate, and leukocyte count. The Institution-
al Review Board at Severance Hospital, affiliated with 
Yonsei University Health System (2017–2101–001), ap-
proved this study.

Epidemiologic Study of Environmental Sources  
and Mosquitoes
We obtained extensive surveillance cultures of 281 common 
environmental sources by swab culture of equipment and 
surfaces within patient rooms, restrooms, nursing stations, 
electronics, furniture, patient care devices, patient transport 
carts, sinks, and water taps. Additionally, during July–
September 2017, we collected adult mosquitoes in 1 urban 
site (Seodaemun-gu, Seoul, where Severance Hospital is 
located) and 3 rural areas (Hwaseong-si, Gyeonggi-do; 
Paju-si, Gyeonggi-do; and Chungju-si, Chungbuk, where 
annual zoonotic disease monitoring had taken place for their 
dense population of animal farms) (Figure 1). Mosquitoes 
were collected using Insect Light Traps Model SR-2000 
(Sin Young Inc., Seoul, South Korea) and identified under 
a stereomicroscope after cold anesthesia, as in the previous 
study (21).

All swab samples and midguts of mosquitoes were 
inoculated on sheep blood agar and MacConkey agar 
and incubated overnight. DNA was extracted from 
mosquitoes using a simple boiling method, and PCR was 
performed using Elizabethkingia species–specific primers 
(forward, GAACACGTGTGCAACCTGCC; reverse, 
TCCAGCCACTTCAACCTTAC) and the following cycle 
parameters: 95°C for 5 min, followed by 35 cycles of 95°C 
for 30 s, 58°C for 2 min, and 72°C for 1 min; followed by a 
final extension step at 72°C for 7 min (22).

Pulsed-Field Gel Electrophoresis
We conducted pulsed-field gel electrophoresis (PFGE) 
analysis of XbaI-digested isolated chromosomal DNA 
from a total of 12 strains isolated from the environment (7 
E. anophelis, 3 E. miricola, 2 E. meningoseptica) and 54 
stored strains isolated from inpatients since 2017. PFGE 
patterns were analyzed using the CHEF DR II system (Bio-
Rad, http://www.bio-rad.com) as previously described (9).

Definition
We defined true pathogen cases according to the definitions 
of Moore et al. and the Centers for Disease Control and 
Prevention. In brief, we defined these cases as patients with 
the monomicrobial acquisition of Elizabethkingia species 
and 1 of the following parameters within 2 days before and 
after acquisition without any other recognized cause: body 
temperature <36°C or >38°C, pulse rate >90 beats/min 
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Figure 1. Rural areas of South Korea (Hwaseong-si, Gyeonggi-do; 
Paju-si, Gyeonggi-do; and Chungju-si, Chungbuk) where adult 
mosquitoes were collected during July–September 2017 and the 
urban location of the tertiary teaching hospital (Seodaemun-gu, 
Seoul) where the study of Elizabethkingia infection in patients was 
conducted during January 2009–June 2017.
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(reference range 60–100 beats/min), leukocyte count <4 or 
>12 × 109 cells/L (reference range 4.0–10.9 × 109 cells/L), 
C-reactive protein >100 mg/L (reference range 0–8 mg/L), 
or chest radiography showing new pulmonary infiltrations 
(13,23). According to previous studies, outbreaks are deter-
mined by whether they exceed 2 SD of the previous disease 
incidence (24,25).

Propensity Score–Matched Analysis
After 2016, the incidence of isolated Elizabethkingia 
species increased significantly. To analyze the increased 
incidence, we conducted surveillance culture study and 
compared clinical characteristics of patients who acquired 
Elizabethkingia species before and after 2016. In both the 
surveillance culture study and the statistical analysis, only 
3 study wards showed positive results for the acquisition 
of Elizabethkingia: an ICU (ICU 1, 18 beds) used for 
cardiovascular disease, an isolation ward (ward A, 50 beds) 
used for patients with vancomycin-resistant Enterococcus, 
and a general ward (ward B, 50 beds) used for pulmonary 
disease patients. A total of 6,583 patients have been 
hospitalized in these wards since 2016.

To adjust confounding factors for the acquisition of 
Elizabethkingia species, we conducted a propensity score 
(PS)–matched case–control study. We defined case-pa-
tients as patients with Elizabethkingia species isolated from 
any clinical specimens during January 2016–June 2017 in 
ICU 1, ward A, or ward B and control patients as patients 
without Elizabethkingia species in these 3 study wards. We 
selected 3 variables—hospital ward (p<0.001), period of 
admission (p = 0.041), and length of stay in the 3 study 
wards (p<0.001)—for adjustment by univariate analysis 
(26,27). We estimated a PS for the predicted probability of 
acquisition of Elizabethkingia species in each patient us-
ing the logistic regression model. Then we performed a PS-
matched analysis by attempting to match case-patients and 
control patients (1:3 match) using the nearest-neighbor-

matching method. A match occurred when the difference 
in the logits of the PS was <0.2 times the SD of the scores.

Statistical Analysis
We assessed all variables using the Shapiro-Wilk test to 
evaluate Gaussian distributions. Descriptive statistics 
are presented as a median and interquartile range (IQR) 
for continuous variables or numbers and percentage for 
categorical variables. Comparisons between groups were 
analyzed using the Mann-Whitney U test for continuous 
variables and the Fisher exact test for categorical variables.

Using conditional logistic regression, we conducted 
univariate and multivariate regressions between case-
patients and control patients of the 3 study wards. 
Dependent variables included in the multivariate analysis 
were selected based on statistical significance provided by 
univariate analysis. Incidence rate ratios and 95% CIs were 
calculated by comparing the mean incidences between 
2009–2015 and 2016–2017 by Poisson regression.

All reported p values are 2-tailed, and p values <0.05 
indicate statistical significance. We conducted statisti-
cal analyses using R statistical software (R Studio, Inc., 
 https://www.r-project.org).

Results
The annual incidence of Elizabethkingia acquisition in 
Severance Hospital increased in 2011 (Table 1; Figure 2). 
According to the defined threshold, years with incidence >2 
SD were 2011, 2012, 2013, 2014, and 2016. In particular, 
incidence increased most significantly to 109.82 cases/1 
million inpatient-days in 2016 (p<0.001). An additional 
50 cases were reported during January–June 2017, which 
corresponded to 127.79 cases/1 million inpatient-days. The 
acquisition incidence of Elizabethkingia species increased 
significantly, by 432.1%, during 2016–2017 over the ac-
quisition incidence during 2009–2015 (relative risk [RR] 
4.17, 95% CI 3.28–5.29; p<0.001), mainly because of the 

44 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

 
Table 1. Annual incidence and characteristics of Elizabethkingia acquisitions at a tertiary teaching hospital, Seoul, South Korea 

Characteristic 2009 2010 2011 2012 2013 2014 2015 2016 
2017 

Jan–Jun 
No. cases 2 2 10 23 29 39 30 84 50 
Incidence          
 Per 1 million inpatient-days 2.93 2.98 14.60 33.14 42.43 55.74 40.66 109.82 127.79 
 Per 1,000 inpatients 0.02 0.02 0.10 0.23 0.30 0.39 0.28 0.75 0.88 
Sample type, no., may be multiple 

         

 Respiratory 2 0 2 14 25 27 26 76 48 
 Blood culture 0 2 2 2 2 3 1 4 3 
 Urine culture 0 0 5 2 2 3 1 1 0 
 Other* 0 0 1 5 1 7 2 6 1 
Species, no.          
 E. anophelis 1 2 2 7 16 17 15 45 34 
 E miricola 0 0 5 1 4 5 11 25 12 
 E. meningoseptica 1 0 3 3 5 4 1 4 2 
 Unconfirmed† 0 0 0 12 4 13 3 10 2 
*Includes 12 from body fluids, 4 wound swabs, 3 catheter tips, 2 oral swabs, 1 eye swab, and 1 ear swab. 
†Includes strains that were not stored for identification. 
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increase in strains isolated from respiratory specimens (in-
cidence rate ratio 3.22, 95% CI 2.46–4.20; p<0.001).

We identified 269 patients who acquired Elizabeth-
kingia species during January 2009–June 2017, of whom 
134 (49.8%) were reported during 2016–June 2017 (Table 2, 
https://wwwnc.cdc.gov/EID/article/25/1/17-1985-T2.htm).  
Patients who acquired Elizabethkingia during 2016–June 
2017 were more frequently classified as having contracted 
a nosocomial infection than were patients who acquired 
Elizabethkingia during 2009–2015. The number of cases in 
the 3 study wards increased significantly but not in the other 
wards. In addition, more patients with chronic pulmonary 
disease or diabetes mellitus were seen during 2016–2017. 
More patients had a history of mechanical ventilation, a 
longer length of hospital stay, and a history of steroid use 
during 2009–2015 than during 2016–2017.

Surveillance Studies
We isolated 12 Elizabethkingia strains; all were derived 
from the 3 study wards. Seven E. anophelis isolates (4 from 
water taps in ICU 1, 2 from washbasins in ICU 1, and 1 
from the suction regulator in ward A), 3 E. miricola isolates 
(3 from washbasins in ward A), and 2 E. meningoseptica 

isolates (1 from the mechanical ventilator after removal 
from a patient and 1 from the suction regulator in ward B) 
were identified by surveillance cultures.

We conducted PFGE typing on 54 clinical isolates 
(40 E. anophelis, 10 E. miricola, and 4 E. meningoseptica) 
from inpatients and 7 E. anophelis, 3 E. miricola, and 2 
E. meningoseptica isolates from environmental samples. 
PFGE patterns showed that E. anophelis isolates belonged 
to 8 different PFGE groups, E. miricola to 4 groups, and 
E. meningoseptica to 2 groups (Figure 3). Five patients 
with E. anophelis (1 patient from ward B and 4 patients 
from other locations) had a history of admission to ICU 
1 (Figure 3, panel A). Of patients from other locations, 1 
had a history of admission to ward A and 2 had histories of 
admission to ward B. One patient in ICU 1 had moved from 
ward A, where the major cluster of environmental samples 
was isolated (Figure 3, panel B). Similarly, 1 patient in 
ICU 1 was transferred from ward B (Figure 3, panel C). 
This patient’s history of ward transfers suggests that 
transmission of the bacteria from patient to patient might 
be a cause of spreading. However, we cannot rule out the 
existence of other environmental sources.

We conducted PCR on 30 Anopheles sinensis, 8 
Culex tritaeniorhynchus, and 3 Aedes vexans mosquitoes 
and on surveillance cultures collected from the midgut of 
mosquitoes. All yielded negative results.

Epidemiologic Results Before and After PS Matching
Of the 6,583 patients potentially exposed on the 3 study 
wards, 74 were colonized or infected with Elizabethkingia 
species (Table 3). Case-patients and control-patients 
differed significantly in the proportion of hospitalized 
wards. The case-patient group, had higher admission 
rates to ward A and ward B, whereas control-patients had 
a higher rate of admission to ICU 1. Furthermore, case-
patients had a significantly longer stay in the 3 study 
wards than did control-patients. In the 3 study wards, 
case-patients spent a median of 55 days (IQR 20–131 
days), significantly longer than that of control patients (3 
days [IQR 2–8 days]; p<0.001).

We conducted PS matching to adjust baseline demo-
graphics and clinical variables between the case-patient 
and control-patient groups. PS matching resulted in 52 
matched pairs at a 1:3 ratio. After matching, we included 
52 of 74 case-patients in the analysis. Confounding vari-
ables were well balanced in the 2 groups, including hospi-
talization ward and the period of admission and length of 
stay in the 3 study wards. Furthermore, the 2 comorbidi-
ties after PS matching did not differ significantly because 
there was an adjustment to the proportions of admission 
to ward A, which had high rates of patients with hema-
tologic malignancy, and ward B, which had high rates of 
patients with chronic pulmonary disease. However, use of 
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Figure 2. Trends in the quarterly incidence of Elizabethkingia 
infection or colonization in a tertiary teaching hospital, Seoul, 
South Korea, January 2009–June 2017. Q1, January–March; Q2, 
April–June; Q3, July–September; Q4, October–December.
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Figure 3. Pulsed-field gel electrophoresis dendrograms for 54 clinical isolates and 12 environmental isolates of Elizabethkingia species, 
Seoul, South Korea, 2017. E. anophelis (40 clinical isolates and 7 environmental isolates) showed 8 pulsotypes (A), E. miricola (10 
clinical isolates and 3 environmental isolates) 4 pulsotypes (B), and E. meningoseptica (4 clinical isolates and 2 environmental isolates) 
2 pulsotypes (C). c, clinical; e, environmental; ICU, intensive care unit. Scale bar indicates percent relatedness.
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mechanical ventilation still differed significantly after PS 
matching (p<0.001).

We used univariate and multivariate analyses with 
conditional logistic regression to identify independent 
risk factors (Table 4). Only use of mechanical ventilation 
(adjusted odds ratio [OR] 50.44 [95% CI 6.74–377.48]; 
p<0.001) was associated with the acquisition of Elizabeth-
kingia species.

Only 30 patients were classified as true pathogen cases 
(Table 5). In the hospital mortality group, the median total 
hospitalization stay was longer than that of the nonhospi-
tal mortality group (77.5 vs. 38.5 days; p = 0.04). More  

case-patients were treated with carbapenem or trime-
thoprim/sulfamethoxazole than were those in the nonhos-
pital mortality group (5 vs. 2 case-patients; p = 0.05).

Discussion
The incidence of infection with Elizabethkingia species 
has increased in recent years in many countries (14,16–
19). Furthermore, a large-scale outbreak was reported in 
community settings in the United States (28).

In previous studies, the reported annual incidence of E. 
meningoseptica ranged from 0.007 to 0.399 cases per 1,000 
admissions (19,29). We reported the antimicrobial resistance 
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Table 3. Variables possibly associated with acquisition of Elizabethkingia species, before and after propensity score matching, in a 
tertiary teaching hospital, Seoul, South Korea 

Variable 

Before matching 

 

After matching 
Case-patients, n 

= 74 
Control-patients, 

n = 6,509 p value 
Case-patients, n 

= 52 
Control-patients, 

n = 156 p value 
Ward, no. (%) 

  
<0.01 

   
0.54 

 Ward A 24 (32.4) 587 (9.0) 
  

21 (40.4) 76 (48.7) 
 

 Ward B 36 (48.6) 2,607 (40.1) 
  

25 (48.1) 62 (39.7) 
 

 Intensive care unit 1 14 (18.9) 3,315 (50.9) 
  

6 (11.5) 18 (11.5) 
 

Period of admission, no. (%) 
  

0.26 
   

0.79 
 2016 Jan–Mar 14 (18.9) 1,073 (16.5) 

  
6 (11.5) 32 (20.5) 

 

 2016 Apr–Jun 14 (18.9) 1,172 (18.0) 
  

10 (19.2) 27 (17.3) 
 

 2016 Jul–Sep 11 (14.9) 1,078 (16.6) 
  

11 (21.2) 30 (19.2) 
 

 2016 Oct–Dec 16 (21.6) 1,141 (17.5) 
  

6 (11.5) 13 (8.3) 
 

 2017 Jan–Mar 15 (20.3) 1,058 (16.3) 
  

10 (19.2) 27 (17.3) 
 

 2017 Apr–Jun 4 (5.4) 987 (15.2) 
  

9 (17.3) 27 (17.3) 
 

Median stay in 3 wards, d (range) 55 (20–131) 3 (2–8) <0.01 
 

32 (6–59) 20 (5–49) 0.27 
Median age, y (range) 66.5 (59.0–76.0) 67.0 (57.0–75.0) 0.72 

 
63.5 (57.5–73.0) 66.5 (54.0–77.0) 0.79 

Sex, no. (%) 
  

0.44 
   

0.63 
 M 44 (59.5) 4,197 (64.5) 

  
28 (53.8) 76 (48.7) 

 

 F 30 (40.5) 2,312 (35.5) 
  

24 (46.2) 80 (51.3) 
 

Median Charlson comorbidity 
index (range) 

6 (4.0–7.0) 5 (4.0–7.0) 0.14 
 

6 (4.0–6.5) 6 (3.0–7.0) 0.99 

Comorbidities, no. (%)* 
       

 Solid-organ tumor 18 (24.3) 1,766 (27.1) 0.68 
 

11 (21.2) 53 (34.0) 0.12 
 Diabetes mellitus 11 (14.9) 894 (13.7) 0.91 

 
7 (13.5) 21 (13.5) 0.99 

 Chronic pulmonary disease 9 (12.2) 207 (3.2) <0.01 
 

5 (9.6) 9 (5.8) 0.52 
 Chronic kidney disease 11 (14.9) 618 (9.5) 0.17 

 
8 (15.4) 16 (10.3) 0.45 

 Hematologic malignancy 6 (8.1) 164 (2.5) 0.01 
 

4 (7.7) 9 (5.8) 0.87 
 Dementia 3 (4.1) 147 (2.3) 0.52 

 
2 (3.8) 8 (5.1) 0.99 

 Connective tissue disease 3 (4.1) 253 (3.9) 0.99 
 

3 (5.8) 9 (5.8) 0.99 
 Mild liver disease 2 (2.7) 82 (1.3) 0.56 

 
1 (1.9) 3 (1.9) 0.99 

 Steroid use 23 (31.1) 562 (8.6) <0.01 
 

14 (26.9) 34 (21.8) 0.57 
 Mechanical ventilation 72 (97.3) 1,258 (19.3) <0.01 

 
50 (96.2) 62 (39.7) <0.01 

Antimicrobial exposure, no. (%) 
       

 Penicillin† 5 (6.8) 393 (6.0) 0.99 
 

2 (3.8) 15 (9.6) 0.31 
 1st-generation cephalosporin 2 (2.7) 445 (6.8) 0.24 

 
1 (1.9) 11 (7.1) 0.30 

 2nd-generation cephalosporin 2 (2.7) 184 (2.8) 0.99 
 

2 (3.8) 2 (1.3) 0.56 
 3rd-generation cephalosporin 26 (35.1) 1,089 (16.7) <0.01 

 
15 (28.8) 40 (25.6) 0.79 

 4th-generation cephalosporin 0 1 0.99 
 

0 0 NA 
 Aminoglycoside 13 (17.6) 118 (1.8) <0.01 

 
10 (19.2) 12 (7.7) 0.04 

 Glycopeptide 40 (54.1) 481 (7.4) <0.01 
 

27 (51.9) 40 (25.6) <0.01 
 Linezolid 6 (8.1) 40 (0.6) <0.01 

 
5 (9.6) 5 (3.2) 0.13 

 Carbapenem 42 (56.8) 416 (6.4) <0.01 
 

27 (51.9) 42 (26.9) <0.01 
 Tetracycline 12 (16.2) 58 (0.9) <0.01 

 
5 (9.6) 7 (4.5) 0.30 

 Trimethoprim–sulfamethoxazole 17 (23.0) 245 (3.8) <0.01 
 

11 (21.2) 15 (9.6) 0.05 
 Lincosamide 7 (9.5) 40 (0.6) <0.01 

 
2 (3.8) 2 (1.3) 0.56 

 Macrolide 1 (1.4) 286 (4.4) 0.32 
 

1 (1.9) 4 (2.6) 0.99 
 Fluoroquinolone 43 (58.1) 871 (13.4) <0.01 

 
30 (57.7) 45 (28.8) <0.01 

 Other 5 (6.8) 100 (1.5) <0.01 
 

4 (7.7) 5 (3.2) 0.33 
*May be multiple. 
†Includes aminopenicillin, -lactam/-lactamase inhibitor. 
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mechanisms and susceptibility rates of Elizabethkingia spe-
cies isolated from Severance Hospital in 2010 (11) and 2016 
(7). Recently, the incidence of isolation in this hospital in-
creased significantly, from 0.02 to 0.88 per 1,000 admissions 
during 2009–2017, mainly in the 3 study wards.

We analyzed the risk factors associated with the ac-
quisition of Elizabethkingia species after controlling for 
other confounding variables. Using multivariate analysis, 
we found that the probability of acquiring Elizabethkingia 
species was significantly influenced by whether a patient 
received mechanical ventilation, even after PS matching 
and adjustment for other variables. Although some pre-
vious studies have suggested that mechanical ventilators 
could be a risk factor for colonization or infection with 

Elizabethkingia species, they did not provide a statisti-
cal analysis and included only a small number of patients 
(16,30). In our study, a total of 214 (79.6%) patients from 
among the 269 patients seen during January 2009–June 
2017 received mechanical ventilation, as did 72 (97.3%) 
of 74 case-patients admitted to the 3 study wards during 
January 2016–June 2017. We included a large number of 
cases and tried to control for confounding variables using 
PS matching, thus ensuring that mechanical ventilation is 
related to the acquisition of Elizabethkingia species.

Water or water-related equipment can serve as a water-
borne pathogen reservoir in the hospital environment (31). 
Previous studies also have associated a water source with 
acquisition of Elizabethkingia because of the bacterium’s 
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Table 4. Results of univariate and multivariate analysis using conditional logistic regression of risk factors for the acquisition of 
Elizabethkingia species at a tertiary teaching hospital after propensity score matching, Seoul, South Korea* 

Variable 
Univariate analysis 

 
Multivariate analysis† 

OR (95% CI) p value OR (95% CI) p value 
Ward 

     

 Ward A Reference     
 Ward B 0.87 (0.41–1.79) 0.70    
 Intensive care unit 1 0.69 (0.18–2.22) 0.56    
Period of admission      
 2016 Jan–Mar Reference     
 2016 Apr–Jun 8.03 (0.79–81.98) 0.08    
 2016 Jul–Sep 8.87 (0.74–105.84) 0.08    
 2016 Oct–Dec 10.62 (0.64–176.77) 0.10    
 2017 Jan–Mar 8.87 (0.97–81.16) 0.05    
 2017 Apr–Jun 8.34 (0.71–98.76) 0.09    
Median stay in 3 wards, d 1.01 (0.99–1.02) 0.25    
Age, y 1.00 (0.98–1.02) 0.87    
Male sex 1.06 (0.55–2.02) 0.87    
Charlson comorbidity index 0.97 (0.85–1.12) 0.69    
Comorbidities‡      
 Solid organ tumor 0.48 (0.21–1.08) 0.08    
 Diabetes mellitus 0.89 (0.34–2.31) 0.81    
 Chronic pulmonary disease 1.85 (0.55–6.28) 0.32    
 Chronic kidney disease 1.52 (0.60–3.85) 0.38    
 Hematologic malignancy 1.00 (0.25–4.00) 0.99    
 Dementia 0.57 (0.12–2.77) 0.49    
 Connective tissue disease 0.80 (0.21–3.05) 0.75    
 Mild liver disease 1.00 (0.10–9.61) 0.99    
 Steroid use 1.55 (0.62–3.89) 0.35    
 Mechanical ventilation 64.54 (8.76–475.30) <0.01  50.44 (6.74–377.48) <0.01 
Antimicrobial exposure      
 Penicillin§ 0.32 (0.07–1.54) 0.16    
 1st-generation cephalosporin 0.29 (0.03–2.88) 0.29    
 2nd-generation cephalosporin 3.00 (0.42–21.30) 0.27    
 3rd-generation cephalosporin 0.97 (0.46–2.01) 0.93    
 4th-generation cephalosporin NA     
 Aminoglycoside 3.18 (1.21–8.31) 0.02  2.30 (0.62–8.47) 0.21 
 Glycopeptide 3.96 (1.82–8.63) <0.01  1.72 (0.50–5.86) 0.39 
 Linezolid 8.84 (0.97–80.69) 0.05    
 Carbapenem 4.16 (1.99–8.72) <0.01  1.63 (0.55–4.85) 0.38 
 Tetracycline 1.65 (0.42–6.43) 0.47    
 Trimethoprim/sulfamethoxazole 2.11 (0.90–4.91) 0.09    
 Lincosamide 6.00 (0.54–66.17) 0.14    
 Macrolide 0.75 (0.08–6.71) 0.80    
 Fluoroquinolone 3.42 (1.70–6.87) <0.01  2.01 (0.71–5.69) 0.19 
 Other 2.09 (0.48–9.03) 0.33    
*OR, odds ratio; NA, not available. 
†Only variables with p<0.05 in the univariate model were included in the multivariate model. 
‡May be multiple. 
§Includes aminopenicillin, -lactam/-lactamase inhibitor. 
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ability to form a biofilm in moist environments. Balm et al. 
reported the infections of 5 patients in 1 outbreak with E. 
meningoseptica were related to a hand hygiene sink aerator 
(14). Moore et al. identified 30 patients as having acquired 
E. meningoseptica during an outbreak; at least 10 of these 
infections were associated with 5 environmental samples 
isolated from sinks (13). Elizabethkingia can spread from 
a humid environment to the surface of medical devices or 
dry materials by the hands of hospital staff or patients (32). 
In our current study, all 12 environmental isolates shared 
identical PFGE patterns with clinical isolates. Our finding 
is consistent with prior reports that Elizabethkingia acqui-
sition might be related to water sources within the hospital 
environment. In contrast, we could not find any evidence that 
the local mosquitoes of South Korea act as vehicles of Eliza-
bethkingia transmission.

As extended-spectrum β-lactamase–producing bacteria 
have increased, the use of carbapenems has inevitably in-
creased. Previous reports have suggested that antimicrobial 
selective pressure may increase the prevalence of bacteria 
with natural resistance to carbapenems, such as Elizabeth-
kingia species (33,34). Unlike in our univariate analysis, our 
multivariate analysis showed no association between antimi-
crobial exposure to carbapenem and the acquisition of Eliza-
bethkingia. One possible explanation for this finding could 
be that host factors are a more important selection factor than 
the antimicrobial drug in the selection of this strain. Anoth-
er explanation could be that our data lacked the statistical 

power to detect differences in Elizabethkingia acquisition by 
antimicrobial exposure to carbapenem.

Difficulties in eradicating and terminating outbreaks 
of Elizabethkingia caused by a strong biofilm biotype 
have been reported (13,14,35). Furthermore, the failure 
of 1,000-ppm sodium hypochlorite and posthandwashing 
alcohol gel has been documented (34). The acquisition risk 
can be reduced by regular sink flushing and improvements 
to the workflow that minimize contamination (13). 
Fortunately, we succeeded in eliminating Elizabethkingia 
species in ward B in September 2017. After all structures 
from which bacteria were isolated were dismantled, the 
outer surface and inner spaces were cleaned. A sheer force 
was applied using a sodium hypochlorite solution and 
a brush, then structures were reinstalled. In ward B, no 
new patient acquisitions of Elizabethkingia occurred after 
this effort. These findings also support the possibility that 
Elizabethkingia acquisition may be related to water source 
and the contaminated devices. However, a previous study 
documented that Elizabethkingia species have been re-
isolated after a month, even after all contaminated devices 
were replaced (14). Continuous monitoring, including 
surveillance culture systems and education for medical staff, 
may be more important than decontamination in reducing 
the acquisition of and infection with Elizabethkingia.

Among our data on treatment outcomes for true pathogen 
cases, none of the antimicrobial agents used after reporting 
the culture results were related to reducing in-hospital 
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Table 5. Results of univariable and multivariable analyses of risk factors for in-hospital mortality of patients with a true pathogen of 
Elizabethkingia in a tertiary teaching hospital, Seoul, South Korea 
In-hospital mortality Total, n = 30 Survived, n = 20 Died, n = 10 p value 
Median age, y (range) 68.5 (61.0–80.0) 69.5 (60.5–79.5) 66.5 (63.0–80.0) 0.86 
Male sex, no. (%) 19 (63.3) 11 (55.0) 8 (80.0) 0.35 
Patients from the 3 study wards, no. (%) 7 (23.3) 5 (25.0) 2 (20.0) 0.99 
Nosocomial infection, no. (%) 29 (96.7) 19 (95.0) 10 (100.0) 0.99 
Median Charlson comorbidity index (range) 6 (5.0–9.0) 6 (4.5–7.5) 6 (5.0–9.0) 0.93 
Clinical condition 

    

 Median hospitalization day of acquisition (range) 26.5 (13.0–58.0) 20.5 (12.0–32.0) 52.5 (26.0–81.0) 0.03 
 Median length of hospitalization, d (range) 47.5 (29.0–89.0) 38.5 (27.5–67.5) 77.5 (54.0–210.0) 0.04 
 Mechanical ventilation, no. (%) 24 (80.0) 15 (75.0) 9 (90.0) 0.63 
 Steroid use, no. (%) 14 (46.7) 9 (45.0) 5 (50.0) 0.99 
Antimicrobial treatment, no. (%) 

    

 Penicillin* 5 (16.7) 3 (15.0) 2 (20.0) 0.99 
 1st-generation cephalosporin 3 (10) 2 (10.0) 1 (10.0) 0.99 
 2nd-generation cephalosporin 5 (16.7) 4 (20.0) 1 (10.0) 0.86 
 3rd-generation cephalosporin 8 (26.7) 4 (20.0) 4 (40.0) 0.47 
 4th-generation cephalosporin 7 (23.3) 4 (20.0) 3 (30.0) 0.88 
 Aminoglycoside 1 (3.3) 1 (5.0) 0 0.99 
 Glycopeptide 13 (43.3) 6 (30.0) 7 (70.0) 0.09 
 Linezolid 4 (13.3) 2 (10.0) 2 (20.0) 0.85 
 Carbapenem 7 (23.3) 2 (10.0) 5 (50.0) 0.05 
 Tetracycline 8 (26.7) 7 (35.0) 1 (10.0) 0.30 
 Colistin 3 (10) 0 3 (30.0) 0.05 
 Trimethoprim/sulfamethoxazole 7 (23.3) 2 (10.0) 5 (50.0) 0.05 
 Lincosamide 5 (16.7) 1 (5.0) 4 (40.0) 0.06 
 Macrolide 1 (3.3) 0 1 (10.0) 0.72 
 Fluoroquinolone 9 (30) 4 (20.0) 5 (50.0) 0.21 
 Other 5 (16.7) 2 (10.0) 3 (30.0) 0.39 
*Includes aminopenicillin, β-lactam/β-lactamase inhibitor. 
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death. Alternatively, patients treated with carbapenem or 
trimethoprim/sulfamethoxazole had significantly higher in-
hospital death rates. However, this analysis included only 30 
true pathogen cases, and results could not be adjusted for 
other potential confounding factors.

The retrospective and single-center nature of the study 
limited our results. Thus, selection bias might exist in the 
tests performed on environmental samples and mosquito 
samples, and we could not identify the species of bacteria 
that were not stored. It is also difficult to perform additional 
surveillance cultures in the hospital setting because we 
have conducted elimination procedures to manage bacterial 
spread. However, we tried to analyze risk factors for 
Elizabethkingia acquisition by minimizing the selection 
bias using a PS-matched study and multivariate analysis.

Even after controlling for potential biases using 
PS matching analysis, we found mechanical ventilation 
to be an independent risk factor for the acquisition of 
Elizabethkingia species. Because Elizabethkingia infection 
has a high rate of death and is difficult to eliminate, intensive 
prevention of contamination is needed.
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This quasi-experimental study investigated the effect of an 
antibiotic cycling policy based on time-series analysis of epi-
demiologic data, which identified antimicrobial drugs and time 
periods for restriction. Cyclical restrictions of amoxicillin/clavu-
lanic acid, piperacillin/tazobactam, and clarithromycin were un-
dertaken over a 2-year period in the intervention hospital. We 
used segmented regression analysis to compare the effect on 
the incidence of healthcare-associated Clostridioides difficile 
infection (HA-CDI), healthcare-associated methicillin-resistant 
Staphylococcus aureus (HA-MRSA), and new extended-spec-
trum β-lactamase (ESBL) isolates and on changes in resis-
tance patterns of the HA-MRSA and ESBL organisms between 
the intervention and control hospitals. HA-CDI incidence did 
not change. HA-MRSA incidence increased significantly in 
the intervention hospital. The resistance of new ESBL isolates 
to amoxicillin/clavulanic acid and piperacillin/tazobactam de-
creased significantly in the intervention hospital; however, re-
sistance to piperacillin/tazobactam increased after a return to 
the standard policy. The results question the value of antibiotic 
cycling to antibiotic stewardship.

Restrictive antimicrobial prescribing guidelines have 
successfully reduced the incidence of Clostridioides 

difficile infection (CDI; formerly Clostridium difficile) and 
methicillin-resistant Staphylococcus aureus (MRSA) (1–
6). However, these guidelines have been suggested to cre-
ate an environment of antimicrobial homogeneity that may 
enhance the development and spread of antimicrobial resis-
tance (7,8). Antibiotic cycling has been proposed as an ef-
fective strategy to increase antimicrobial heterogeneity and 

decrease the development of antimicrobial resistance (8,9). 
This method of increasing antimicrobial heterogeneity has 
had mixed effects on antimicrobial resistance; however, 
investigations have been conducted mainly in intensive 
care units (ICUs) and in patients with specific infections 
(neutropenic sepsis, ventilator-associated pneumonia), and 
cycling periods have been arbitrarily defined, ranging from 
1 week to 6 months (10–22). In a meta-analysis of studies 
investigating antibiotic cycling, the optimal cycling period 
was identified as 30 days (23). When the cycling period is 
too long, the effect becomes equivalent to continuous use 
of a single agent, increasing antimicrobial homogeneity.

We aimed to evaluate the effect of an antibiotic cycling 
policy, derived using time-series analysis of retrospective 
epidemiologic data, on the incidence of healthcare-associ-
ated MRSA (HA-MRSA) and healthcare-associated CDI 
(HA-CDI). A secondary aim was to evaluate the effect of 
this policy on the incidence of infections caused by extend-
ed-spectrum β-lactamase (ESBL)–producing organisms.

Methods
We conducted the main intervention involving antibiotic 
cycling in Antrim Area Hospital (AAH), a 447-bed district 
general teaching hospital in Northern Ireland. Comparative 
data were collected in Causeway Hospital (CH), a 213-bed 
district general teaching hospital in Northern Ireland. Both 
hospitals form part of the Northern Health and Social Care 
Trust (NHSCT), which serves 436,000 persons. AAH and CH 
contain general medical, surgical, maternity, and gynecology 
wards and ICU departments (AAH ICU, 8 beds; CH ICU, 6 
beds). AAH also contains a pediatric ward, a neonatal ICU, and 
a hematology/oncology ward and provides outpatient chemo-
therapy and renal dialysis services. Other specialist services,  
such as burn and transplant units, are provided on a regional 
basis by a neighboring trust. The Office of Research Ethics 
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Committees of Northern Ireland (reference no. 11/NI/0110) 
and the NHSCT Research Governance Committee (reference 
no. 10-0219/11) provided ethics approval for this project.

Study Design
The study comprised 3 phases. First was development of an 
antibiotic cycling policy using retrospective data for April 
2007–March 2012; second, implementation and assess-
ment of the effect of this policy in AAH and comparative 
data collected in CH, where the policy was not implement-
ed; and third, postintervention follow-up after return to the 
standard antibiotic policy in AAH (Table 1; Figures 1, 2).

Data Collection
For the retrospective part of the study (Figure 1), we de-
termined monthly incidence of the output variables (HA-
MRSA, HA-CDI) and input variables (other MRSA; 
other CDI; antimicrobial and infection control agent use; 
pharmacy, medical, and nursing staffing levels [full-time 
equivalents (FTEs), where 1 FTE equals 1 full-time work-
er]; and age-adjusted Charlson comorbidity index of all 
patients discharged from AAH). We obtained a record of 
all MRSA-positive patients identified in AAH from the 
hospital microbiology laboratory. Cases were classified 
as HA-MRSA or other MRSA (Table 1). MRSA isolates 
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Table 1. Overview of a study on the effects of an antibiotic drug cycling policy on the incidence of HA-MRSA and HA-CDI in 2 
hospitals according to the Orion Statement, Northern Ireland, UK* 
Variable Definition 
Population characteristics The NHSCT is 1 of 5 Health and Social Care Trusts in Northern Ireland, serving 436,000 persons. 

The NHSCT has 2 acute care hospitals: AAH (intervention hospital), containing 447 beds, and CH 
(control hospital) containing 213 beds. These hospitals provide acute medical, surgical ICU, 
neonatal, pediatric, and maternity services for the NHSCT. Study wards comprised all adult 
inpatient wards; ICU, NNU, pediatric, and palliative care wards were excluded. 

Retrospective study, 2007 Apr–
2012 Mar 

The intervention design was as follows: An antibiotic cycling policy was devised based on results of 
an analysis of HA-CDI and HA-MRSA incidence in AAH during April 2007–March 2012. This 
analysis identified macrolides and TZP as significantly associated with HA-MRSA with lag times of 
1 mo. AMC was identified as significantly associated with HA-CDI with a lag time of 2 mo. 
Consequently, an antibiotic cycling policy was implemented in AAH that restricted the use of TZP 
and macrolides in alternate months, and AMC was restricted for 2 consecutive months in every 4 
months over a 2-year period. 

Comparison of effect of antibiotic 
cycling policy between AAH and 
CH, 2011 Nov–2016 Sep† 

Comparison of outcome measures before and after the introduction of an antibiotic cycling policy in 
AAH and between the intervention hospital (AAH) and control hospital (CH). Reintroduction of 
standard antibiotic policy in AAH during October 2015–September 2016 to determine whether any 
effect observed during the intervention period was reversed upon return of the standard policy. 
Comparison of outcome measures between intervention and postintervention periods occurred for 
AAH only. 

General infection control 
measures 

Chlorine dioxide 275 ppm was used for routine environmental decontamination through the study 
period in both hospitals. Monthly environmental cleanliness audits were conducted on all wards. 
Throughout the intervention period, infection control practices did not change. 

Isolation and elimination policy All patients in whom CDI was diagnosed were placed in an isolation room. Patients identified as 
colonized or infected with MRSA were placed in an isolation room when one was available. 
However, in the event of a shortage of these rooms, these patients were placed in cohort bays. 

MRSA admission screening In both hospitals all patients with a history of MRSA; admitted from a residential or nursing home; 
admitted from another hospital; admitted to the ICU, NNU, or renal unit; and oncology patients 
were screened. 

Antibiotic stewardship activities After a CDI outbreak in 2008, restrictions were put in place throughout the NHSCT regarding use 
of fluoroquinolones, cephalosporins, clindamycin, and carbapenems (4). All requests for restricted 
antibiotic drugs are reviewed by the antimicrobial pharmacists and consultant microbiologists. 
Weekly audits were conducted on adherence to empirical antibiotic guidelines on all wards. 

Definitions 1.  HA-CDI incidence: No. patients presenting with CDI >48 h after admission to AAH or CH or 
any patient presenting with CDI <48 h after admission to these hospitals who had an 
admission to the same hospital in the preceding 4 wks (24). 

 2.  Other CDI incidence: No. patients presenting with CDI <48 h from admission with no 
admission to AAH or CH in the preceding 4 wks. 

 3.  HA-MRSA incidence: No. patients who tested negative or were not screened for MRSA on 
admission but tested positive for MRSA >48 h after admission (24). Each patient was counted 
once per admission. 

 4.  Other MRSA incidence: No. patients who tested positive for MRSA <48 h after admission. 
 5.  New ESBL incidence: No. newly identified patients from whom an ESBL-producing organism 

was isolated or known patients from whom a new ESBL strain was isolated. Each patient was 
counted once per admission 

 6.  Resistant patterns (MRSA and ESBL): No. isolates per month. Duplicate isolates identified 
within 7 d were excluded. 

*Based on (25). AAH, Antrim Area Hospital; AMC, amoxicillin/clavulanic acid; CDI, Clostridioides difficile infection; CH, Causeway Hospital; ESBL, 
extended-spectrum β-lactamase; HA, healthcare-associated; ICU, intensive care unit; MRSA, methicillin-resistant Staphylococcus aureus; NHSCT, 
Northern Health and Social Care Trust; NNU, neonatal unit; TZP, piperacillin/tazobactam. 
†Preintervention period, 2011 Nov–2013 Sep; intervention period, 2013 Oct–2015 Sep; postintervention period, 2015 Oct–2016 Sep. 
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from clinical samples and screening swab samples were 
detected according to routine microbiological proce-
dures (26). Throughout the study period, targeted MRSA 
screening was undertaken on admission to AAH or CH 
for oncology patients; patients with a history of MRSA; 
patients admitted from a residential or nursing home; and 
patients admitted to the ICU, neonatal unit, or renal unit. 
For each patient, repeat isolates during the same admis-
sion period were excluded.

We obtained data on the number of patients in whom 
CDI was diagnosed from the microbiology laboratory 
and identified HA-CDI and other CDI cases (Table 1). 
During March 2007–April 2009, we identified C. diffi-
cile through detection of toxins A and B from the feces 
of patients with diarrhea using the PremierToxin A and 
B kit (Meridian Bioscience, Europe, http://www.me-
ridianbioscience.eu) and an ELISA technique. In May 
2009, this identification process was changed to a 3-step 
technique using the Techlab C.diff Quik Chek complete  
(Abbott, https://www.alere.com) combined glutamate de-
hydrogenase and toxin A and B enzyme immunoassay and 
the Cepheid Xpert C.difficile PCR (http://www.cepheid.
com) for detection of potentially toxigenic strains (27).

We obtained records of monthly systemic antimicro-
bial drug use from the pharmacy computer system and 
converted to defined daily doses (DDD) (26,28). The use 
of antiseptic agents, such as chlorhexidine skin wash (li-
ters), alcohol-impregnated wipes (number of wipes), and 
alcohol-based hand rub (liters), acted as a proxy measure 
for hand hygiene in the study hospitals (29). We deter-
mined monthly use of these agents across both hospitals 
during the study period from the pharmacy computer sys-
tem and the National Health Service Supply Chain. We 
obtained the monthly number of nursing, auxiliary nurs-
ing, clinical pharmacy, and medical FTEs in AAH from 
the NHSCT Finance Department. We determined the 
monthly average age-adjusted comorbidity for AAH by 
calculating the Charlson age-adjusted comorbidity index 
of all patients discharged each month (30). For all of these 
variables, we adjusted the value to an incidence or use per 
100 occupied bed days (OBD).

Using linear regression, we determined the trends in each 
of the explanatory variables. We constructed autoregressive 
integrated moving average models to model the relationship 
between the input and output variables in AAH for April 
2007–March 2012 (Appendix, https://wwwnc.cdc.gov/EID/ 
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Figure 1. Investigation of the 
effects of an antibiotic drug cycling 
policy on the incidence of HA-
MRSA and HA-CDI in 2 hospitals, 
Northern Ireland, UK. ARIMA, 
autoregressive integrated moving 
average; HA-CDI, healthcare-
associated Clostridioides difficile 
infection; HA-MRSA, healthcare-
associated methicillin-resistant 
Staphylococcus aureus; FTE,  
full-time equivalent.

Figure 2. Antibiotic cycling 
schedule in Antrim Area 
Hospital, Northern Ireland, UK, 
showing the months where each 
antibiotic was recommended. 
Restrictions in the use of each 
antibiotic were in place during 
all other times. AMC, amoxicillin/
clavulanic acid; TZP, piperacillin/
tazobactam.
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article/25/1/18-0111-App1.pdf). Based on the antimicrobial 
drugs that were significantly associated with HA-CDI and 
HA-MRSA, together with the time lag between observing 
a change in the antimicrobial drug use and a corresponding 
change in HA-MRSA or HA-CDI incidence, we developed 
an antibiotic cycling policy and implemented it in AAH over 
a 2-year period (October 13–September 15) (Figure 2).

Implementation of Cycling Policy
The antibiotic cycling policy was implemented on wards 
in AAH except pediatrics, neonatal unit, palliative care 
ward, and ICU. We excluded the palliative care ward 
and ICU because patients in these departments usually 
have received multiple previous courses of antimicro-
bial drugs; therefore, empirical guidelines do not apply, 
and antimicrobial therapy is guided by advice from the 
NHSCT Consultant Microbiologists. The cycling policy 
affected the antimicrobial recommendations for commu-
nity-acquired pneumonia, hospital-acquired pneumonia, 
intraabdominal sepsis, and urinary tract infections. In 
months during which all 3 antimicrobial drugs (amoxi-
cillin/clavulanic acid [AMC], piperacillin/tazobactam 
[TZP], and macrolides) were restricted, levofloxacin was 
recommended for the treatment of severe community-ac-
quired pneumonia and intraabdominal sepsis. However, 
levofloxacin could be supplied only on receipt of an or-
der form signed by medical staff. All patients prescribed 
levofloxacin were followed up for 12 weeks. During this 
time, the NHSCT laboratory system was used to deter-
mine the proportion of patients from whom C. difficile 
was isolated from fecal samples or MRSA from screen-
ing swab samples and clinical samples. We constructed 
life tables to determine the probability of remaining CDI- 
and MRSA-free for each week after levofloxacin treat-
ment. After this, the cumulative probability of remaining 
CDI- or MRSA-free was determined and expressed as  
a percentage.

Before implementation of this policy, clinical staff were 
trained on the intervention. Monthly reminders about the 
policy changes were sent to staff groups, and each month a 
new antibiotic policy was displayed on participating wards.

During periods of restriction of a cycled antimicrobial 
drug, stock was removed from all bulk orders, and these 
drugs could be supplied only on receipt of a request form 
signed by a clinician, outlining the patient’s details and 
indication for treatment. During this time, the Trustwide 
antibiotic stewardship activities continued as usual. These 
included review of requests of all restricted antimicrobial 
drugs by the pharmacist and consultant microbiologist and 
weekly audits on adherence to the Trust antibiotic policy. 
Where inappropriate use was identified, it was fed back to 
the prescriber in real time and monthly to all consultants 
and the medical director.

For the preintervention (November 11–September 13), 
intervention (October 13–September 15), and postinterven-
tion (October 15–September 2016) periods in AAH, the in-
cidence of HA-CDI, other CDI, HA-MRSA, other MRSA, 
and the use of antimicrobial drugs and infection control 
agents were collected as described. Furthermore, HA-
MRSA resistance patterns and new ESBL incidence and 
resistance patterns were determined. These variables were 
also identified in CH (November 2011–September 2015) 
for comparative analysis. For HA-MRSA isolates identi-
fied from clinical samples, we determined the percentage 
change in ciprofloxacin, erythromycin, AMC, and TZP re-
sistance during the preintervention and intervention peri-
ods for both hospitals. Duplicate isolates identified within 
7 days of the initial isolate were excluded.

We identified ESBL isolates from clinical samples us-
ing the method described by the European Committee on 
Antimicrobial Sensitivity Testing for the detection of ES-
BLs (31). The monthly number of new ESBL isolates and 
percentage change in gentamicin, ciprofloxacin, AMC, and 
TZP resistance during the preintervention and intervention 
periods was determined for both hospitals.

We assessed the effect of the antibiotic cycling poli-
cy on HA-MRSA, HA-CDI, and new ESBL incidence in 
AAH using segmented regression analysis (32). Segmented 
regression analysis was used to identify changes in the out-
come measures in CH during the study period. We exam-
ined the effect of the antibiotic cycling policy on changes 
in HA-MRSA and new ESBL resistance patterns in AAH 
in comparison with CH using χ2 analysis.

For AAH only, we used the aforementioned tech-
niques to determine the effect of reverting to the standard 
antibiotic policy on HA-MRSA, HA-CDI, and new ESBL 
incidence during October 2015–September 2016. We also 
determined changes in resistance patterns of HA-MRSA 
and new ESBL isolates.

For all analyses, we considered p<0.05 to be statisti-
cally significant. All analyses were conducted using Eviews 
8 software (QMS, http://www.eviews.com/home.html)  
and Microsoft Excel version 13 (https://www.microsoft.
com/en-us).

Results

Retrospective Analysis
During April 2007–March 2012, a total of 275 cases of 
HA-CDI (average monthly incidence 0.047 cases/100 
OBD [range 0–0.18 cases/100 OBD]) and 653 cases of HA-
MRSA (average monthly incidence 0.11 cases/100 OBD 
[range 0.03–0.21 cases/100 OBD]) were reported in AAH 
(Appendix Table 1, Figures 1, 2). Temporal variations in 
HA-CDI incidence followed temporal variations in fluoro-
quinolone use (coefficient 0.005, p<0.01), with a 1-month 
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lag time, and AMC use (coefficient 0.0004, p = 0.02; Ap-
pendix Table 2), with a 2-month lag time. We identified 
significant temporal associations between HA-MRSA inci-
dence and fluoroquinolone use (coefficient 0.004, p<0.01), 
with a 3-month lag time; macrolide use (coefficient 0.002, 
p <0.01), with a 1-month lag time; and TZP use (coefficient 
0.010, p<0.01), with a 1-month lag time (Appendix Table 
3). Based on these findings, an antibiotic cycling policy 
was implemented in AAH during October 2013–Septem-
ber 2015 (Figure 2).

Evaluation of Effect of Intervention
During the preintervention period, AMC use increased sig-
nificantly in AAH (coefficient 0.3603, p<0.01) and CH (co-
efficient 0.3848, p = 0.01) (Appendix Table 4). In AAH, we 
observed a significant increase in TZP (coefficient 0.1119, 
p = 0.02), penicillins with extended-spectrum (coefficient 
0.4702, p = 0.02), and first-generation cephalosporins (co-
efficient 0.022, p<0.01) during this period. In addition, a 
borderline significant increase in total antimicrobial drug 
use was evident. During the intervention period in both 
hospitals, no change in the overall use of TZP (AAH coef-
ficient 0.1211, p = 0.25; CH coefficient 0.086, p = 0.16), 
AMC (AAH coefficient 0.1212, p = 0.64; CH coefficient 
0.0056, p = 0.95), and macrolide (AAH coefficient −0.0126, 
p = 0.96; CH coefficient 0.0756, p = 0.5272) was observed. 
Despite this, in AAH, the monthly use of these antimicro-
bial drugs followed the trend that would be expected during 
the use of the antibiotic cycling policy (Figure 3). In AAH, 
during the intervention period, use of β-lactamase–sensi-
tive penicillins (coefficient −0.1171, p<0.01) and carbapen-
ems (coefficient −0.1124, p<0.01) decreased significantly. 
In CH during the intervention period, use of penicillins with 
extended-spectrum (coefficient 0.7081, p<0.01), tetracy-
clines (coefficient 0.3596, p<0.01), and total antimicrobial 
drugs (coefficient 1.5278, p<0.01) increased significantly. 
Use of carbapenems, first-generation cephalosporins, and 
β-lactam–sensitive penicillins also decreased significantly 
(Appendix Table 4).

Throughout the preintervention period, the average 
monthly adherence to the standard antibiotic policy was 
92% in AAH and 91% in CH. HA-CDI and new ESBL 
incidence did not change significantly in either hospi-
tal; however, after the antibiotic cycling policy was in-
troduced in AAH, a significant increasing trend in HA-
MRSA incidence was observed, which was not evident 
in CH (Table 2; Figure 4). A subset analysis of the AAH 
HA-MRSA isolates from clinical samples also demon-
strated a significant increase in the HA-MRSA trend (co-
efficient 0.0023, p<0.01).

During the intervention period, 792 patients received 
levofloxacin; 15 tested MRSA positive before receiving 
levofloxacin and were excluded from the MRSA cohort 

(Appendix Figure 3). Eleven patients tested MRSA posi-
tive during the follow-up period, and 81 patients died. The 
probability of remaining MRSA-free after the 12-week fol-
low-up period was 98.5% (Appendix Figure 4). The CDI 
cohort comprised 792 patients, of whom 87 died during the 
follow-up period. Two patients tested C. difficile glutamate 
dehydrogenase–positive and C. difficile toxin negative, and 
9 patients tested C. difficile toxin positive (Appendix Fig-
ure 5). The probability of remaining free of CDI during the 
12-week follow-up period was 98.5% (Appendix Figure 6).

Evaluation of Postintervention Effect
During the postintervention period, the average monthly ad-
herence to the standard antibiotic policy in AAH remained 
at 92% (Appendix Table 4). The overall trend in the use of 
each of the cycled antimicrobial drugs remained unchanged 
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Figure 3. Trends in antibiotic use throughout preintervention 
(November 2011–September 2013), intervention (October 2013–
September 2015), and postintervention (October 15–September 
2016) periods in Antrim Area Hospital, Northern Ireland, UK. 
A) amoxicillin/clavulanic acid; B) piperacillin/tazobactam; C) 
macrolides; D) fluoroquinolones. Antibiotic use is defined daily 
doses/100 bed days.
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during the postintervention period (TZP trend coefficient 
0.147, p = 0.12; macrolide trend coefficient −0.1699, p = 
0.55; AMC trend coefficient 0.2996, p = 0.16; fluoroquino-
lone trend coefficient 0.148, p = 0.30). However, in AAH, 
use of monobactams decreased significantly (coefficient 
−0.2382, p<0.01 [Appendix Table 4]). Segmented regres-
sion analysis identified an immediate borderline significant 
decrease in HA-MRSA incidence and an immediate signifi-
cant increase in new ESBL incidence (Table 3). A subset 
analysis of AAH HA-MRSA isolates from clinical samples 
demonstrated no change in the incidence of this organism 
after the end of antibiotic cycling; however, the level of 
HA-MRSA from clinical samples immediately decreased 
significantly (coefficient −0.029, p = 0.0261).

Effect of Antibiotic Cycling on Antimicrobial Resistance
During the preintervention, intervention, and postinterven-
tion periods in AAH and the equivalent periods in CH, 
HA-MRSA resistance to ciprofloxacin and erythromycin 
did not change (Table 4). We observed a significant de-
crease in resistance to AMC (–31.85% change, p<0.01) 
and TZP (–54.79% change, p<0.01) among new ESBL iso-
lates in AAH during the intervention period (Table 5). In 
AAH after reintroduction of the standard antibiotic policy, 
new ESBL resistance to TZP (+11.75% change, p = 0.04), 
gentamicin (+23.5% change, p<0.01), and ciprofloxacin 
(+16.32% change, p<0.01) increased significantly.

Discussion
The use of antibiotic cycling to reduce antimicrobial re-
sistance has been heavily debated, and many studies have  

produced conflicting results (10–22,33). We aimed to imple-
ment an antibiotic cycling policy throughout a hospital where 
the analysis of local epidemiologic data using autoregressive 
integrated moving average modeling provided the framework 
for the antibiotic cycling policy. The cycling of AMC, TZP, 
and macrolides, which the initial retrospective study predicted 
would decrease the incidence of HA-CDI and HA-MRSA, did 
not achieve this objective. HA-CDI incidence did not change 
during the intervention period. In addition, for patients who 
received levofloxacin, the probability of remaining free from 
CDI or MRSA in the 12 weeks after treatment was 98.5%. The 
incidence of new ESBL isolates during the intervention period 
remained unchanged, but resistance of new ESBL isolates to 
TZP and AMC decreased. During the postintervention period, 
when the standard antibiotic policy was in place, resistance of 
ESBL-producing organisms to TZP increased.

During the antibiotic cycling period, the incidence 
of HA-MRSA from clinical and surveillance samples in-
creased significantly in AAH but reversed when the stan-
dard antibiotic policy was reintroduced. Many studies 
have highlighted the increased risk for MRSA infection in 
MRSA carriers. Recent studies reported an increased risk 
for invasive MRSA infection in persistent and intermittent 
MRSA carriage compared with placebo (34–36). The find-
ings in our study are supported by those of a subset analysis 
of HA-MRSA isolates from clinical samples but must be 
interpreted with caution because of the small number of 
clinical samples included in the total HA-MRSA sample.

A recent meta-analysis hypothesized that a 1-month 
cycling period is the optimum time frame to reduce an-
timicrobial resistance (23). In our study, the monthly 
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Table 2. Segmented regression analysis of the incidence of HA-CDI, HA-MRSA, and infections caused by new ESBL isolates in a 
hospital with a cycling policy and a hospital with a standard policy, Northern Ireland, UK* 

Variable 
AAH, cycling policy  CH, standard policy 

Coefficient 95% CI SE p value Coefficient 95% CI SE p value 
HA-CDI          
 Constant 0.0236 0.0099 to 0.0373 0.0068 <0.01  2.9873† 3.669 to 2.3055 0.3378 <0.01 
 Trend 9.34 × 105 0.0009 to 0.0011 0.0005 0.85  0.01905† –0.0603 to 0.0222 0.0204 0.36 
 Change          
  In level 0.0084 0.0270 to 0.0102 0.0092 0.36  0.1335† 0.6324 to 0.3654 0.2472 0.59 
  In trend 0.0004 0.0010 to 0.0017 0.0007 0.58  0.0053† 0.0394 to 0.0500 0.0221 0.81 
HA-MRSA          
 Constant 0.1100 0.0856 to 0.1343 0.0121 <0.01  0.0849 0.0562 to 0.1135 0.01421 <0.01 
 Trend 2.96 × 103 0.0047 to 0.0012 0.0009 <0.01  0.0008 0.0029 to 0.0013 0.0010 0.46 
 Change          
  In level 0.0196 0.0134 to 0.05261 0.01634 0.24  0.0230 0.0158 to 0.0618 0.01925 0.24 
  In trend 0.0041 0.0017–0.0066 0.0012 <0.01  0.0005 0.0034 to 0.0023 0.0014 0.72 
New ESBL          
 Constant 3.7851† 4.3481 to 3.2222 0.2790 <0.01  0.0370 0.0119 to 0.0621 0.0124 <0.01 
 Trend 0.0018† 0.0428 to 0.0393 0.0203 0.93  0.0004 0.0023 to 0.0015 0.0009 0.68 
 Change          
  In level 0.4846† 0.2776 to 1.2469 0.3777 0.21  0.0093 0.0440 to 0.0045 0.0172 0.59 
  In trend 0.0099† 0.0464 to 0.0662 0.0279 0.72  0.0019 0.0006 to 0.1564 0.0013 0.13 
 Outlier at 2013 Jul, 
CH only 

NA NA NA NA  0.0949 0.0333 to 0.1564 0.0305 <0.01 

*Bold indicates statistical significance. AAH, Antrim Area Hospital; CH, Causeway Hospital; CDI, Clostridioides difficile infection; ESBL, extended-
spectrum β-lactamase; HA, healthcare-associated; MRSA, methicillin-resistant Staphylococcus aureus; NA, not applicable.  
†Data logarithmically transformed. 

 



SYNOPSIS

cycling of clarithromycin and TZP did not decrease the 
incidence of HA-MRSA and HA-CDI. The reintroduc-
tion of fluoroquinolones, which are known to be asso-
ciated with CDI and MRSA, may have contributed to 
the increase in HA-MRSA (4,37,38). In CH, fluoroqui-
nolone use (5.86 DDD/100 OBD) was about half that in 
AAH (10.38 DDD/100 OBD), and HA-MRSA incidence 
did not change. Despite increased fluoroquinolone use in 
AAH, HA-CDI incidence did not change during the in-
tervention and postintervention periods, when fluoroqui-
nolone use decreased. Other studies have demonstrated 
decreases in CDI after reductions in AMC, fluoroqui-
nolones, cephalosporin, clindamycin, and amoxicillin 
use (39,40). However, in these studies, the baseline  

incidence of CDI was ≈10-fold higher than in our in-
vestigation (0.2 cases/100 OBD vs. 0.02 cases/100 OBD 
in AAH). Furthermore, fluoroquinolones are particular-
ly associated with C. difficile ribotype 027 (4). During 
an outbreak of this ribotype in AAH, average monthly 
fluoroquinolone use was 13 DDD/100 OBD, which was 
less than the highest levels (23 DDD/100 OBD) during 
the intervention period in our investigation (4). Despite 
these well-documented associations, we observed no 
such increase in HA-CDI during the cycling period. Ver-
naz et al. found no significant association between fluo-
roquinolone use and CDI in a setting where the baseline 
incidence was similar to that in AAH (0.027 cases/100 
OBD) (40). That study suggested that in the nonoutbreak 
situation with an absence of the 027 strain and low base-
line CDI incidence, when coupled with good infection 
control practices, antimicrobial drugs might play a less 
important role in transmitting this organism.

Although the antibiotic cycling policy was not de-
signed to reduce ESBL incidence, we monitored this or-
ganism to ensure it did not increase as an inadvertent effect 
of the intervention, particularly the reintroduction of fluo-
roquinolones. New ESBL incidence did not change during 
the intervention period, but upon return of the standard pol-
icy, new ESBL incidence immediately increased in AAH. 
Because this increase did not continue throughout the pos-
tintervention period, it might have been a delayed effect of 
the antibiotic cycling policy. An association between ESBL 
incidence in AAH and both hospital fluoroquinolone use 
and community AMC use has previously been described; 
therefore, the increase in new ESBL-producing organisms 
in our study might have resulted from the increased use of 
fluoroquinolones during the intervention and postinterven-
tion periods (41). Primary care antimicrobial drug use also 
might have contributed to the increase in ESBL-producing 
organisms, but because we did not measure that variable, 
we cannot quantify the association. 

Previous studies have demonstrated reversal in fluo-
roquinolone resistance after continuous restriction of this 
drug (41). However, our study demonstrated a reduction 
in TZP and AMC resistance after cycling of these agents, 
which was reversed for TZP upon its return to the policy, 
suggesting that through cycling, the balance between us-
ing TZP and reducing resistance can be achieved. Several 
studies have demonstrated the effectiveness of β-lactam/β-
lactamase combinations in treating infections caused by 
ESBL-producing organisms, particularly infections with 
organisms for which the MICs for TZP are <16 µg/L 
(42–45). Harris et al. highlighted the lack of well-designed 
studies proving that β-lactam/β-lactamase combinations 
are inferior to carbapenems in treating these infections and 
called for more robust studies in this area (46). The findings 
of our study may provide a treatment option in less severe 
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Figure 4. Incidence of healthcare-associated methicillin-resistant 
Staphylococcus aureus (A), healthcare-associated Clostridium 
difficile infection (B), and new extended-spectrum β-lactamase (C) 
cases throughout preintervention (November 2011–September 
2013), intervention (October 2013–September 2015), and 
postintervention (October 15–September 2016) periods in Antrim 
Area Hospital and Causeway Hospital, Northern Ireland, UK. 
Black lines, Antrim Area Hospital; gray lines, Causeway Hospital. 
Incidence is number of cases per 100 occupied bed days.
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infections caused by ESBL-producing organisms, enabling 
carbapenems to be spared.

The successful implementation of the antibiotic cycling 
policy relied heavily on face-to-face engagement with all hos-
pital staff during its development. We sought feedback from 
each department about potential issues with the proposed re-
strictions. A main difficulty was managing the restriction at 
ward level, ensuring restricted stock could not be unnecessar-
ily prescribed. AAH benefited from the presence of a clinical 
pharmacist and pharmacy technician on all inpatient wards. 
These pharmacists were vital in ensuring that all ward staff 
were aware of the restrictions in a given month. Pharmacy 
technicians removed restricted antimicrobial drugs from the 
ward stock lists so the ward could not order a restricted drug 
without a preorder form outlining the patient’s details and the 
reason for the prescription. This resource-intense intervention 
might be challenging to deliver in other settings, particularly 
where clinical pharmacy resources are limited.

Because this study was ecological in design, it suffers 
from the ecological fallacy, where inferences made at the 
population level cannot be extrapolated to the patient level. 
However, because of the complex dynamics of healthcare-
associated infection transmission, antimicrobial drug use at 
the population level contributes to the individual risk for 
healthcare-associated infections (47). The use of alcohol-
based hand rub and chlorhexidine skin wash was used as 
proxy for infection control practices because obtaining 
consistent data on compliance with isolation and infection 
control policies was not possible. During the intervention 
and postintervention periods, the use of other groups of 
antibiotics in AAH and CH changed significantly because 
controlling the use of all antimicrobial drugs was not pos-
sible. The decrease in monobactam use in AAH during the 
postintervention period resulted from ending the interven-
tion, whereby aztreonam was replaced by the previously 
restricted AMC and TZP.
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Table 3. Segmented regression analysis of effect of stopping cycling on the incidence of HA-CDI, HA-MRSA, and new ESBL isolates 
in Antrim Area Hospital, Northern Ireland, UK* 
Variable Coefficient 95% CI SE p value 
HA-CDI     
 Constant 0.0173 0.0062 to 0.0284 0.0054 <0.01 
 Trend 4.73 × 104 0.0003 to 0.0012 0.0004 0.22 
 Change     
  In level 0.0159 0.0352 to 0.0033 0.0094 0.10 
  In trend 0.0005 0.0018 to 0.0028 0.0011 0.65 
HA-MRSA     
 Constant 0.0598 0.0388 to 0.0810 0.0102 <0.01 
 Trend 0.0012 0.0002 to 0.0027 0.0007 0.10 
 Change     
  In level 0.0350 0.0711 to 0.001 0.0179 0.06 
  In trend 0.0016 0.002 to 0.0027 0.0022 0.45 
New ESBL     
 Constant 0.0438 0.0200 to 0.0672 0.0115 <0.01 
 Trend 0.0005 0.0011 to 0.0021 0.0008 0.56 
 Change     
  In level 0.0419 0.0017 to 0.0820 0.0199 0.04 
  In trend 0.0026 0.0074 to 0.0023 0.0024 0.30 
*In this hospital, a cycling policy was in place during October 2013–September 2015, and a standard policy was in place during October 2015–September 
2016. Bold indicates statistical significance. ESBL, extended-spectrum β-lactamase; HA-CDI, healthcare-associated Clostridioides difficile infection;  
HA-MRSA, healthcare-associated methicillin-resistant Staphylococcus aureus.  

 

 
Table 4. Changes in resistance patterns of healthcare-associated methicillin-resistant Staphylococcus aureus clinical isolates, 
Northern Ireland, UK* 

Antibiotic comparison 

AAH, no. resistant isolates/total tested (%)  CH, no. resistant isolates/total tested (%) 
Preintervention 

resistance 
Intervention 
resistance p value 

Preintervention 
resistance 

Intervention 
resistance p value 

Preintervention vs. intervention        
 Amoxicillin/clavulanic acid 2/2 (100) 2/2 (100) NA  2/2 (100) 0 NA 
 Piperacillin/tazobactam 1/1 (100) 1/1 (100) NA  1/1 (100) 0 NA 
 Ciprofloxacin 66/66 (100) 77/78 (98.7) 0.99  31/31 (100) 33/34 (97.1) 0.17 
 Erythromycin 54/70 (77.1) 69/80 (86.3) 0.18  23/32 (71.9) 22/35 (65.9) 0.43 
Intervention vs. postintervention        
 Amoxicillin/clavulanic acid 2/2 (100) 2/2 (100) NA  NR NR NR 
 Piperacillin/tazobactam 1/1 (100) 0 NA  NR NR NR 
 Ciprofloxacin 77/78 (98.7) 27/27 (100) 0.74  NR NR NR 
 Erythromycin 69/80 (86.3) 23/28 (82.1) 0.40  NR NR NR 
*In AAH (antibiotic cycling policy) and CH (standard antibiotic policy), the preintervention period was November 2011–September 2013, and the 
intervention period was October 2013–September 2015. In AAH, the postintervention period was October 2015–September 2016. AAH, Antrim Area 
Hospital; CH, Causeway Hospital; NA, no isolates tested against amoxicillin/clavulanic acid and piperacillin/tazobactam; NR, data not recorded. 
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For analysis of changes in HA-MRSA resistance pat-
terns, we included only clinical samples, which accounted 
for 30% of total MRSA isolates. Before the intervention, 
the trend in new ESBL resistance to AMC and TZP was de-
creasing as a result of a change in interpretative standards 
from Clinical and Laboratory Standards Institute to Euro-
pean Committee on Antimicrobial Susceptibility Testing 
breakpoints in November 2011 (31). Selection and informa-
tion biases were limited in this study through the inclusion 
of all patients with HA-MRSA, HA-CDI, and a new ESBL-
producing organism. All data were collected from electronic 
databases that were populated as part of routine microbiol-
ogy procedures. This study is also limited by the relatively 
short intervention period of 2 years, compared with other 
studies with intervention periods of 5–9 years, which result-
ed in changes in antimicrobial resistance (13,18).

Our results suggest that antibiotic cycling is not an ap-
propriate strategy to reduce the incidence of HA-MRSA or 
HA-CDI but might be effective in reducing ESBL resis-
tance. The increased use of fluoroquinolones in a cyclical 
fashion was not associated with any increase in HA-CDI, 
suggesting that this method may help diversify antimicro-
bial drug use while mitigating adverse effects.
This work was supported by a grant from the Northern Ireland 
Health and Social Care Research and Development Office 
(EAT/4375/10 to G.M.C.B.).
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In 1928, while studying Staphylococcus bacteria at Saint Mary’s Hospital in  
London, Alexander Fleming noticed that one of his petri dishes was contaminated 

with mold, which was causing the bacteria near it to lyse. Because the mold was 
identified as belonging to the genus Penicillium (Latin for “brush,” referring to the 
chains of conidia that resemble a paintbrush or broom), Fleming named the antibacte-
rial substance penicillin.

Among the earliest known clinical uses of penicillin was by Cecil George Paine, 
a pathologist at the Sheffield Royal Infirmary, who successfully used it in 1930 to treat 
gonococcal conjunctivitis in neonates. Thereafter, the therapeutic potential of penicil-
lin went largely unexplored until 1940, when a team of researchers headed by Howard 
Florey and Ernst Chain showed that it produced dramatic improvements in mice with 
streptococcal infections. Penicillin was instrumental in treating infections in Allied sol-
diers in World War II; however, shortly thereafter, resistance became a substantial 
clinical problem.

Two conidiophores of Penicillium frequentans 
fungi, also known as P. glabrum. The 
conidiophore is the stalked structure whose 
distal end produces asexual spores (conidia) 
by budding. Original magnification x1,200.  
Photo: CDC/Lucille Georg/1971.
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We characterized 55 influenza A(H9N2) viruses isolated 
in Pakistan during 2014–2016 and found that the 
hemagglutinin gene is of the G1 lineage and that internal 
genes have differentiated into a variety of novel genotypes. 
Some isolates had up to 4-fold reduction in hemagglutination 
inhibition titers compared with older viruses. Viruses 
with hemagglutinin A180T/V substitutions conveyed this 
antigenic diversity and also caused up to 3,500-fold greater 
binding to avian-like and >20-fold greater binding to human-
like sialic acid receptor analogs. This enhanced binding 
avidity led to reduced virus replication in primary and 
continuous cell culture. We confirmed that altered receptor-
binding avidity of H9N2 viruses, including enhanced binding 
to human-like receptors, results in antigenic variation in 
avian influenza viruses. Consequently, current vaccine 
formulations might not induce adequate protective immunity 
in poultry, and emergence of isolates with marked avidity for 
human-like receptors increases the zoonotic risk.

Since their first detection in China in 1992, avian influ-
enza A(H9N2) viruses of the G1 and BJ94 lineages 

have become enzootic to poultry in Asia and parts of Africa 
(1–3). These viruses frequently cause outbreaks in these re-
gions and sporadic outbreaks in Europe and North America 
(4–9). H9N2 viruses cause moderate illness and death rates 
in domestic poultry, leading to major economic burden 
to small-scale and large-scale poultry industries, and in-
creased risk for zoonotic infection (6,10,11).

Severe illness in humans infected with this virus 
is rare, but seroepidemiologic data suggest that infec-
tion might be most common in those working at the hu-
man–animal interface (12–14). It is evident that there is a 
major genetic host barrier between currently circulating 
H9N2 viruses and humans, despite detection of molecular 
markers of mammalian tropism in avian isolates (15,16). 
Adaptation to humans requires permissive mutations 
throughout the genome of avian influenza viruses that af-
fect multiple factors, such as receptor binding, pH stabil-
ity, virus polymerase activity, innate immune responses, 
and viral egress (17–21).

Hemagglutinin (HA) and neuraminidase (NA) play 
critical roles in overcoming this genetic host barrier, as 
shown by recent zoonotic infections with H7N9, H10N8, 
and H5Nx viruses, all containing H9N2 internal genes, 
compared with the remarkable dearth of reported human 
infections with H9N2 viruses, despite their higher inci-
dence in poultry (15,22,23). Efficient virus replication is 
dependent, in part, on the concerted activities of HA and 
NA binding and eluting cells and is a balance maintained 
by matching HA substitutions that alter receptor-binding 
avidity with changes to NA stalk length and sialidase activ-
ity (24–26).

HA is a membrane-bound homotrimer that becomes 
functionally active through proteolytic cleavage of pre-
cursor HA0 into HA1 and HA2 polypeptides. The HA1 
globular head domain facilitates host-cell binding, which 
initiates infection, and the HA2 fusion peptide, primed dur-
ing cleavage activation, facilitates pH-dependent fusion 
between virus and host-cell membranes (27). Human-to-

Association of Increased Receptor-
Binding Avidity of Influenza 

A(H9N2) Viruses with Escape from 
Antibody-Based Immunity and 
Enhanced Zoonotic Potential

Joshua E. Sealy, Tahir Yaqub, Thomas P. Peacock,1 Pengxiang Chang,  
Burcu Ermetal, Anabel Clements, Jean-Remy Sadeyen, Arslan Mehboob,2  

Holly Shelton, Juliet E. Bryant, Rod S. Daniels, John W. McCauley, Munir Iqbal

Author affiliations: The Pirbright Institute, Pirbright, UK (J.E. Sealy, 
T.P. Peacock, P. Chang, A. Clements, J.-R. Sadeyen, H. Shelton, 
M. Iqbal); University of Veterinary and Animal Sciences, Lahore, 
Pakistan (T. Yaqub, A. Mehboob); The Francis Crick Institute, 
London (B. Ermetal, R.S. Daniels, J.W. McCauley); Fondation 
Mérieux, Lyon, France (J.E. Bryant)

DOI: https://doi.org/10.3201/eid2501.180616

1Current affiliation: Imperial College London, London, UK.
2Current affiliation: Chinese Academy of Agricultural Sciences, 
Beijing, China.



RESEARCH

64 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

human transmissible influenza viruses typically display 
preferential binding to glycans containing terminal α2,6-
linked sialic acids (SAs), which are prevalent in the upper 
respiratory tract of humans (19,28,29); avian-origin viruses 
typically bind preferentially to glycans having terminal 
α2,3-linked SAs, which are found throughout the avian 
gastrointestinal and respiratory tracts (30). The 3′-sialyl-
lactosamine and 6′-sialyllactosamine receptor analogs are 
commonly used in influenza receptor-binding assays rep-
resenting α2,3-linked (3SLN) and α2,6-linked (6SLN) SAs 
(31). The switch in binding preference of H9N2 viruses 
from avian-like α2,3-linked to human-like α2,6-linked SAs 
has been attributed to amino acid substitutions in the recep-
tor-binding site (RBS) of HA1, with residue 216 [226] (ma-
ture H9 numbering used throughout; H3 numbering within 
brackets) frequently shown to play a critical role (32–34).

Increasing evidence suggests that the combination and 
nature of amino acids at additional positions (e.g., 180 [190] 
and 217 [227]) needs to be determined for assessing receptor 
binding and zoonotic potential of H9 subtype viruses (17). 
H9N2 viruses commonly have alanine at HA1 position 180 
(A180), which correlates with a preference for binding of 
3SLN, viruses with glutamic acid (E180) generally show 
greater binding avidity for 6SLN; and viruses with valine 
(V180) have been shown to show appreciable binding to 
6SLN, together with greater replicative fitness in mammals 
than viruses with A180 (17,35,36).

The HAs of H9N2 viruses in Pakistan typically contain 
the RBS residues A180, L216, and I217. A/chicken/
Pakistan/UDL-01/2008 (UDL-01/08) and A/chicken/
Pakistan/UDL-02/2008 were shown to preferentially bind 
a variant of the 3SLN receptor analog, which is sulfated 
at the 6′ position of the penultimate sugar Neu5Ac α2,3 
β1–4(6-HSO3)GlcNAc (3SLN(6Su)). Although these 
viruses contain the classical humanizing residue L216, they 
show negligible binding to 6SLN in quantitative receptor-
binding assays (16,17).

Methods
For this study, we conducted influenza surveillance for 
poultry farms in Pakistan during 2014–2016. Since the 
late 1990s, H9N2 virus has become enzootic in Pakistan 
(37). In addition, periodic outbreaks of infection with 
highly pathogenic avian influenza A(H5N1) and A(H7N3) 
viruses during 1995–2006 have occurred, resulting in in-
tersubtype reassortment events and new viruses, some of 
which have subsequently spread to become predominant 
virus strains in the region (9,16,38). We aimed to char-
acterize the genetics and antigenicity of circulating H9N2 
viruses in Pakistan and link the molecular basis of differ-
ences seen in circulating viruses with zoonotic potential. 
Specifically, we sought to show that emergence of substi-
tutions at HA1 position 180 are driving increases in virus 

receptor-binding avidity, including for human-like recep-
tor analogs, and concurrently enabling virus to escape anti-
body-based immunity (Appendix, https://wwwnc.cdc.gov/
EID/article/25/1/18-0616-App1.pdf).

Results

Virus Isolation and Phylogenetic Analysis
We collected 1,374 oropharyngeal and cloacal swab speci-
mens from poultry during surveillance of farms for avian 
influenza viruses in Pakistan during 2014–2016. Of these 
specimens, 78 (5.7%) were confirmed by hemagglutinin 
inhibition (HI) assay to be positive for H9, and sequencing 
data for 55 virus isolates were generated. Next-generation 
sequencing of isolates yielded 43 complete genomes and 
12 partial genomes. No other avian influenza virus sub-
types were detected in this study.

Similar to previous results for H9N2 viruses from Pak-
istan, phylogenetic analysis showed that all HA and NA 
genes from specimens collected during 2014–2016 contin-
ued to belong to the G1 lineage, and all HA genes clustered 
within the Middle East B clade. Viruses isolated during this 
study show continued evolution, as shown by phylogenies 
that demonstrated drift of subclades away from previous 
isolates (Appendix Figures 1–3). BLASTn (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) comparisons for each gene 
segment of the 2014–2016 viruses against National Cen-
ter for Biotechnology Information (https://www.ncbi.nlm.
nih.gov) and GISAID (https://www.gisaid.org) databases 
showed the closest related viruses to be previous isolates 
from Pakistan, which had >95% nucleotide homology, sug-
gesting continuous in situ evolution.

Comparison of maximum pairwise nucleotide differ-
ences between viruses isolated during 2014–2016 showed 
variable genetic diversity within each gene segment. Seg-
ment 8 (nonstructural) showed the greatest diversity (7% 
nucleotide difference), and segment 5 (nucleoprotein) 
showed the least diversity (2% nucleotide difference). In 
many instances, this diversity could be attributed to a small 
subset of sequenced viruses: when these segments were 
removed from the pairwise comparison, virus diversity 
was reduced. Diversity of gene segments of these outlier 
viruses that was affected (Appendix Figures 1–3) decreased 
for gene segments affected from 7% to 2.6% for nonstruc-
tural, from 6.1% to 1.1% for polymerase basic 2, and from 
6.4% to 2% for HA. Diversity of gene segments remained 
constant even after removal of those outlier viruses from 
the pairwise comparison: polymerase basic 1, 4.5%; poly-
merase acidic, 4.5%; nucleoprotein, 2%; NA, 4.8%; and 
matrix, 5.5%.

It has previously been shown that H9N2 viruses in 
Pakistan are reassortants between G1 lineage H9N2 and 
either H7N3 or clade 2.2 H5N1 subtype viruses (16). All 
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internal genes of viruses isolated in this study clustered 
with the H7N3 virus isolate A/chicken/Pakistan/NARC-
100/2004, indicating that this genotype had become 
predominant in Pakistan. We found no evidence of further 
intersubtype reassortment.

Using viruses for which we had full-genome se-
quences and a >2% nt difference cutoff for each segment, 
we found that viruses isolated during 2014–2016 could be 
divided into 7 distinct genotypes (Appendix Figures 1–3). 
Genotypes PK1 and PK2 showed variable intrasubtype re-
assortment between H9N2 viruses circulating in Pakistan, 
as shown by phylogenetic incongruence for some genes. 
Similar patterns of reassortment have been found in Viet-
nam and China (15,39). PK3 showed less intrasubtype re-
assortment than PK1 and PK2.

Molecular Characteristics of H9N2 Viruses  
Isolated during 2014–2016
Influenza virus HA requires activation by host proteases 
at a conserved cleavage site between the HA1 and HA2 
subunits. This site is a key determinant of pathogenicity 
in avian species and describes the switch between low 
pathogenicity and highly pathogenic avian influenza 
viruses. Low pathogenicity avian influenza viruses contain 
monobasic cleavage sites, and highly pathogenic avian 
influenza viruses contain polybasic cleavage sites (40). All 
H9 HA cleavage sites we sequenced were either KSNR/
GLF (10/55) or KSSR/GLF (45/55); viruses containing 
KSNR/GLF grouped in the PK3 genotype. Previously, 
HA of H9N2 viruses from Pakistan could be separated 
into 2 groups containing either KSSR/GLF or RSSR/
GLF cleavage sites (16), indicating that the KSSR motif 
has persisted and undergone some evolution to KSNR. 
These motifs are dibasic and unlikely to be susceptible to 

activation by endogenous furin-like proteases, leading to 
classification of these viruses as low pathogenicity avian 
influenza viruses. However, such dibasic motifs have been 
described as being susceptible to an extended group of 
proteases present in a wider range of tissues, potentially 
enabling these viruses to show increased tissue tropism and 
pathogenicity (41).

All viruses we sequenced in this study contained HA 
L216, which has been associated with mammalian tropism 
of H9N2 viruses (32). However, recent evidence suggests 
that L216 alone is a poor marker for human-like receptor-
binding preference in H9N2 viruses without considering 
surrounding amino acids, notably at positions 180 and 217 
(17). All viruses sequenced contained I217; 52 viruses 
contained A180 and 3 contained T180.

Antigenic Characterization of H9N2 Viruses  
from Pakistan
To assess antigenic diversity of the 2014–2016 H9N2 virus 
subtype population (referred to as contemporary viruses), 
we compared amino acid sequences of HA to identify sub-
stitutions in the surface of HA1 (Figure 1). We cloned HA 
of a 2016 isolate (SKP-827/16) and used it as a backbone 
to introduce amino acid substitutions by site-directed mu-
tagenesis, which represented the surface diversity of HA1 
of the viruses isolated during 2014–2016. Viruses rescued 
by reverse genetics (RG) differed by only 1 or 2 aa sub-
stitutions that reflected diversity seen between individual 
sequenced isolates. We then assessed HI titers of viruses 
isolated during 2014–2016 by using chicken postinfec-
tion polyclonal antiserum raised against the closely related 
Pakistan 2008 isolate UDL-01/08. Most viruses were in-
hibited at titers equivalent to that with the homologous 
UDL-01/08 virus, but we observed 4-fold reductions in 

Figure 1. Genotypes of 
influenza A(H9N2) viruses 
from Pakistan. Full-genome 
sequences of 43 contemporary 
H9N2 avian influenza viruses 
from Pakistan were used to 
generate 7 unique genotypes, 
designated PK1–PK7. Each 
circle represents a genotype, 
and n values indicate the total 
number of viruses assigned 
to the given genotype. Each 
line within a circle represents 
a virus gene segment, and 
different segment colors 
between the same gene 
correspond to a >2% nucleotide 
difference. Black indicates wild-
type virus genes; red, green, 
and purple indicate mutated 
genes. HA, hemagglutinin; M, 
matrix; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic; PB, polymerase basic. 
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HI titers for viruses containing the HA A180T substitu-
tion (Table 1). We observed the same effect when the HA 
A180T substitution was introduced into wild-type UDL-
01/08. Wild-type SKP-827/16 naturally has HA T180, 
and a 4-fold increase in microneutralization (MNT) titer 
with antiserum raised against UDL-01/08 was seen when 
the T180A substitution was introduced, again indicating 
that this residue alone was responsible for most antigenic 
diversity in the sequenced viruses. Conversely, for the 
UDL-01/08 virus, the A180T substitution caused a 3-fold 
reduction in MNT titer compared with the titer that had the 
homologous virus (Table 2).

V180 has also been identified as a potential modulator 
of receptor binding (35) because the HA A180T substitu-
tion caused a major reduction in HI titer with antiserum 
raised against UDL-01/08. Thus, we assessed whether the 
A180V substitution had the same effect. Introduction of the 
HA V180 substitution into UDL-01/08 and SKP-827/16 
RG viruses caused 4-fold greater reductions in HI titer by 
antiserum raised against UDL-01/08 than for parental RG 
viruses (Table 1). In a similar fashion, we found a 3-fold 
greater reduction in MNT titer for virus SKP-827/16 con-
taining the T180V substitution and a >6-fold greater re-
duction in MNT titer for virus UDL-01/08 containing the 
A180V substitution than for titers with respective paren-
tal RG viruses (Table 2). Our results showed that A180V 
and A180T substitutions were sufficient to produce virus 
neutralization escape variants, as assessed by HI and MNT  

assays, when using postinfection polyclonal antiserum 
raised against UDL-01/08, which contains HA A180 and 
which recognizes epitopes in 2 discrete antigenic sites (42).

Determination of Receptor-Binding Avidity  
by Residue 180
The HA RBS is located on the head domain of HA1 
and is responsible for recognition of sialylated host cell 
receptors (27). To assess the receptor-binding avidity of 
the 2014–2016 virus population, we identified amino acid 
substitutions located within the RBS (Figure 2). The only 
amino acid variation within the RBS of the 2014–2016 
viruses was residue A/T180; thus, we generated 3 RG 
viruses with the HA genes of wild-type SKP-827/16, 
which naturally contains T180, and viruses A/chicken/LH-
55/2014 (LH-55/14) and A/chicken/SKP-989/2015 (SKP-
989/15), which contain A180. All 3 viruses have L216 and 
I217. We used biolayer interferometry (31) to characterize 
the receptor-binding profiles of these viruses and compared 
them with those of UDL-01/08. LH-55/14 and SKP-989/15, 
with A180, had UDL-01/08-like receptor-binding profiles, 
and SKP-827/16, with T180, showed increased receptor-
binding avidity for all tested receptor analogs, including an 
increase in human-receptor binding (Figure 3).

We then used biolayer interferometry on our previ-
ously generated UDL-01/08 and SKP-827/16 RG viruses 
containing A/T/V180 substitutions to define the effect 
of residue 180. Within the UDL-01/08 backbone, which 
naturally has A180, A180T caused an ≈50-fold increased 
binding avidity for 3SLN(6Su) and a >10-fold increased 
binding to 6SLN. A180V caused an ≈1,000-fold increased 
binding of 3SLN(6Su) and a >20-fold increased binding 
of 6SLN (Figure 4, panels A, B). Within the SKP-827/16 
backbone, which naturally has T180, T180A caused an 
≈30-fold decrease in binding to 3SLN(6Su) and a complete 
loss of quantifiable binding to 6SLN and 3SLN; T180V 
caused an ≈130-fold increase in binding to 3SLN(6Su), 
an ≈4-fold increase in binding to 6SLN, and detectable  

 
Table 1. Change in HI titers of influenza A(H9N2) viruses from 
Pakistan during 2014–2016 viruses compared to UDL-01/08 
virus* 
HA backbone and substitution Fold change in HI titer (titer)† 
SKP-827/16  
 I116L – (2,048) 
 P118S – (2,048) 
 S134L – (2,048) 
 N135D – (2,048) 
 N148S – (2,048) 
 A156V 1‡ (4,096) 
 R162Q + D262N – (2,048) 
 G163E – (2,048) 
 K164N 1‡ (4,096) 
 180T 4 (128) 
 A180T + K164N 4 (128) 
 A180V 4 (128) 
 N198D (2,048) 
 D262N (2,048) 
 S265I  1‡ (4,096) 
UDL-01/08  
 A180T 4 (128) 
 A180V 4 (128) 
*Postinfection polyclonal antiserum raised in a single chicken inoculated 
with UDL-01/08 was used in all HI assays. Amino acid substitutions were 
introduced into a contemporary virus HA backbone (SKP-827/16 with 
A180) or the UDL-01/08 HA backbone and rescued by reverse genetics. 
HI titers between contemporary viruses and UDL-01/08 virus were 
compared. HA, hemagglutinin; HI, hemagglutination inhibition; –, no 
change.  
†The homologous HI titer for UDL-01/08 antiserum was 2,048. 
‡Indicates fold decrease compared with UDL-01/08. 

 

 
Table 2. Changes in MNT titers influenza A(H9N2) viruses with 
HA A/T/V180 substitutions* 
HA backbone and substitution Fold change in MNT titer (titer)† 
SKP-827/16  
 T180A 4‡ (1,024) 
 T180V 3§ (4) 
UDL-01/08  
 A180T 3§  (32) 
 A180V >6§  (2) 
*MNT assays were conducted by using antiserum raised against UDL-
01/08 as before and RG viruses at 100 50% tissue culture infectious 
doses. Wild-type virus UDL-01/08 was compared to UDL-01/08 HA 
backbone variants with A180T and A180V substitutions, and wild-type 
virus SKP-827/16 was compared with SKP-827/16 HA backbone variants 
with T180A and T180V substitutions. HA, hemagglutinin; MNT, 
microneutralization. 
†The homologous MNT titer for UDL-01/08 antiserum was 256. 
‡Value indicates fold increase,  
§Values indicate fold decrease. 
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binding to 3SLN (Figure 4, panels C, D). These results in-
dicated that A180T/V increases the receptor-binding avid-
ity toward all sialylated receptor analogs tested and suggest 
that the receptor-binding phenotype of wild-type UDL-
01/08 could become SKP-827/16-like through substituting 
A180, and vice versa.

Requirement of Enhanced Sialidase Activity by 
Viruses with Enhanced Binding Avidity for Elution 
from Erythrocytes
For new virions to be released from the surface of infected 
cells, the NA glycoprotein must have sufficient sialidase 
activity to outcompete the receptor-binding ability of its 
cognate HA; this equilibrium is known as HA–NA balance. 
We investigated A/T180A/T/V variants for their ability 
to elute from erythrocytes of different species. We used 
an adapted erythrocyte elution assay whereby different 
concentrations of bacterial receptor-destroying enzyme 
(RDE) were added to virus-hemagglutinated erythrocytes 
and elution monitored for 24 h at 37°C. This assay showed 

that viruses containing A180 eluted most rapidly, at earlier 
time points and lower concentrations of RDE than T/
V180 viruses, indicating lower receptor avidity (Figure 5). 
Elution of V180 variants from chicken erythrocytes did 
not occur even at the highest tested RDE concentration 
after 24 h of incubation (Figure 5, panel B). Elution from 
guinea pig erythrocytes was minimal for T180 and V180 
variants for which detectable elution only occurred after 
24 h at the highest RDE concentrations (Figure 5, panel 
C). After 24 h incubation, elution from canine erythrocytes 
was complete for 5 of the test viruses for at least the top 4 
RDE concentrations, but the SKP-827/16 T180 variant did 
not elute even at the highest concentration of RDE (Figure 
5, panel A). In agreement with results of receptor-binding 
assays, we found that viruses with T/V180 have higher 
avidity toward sialylated receptors that naturally occur 
on erythrocytes and therefore require more time or better 
matched sialidase activity to elute efficiently. A control 
containing virus-hemagglutinated erythrocytes with no 
RDE treatment was included to show that, by 24 h, viruses 
containing A180 eluted from guinea pig and chicken 
erythrocytes but not from canine erythrocytes.

Effects of Receptor-Binding Avidity on  
Replication In Vitro
To evaluate further the effect on virus replication of the A/T/
V180 viruses and variants, we assessed the propagation for 
each of our viruses by using mammalian and avian cell cul-
tures: MDCKs, MDCK-SIAT1, and primary chicken kidney 
cells. These cell types express a mixture of α2,3- and α2,6-
linked SA, making them suitable for assessing the correlation 
between growth kinetics and receptor binding (45). Viruses 
with HA T180 or V180 that showed greater receptor-binding 
avidities replicated to lower titers than did viruses with HA 
A180 for all cell types (Figure 6). However, at later time 
points in MDCK-SIAT1 cells, UDL-01/08 A180V replicated 
to comparable titers with UDL-01/08 A180. These differenc-
es in replication efficiency were reflected in MDCK plaque 
morphology: HA T180 or V180 produced smaller plaque 
sizes than viruses with HA A180 (Figure 7). This morphol-
ogy could be seen for the UDL-01/08 and the SKP-827/16 HA 
backbones in a manner consistent with other avidity increas-
ing amino acid substitutions in H9 virus subtype HAs (46).

Discussion
To effectively control enzootic avian influenza virus in-
fections, it is vital to perform poultry surveillance and 
virus characterization to inform vaccine composition and 
use and warn of potential pathogenic or zoonotic threats. 
The data generated in our study showed that only H9N2 
avian influenza viruses were detected among poultry in 
Pakistan and, although genetically diverse, these viruses 
were distinct from H9N2 viruses in neighboring countries,  

Figure 2. A) H9 HA monomer showing position of each amino 
acid substitution on the surface of HA1 of contemporary avian 
influenza A(H9N2) viruses isolated from Pakistan. HA1 is shown 
in light gray, HA2 in dark gray, receptor binding site in red, 
previously identified antigenic sites in green and blue (42,43), and 
substituted residues identified in this study in yellow. Residue 180 
is shown in magenta. B) aa alignment of the HA coding region 
was used to identify substituted residues within the 2014–2016 
population of Pakistan viruses. Shown is the crystal structure of 
swine H9 hemagglutinin PDB ID:1JSD (44), which was drawn by 
using PyMol software (https://pymol.org/2). Matrix diagram shows 
diversity of HA1 surface substitutions and the total number of 
viruses with a given substitution. Mature H9 numbering is used 
throughout. aa, amino acid; HA, hemagglutinin.
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implying in situ evolution rather than continuous cross-
border spread. Furthermore, H9N2 avian influenza viruses 
from Pakistan retain internal gene cassettes that are partial-
ly derived from an H7N3 virus from Pakistan. Of particular 
concern is the detection of genotype PK3, which includes 
viruses that naturally have T180 in HA1, a dibasic motif at 
the HA cleavage site and truncated polymerase basic 1–F2 
(Appendix). We have shown that the A180T substitution 
causes these viruses to be antigenically distinct from other 
contemporary H9N2 viruses in Pakistan, possibly lead-
ing to escape from vaccine-induced immunity. Moreover, 
T180 facilitates virus binding to human-like receptors, thus 
highlighting enhanced zoonotic potential.

Protective immunity generated by infection or con-
ventional inactivated influenza vaccines is mediated 
though neutralizing antibodies against the major influenza 
antigen HA. However, viruses are able to evade neutral-
ization by these antibodies through a process known as 
antigenic drift in human influenza viruses, whereby cer-
tain amino acid substitutions in HA are selected that di-
rectly prevent antibody binding (27,42,47). Although the 
mechanism of antigenic drift in avian influenza virus is 
poorly understood, there is evidence of comparable driv-
ers of antigenic drift, whereby amino acid substitutions 
around the HA RBS decrease HI antibody titers (48). An 
alternative antibody escape mechanism proposed to be 

Figure 3. Receptor-binding 
profiles of wild-type influenza 
A(H9N2) viruses from Pakistan. 
Wild-type UDL-01/08 virus and 3 
contemporary wild-type viruses 
were generated by using reverse 
genetics, and receptor-binding to 
3 receptor analogs was assayed 
by using biolayer interferometry. 
Sugars tested were 3SLN(6Su) 
(green), 6SLN (blue), and 
3SLN (red). A) H9N2 A/chicken/
Pakistan/UDL-01/2008; B) H9N2 
A/chicken/LH-55/2014; C) H9N2 
A/chicken/SKP-989/2015; D) 
H9N2 A/chicken/SKP-827/2016.

Figure 4. Receptor-binding 
profiles of influenza A(H9N2) 
virus isolates from Pakistan with 
HA residue 180 substitutions. A, 
B) UDL-01/08 viruses containing 
A180T/V substitutions: A) 
H9N2 A/chicken/Pakistan/UDL-
10/2008 A180T; B) H9N2 A/
chicken/Pakistan/UDL-10/2008 
A180V. C, D) SKP-827/16 
viruses containing T180A/V 
substitutions: C) H9N2 A/chicken/
Pakistan/SKP-227/2016 T180A; 
D) H9N2 A/chicken/Pakistan/
SKP-227/2016 T180V. Dashed 
lines indicate binding profiles of 
wild-type viruses UDL-01/08 with 
A180 and SKP-827/16 with T180, 
and solid lines indicate binding 
profiles of variant viruses. HA, 
hemagglutinin. 
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used by influenza viruses is to increase receptor-binding 
avidity, enabling HA–SA interactions to outcompete in-
hibition by neutralizing antibodies (49,50). In this study, 
we describe avian influenza A(H9N2) viruses that exhibit 
characteristics of adsorptive mutants in the field, and re-
cently circulating viruses isolated from the field with HA 
amino acid substitutions that enhance binding avidity to-
ward several different receptor analogs and have reduced 
HI and MNT titers compared with older viruses, thereby 
linking receptor-binding avidity to antigenicity. We also 
showed that HA A180T/V substitutions provide H9N2 
viruses with enhanced binding to a human-like 6SLN re-
ceptor analog, although these viruses preferentially bind 
the avian-like 3SLN(6Su) receptor analog. This enhanced 
binding to 6SLN could enhance zoonotic potential of avi-
an influenza viruses and further highlights the role of HA 
residue 180 as a marker for mammalian adaptation.

The ability to escape neutralization through enhanced 
receptor-binding avidity might come at a fitness cost. Virus 
replication of high-avidity viruses and mutants was attenu-
ated in tested cell lines. An explanation for this finding might 
be an imbalance in the receptor-binding/cleaving synergy 
between virus HA and NA; additional HA or NA mutations 
might be required to rescue the attenuation observed in HA 
T180 and V180 viruses. Previous studies have investigated 
the role of residue V180 in mammalian adaptation of H9N2 
avian influenza viruses (20,35,36). Teng et al. showed 
that viruses containing V180 had enhanced replication in 
mouse lungs and preferential receptor-binding toward α2,6-
linked SA compared with α2,3-linked SA, highlighting 
their inherent ability to bind human-like receptors, which 

could be possibly attributed to possession of HA L216 (35). 
However, the 3SLN(6Su) receptor analog was not tested by 
Teng et al., and it is likely that their viruses would have 
binding preference for this avian-like receptor (17). Each of 
the viruses examined contained a 3-aa deletion in the stalk 
region of the NA glycoprotein, similar to that previously 
shown in H9N2 viruses with enhanced NA activity (25). All 
experiments conducted in our study used full-length wild-
type UDL-01/08 NA (no stalk deletion), which is naturally 
paired with UDL-01/08 HA containing A180 and might not 
be well matched with viruses containing HA T/V180.

Yang et al. (36) showed that passage of an avian influ-
enza A(H9N2) virus in differentiated swine airway epithe-
lial cells led to an HA A180V substitution that facilitated 
α2,6-linked SA binding compare with that of parental vi-
rus, which preferentially bound α2,3-linked SA. However, 
these viruses did not show enhanced replication in porcine 
cell culture and did not have stalk deletions within the NA 
glycoprotein (36). Chan et al. showed attenuated growth in 
human lung organ culture of a human H9N2 virus contain-
ing HA V180 than in isolates containing D/E180 (20). These 
viruses also did not have any NA stalk deletions. Thus, we 
postulate that the ability of an H9N2 avian influenza virus 
containing HA T/V180 to cause efficient infection is at least 
partially dependent on a stalk deletion within its cognate NA 
glycoprotein, thus making HA residue 180 a good molecular 
marker for mammalian adaptation when considered along-
side an appropriate NA. We aligned NA glycoproteins from 
viruses generated in this study and from aforementioned 
studies, but found that no additional modifications could be 
correlated with A/T/V180.

Figure 5. Elution of influenza 
A(H9N2) viruses (UDL-01/08 
and SKP-827/16 A/T/V180) from 
Pakistan from erythrocytes. Virus 
elution was recorded at 1, 2, 3, 4, 
5, 6, and 24 hours posttreatment 
with bacterial receptor-destroying 
enzyme. Points plotted indicate 
hour at which full loss of 
hemagglutination was achieved 
for each concentration of 
receptor-destroying enzyme. 
A) Canine erythrocyte elution 
with UDL and 827 A/T/V180; 
B) chicken erythrocyte elution 
with UDL and 827 A/T/V180; C) 
guinea pig erythrocyte elution 
with UDL and 827 A/T/V180. 
mgP, milligram of protein.



RESEARCH

70 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

Figure 6. Replication kinetics 
of influenza A(H9N2) viruses 
from Pakistan in CKC, MDCK, 
and MDCK-SIAT1 cells. A, C, E) 
Replication in CKC, MDCK, and 
MDCK-SIAT1 cells of UDL-01/08 
viruses containing A/T/V180 
substitutions; B, D, F) replication 
in CKC, MDCK, and MDCK-SIAT1 
cells of SKP-827/16 viruses 
containing A/T/V180 substitutions. 
Virus supernatants were titrated 
by plaque assay in MDCK cells 
by using culture supernatants 
harvested at 12, 24, 48, and 72 
hours postinoculation. One-way 
analysis of variance with multiple 
comparisons was used to compare 
virus titers from each time point. 
A) CKC growth curve: A/chicken/
UDL-01/2008 A/T/V/180; B) CKC 
growth curve: A/chicken/Pakistan/
SKP-827/2016 A/T/V/180; C) 
MDCK growth curve: A/chicken/
UDL-01/2008 A/T/V/180; D) MDCK 
growth curve: A/chicken/Pakistan/
SKP-827/2016 A/T/V/180; E) 
SIAT1 growth curve: A/chicken/
Pakistan/UDL-01/2008 A/T/V/180; 
F) SIAT1 growth curve: A/chicken/
Pakistan/SKP-827/2016 A/T/V/180. 
*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001).

Figure 7. Plaque phenotype of influenza 
A(H9N2) viruses in UDL-01/08 and  
SKP-827/16 A/T/V180 variants in MDCK 
cells. A) Plaque morphology of wild-type 
UDL-01/08 (containing A180) and SKP-
827/16 (containing T180) viruses and 
variants containing A/T/V180 substitutions. B, 
C) 30 plaques were selected for each virus, 
and ImageJ software (https://imagej.nih.gov/
ij) was used to measure plaque diameter. 
Comparisons were conducted between 
viruses of the same hemagglutinin backbone 
with different substitutions (A/T/V180). Error 
bars indicate SEM. ***p<0.001; ****p<0.0001.
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In conclusion, we have assessed the pathogenic and 
zoonotic risks posed by enzootic influenza A(H9N2) 
viruses in Pakistan by characterizing field isolates. Because 
of circulation of viruses with potential to escape vaccine-
induced immunity, regular updating of vaccines to match 
circulating strains and protect poultry is needed in Pakistan. 
Furthermore, isolation of viruses from the G1 lineage 
with enhanced human receptor-binding avidity warrants 
continued surveillance for poultry and persons working 
with or near poultry.

Acknowledgments
We thank the veterinary staff and students at the University of 
Veterinary and Animal Sciences in Lahore, Pakistan, for their 
sample collection from poultry farms in Pakistan and  
Steve Martin for allowing us to use his Octet analysis software.

This study was supported by Biotechnology and Biological 
Sciences Research Council (BBSRC) Zoonoses and Emerging 
Livestock Systems (ZELS) Zoonoses and Emerging Livestock 
Systems (ZELS) award no. BB/L018853/1, BBSRC ZELS-AS 
award no. BB/N503563/1, BBSRC award no. BBS/E/I/0000198, 
BBSRC ISPG award no. BBS/E/I/00007034, BBS/E/I/00007035, 
BBS/E/I/00007038, and BBS/E/I/00007039; Cancer Research 
UK (FC001030); the Medical Research Council (FC001030); 
and the Wellcome Trust (FC001030).

About the Author
Dr. Sealy is a doctoral student at The Pirbright Institute,  
Pirbright, UK. His research interests include evolution of  
influenza viruses and the effects that molecular changes have on 
virus fitness and the propensity to persist and spread.

References
  1. Dalby AR, Iqbal M. A global phylogenetic analysis in order to 

determine the host species and geography dependent features 
present in the evolution of avian H9N2 influenza hemagglutinin. 
PeerJ. 2014;2:e655. http://dx.doi.org/10.7717/peerj.655

  2. Chen B, Zhang Z, Chen W. The study of avian influenza: I. The 
isolation and preliminary serological identification of avian 
influenza virus in chicken [in Chinese]. Chinese Journal of 
Veterinary Medicine 1994;20:3–5.

  3. Zecchin B, Minoungou G, Fusaro A, Moctar S,  
Ouedraogo-Kaboré A, Schivo A, et al. Influenza A (H9N2) virus, 
Burkina Faso. Emerg Infect Dis. 2017;23:2118–9. http://dx.doi.org/ 
10.3201/eid2312.171294

  4. Aamir UB, Wernery U, Ilyushina N, Webster RG. Characterization 
of avian H9N2 influenza viruses from United Arab Emirates 2000 
to 2003. Virology. 2007;361:45–55. http://dx.doi.org/10.1016/ 
j.virol.2006.10.037

  5. Alexander DJ. Report on avian influenza in the Eastern  
Hemisphere during 1997–2002. Avian Dis. 2003;47(Suppl):792–7. 
http://dx.doi.org/10.1637/0005-2086-47.s3.792

  6. Kim JA, Cho SH, Kim HS, Seo SH. H9N2 influenza viruses 
isolated from poultry in Korean live bird markets continuously 
evolve and cause the severe clinical signs in layers. Vet Microbiol. 
2006;118:169–76. http://dx.doi.org/10.1016/j.vetmic.2006.07.007

  7. Lindh E, Ek-Kommonen C, Väänänen V-M, Vaheri A, Vapalahti O, 
Huovilainen A. Molecular epidemiology of H9N2 influenza  
viruses in northern Europe. Vet Microbiol. 2014;172:548–54.  
http://dx.doi.org/10.1016/j.vetmic.2014.06.020

  8. Monne I, Hussein HA, Fusaro A, Valastro V, Hamoud MM, 
Khalefa RA, et al. H9N2 influenza A virus circulates in H5N1 
endemically infected poultry population in Egypt. Influenza  
Other Respi Viruses. 2013;7:240–3. http://dx.doi.org/10.1111/
j.1750-2659.2012.00399.x

  9. Naeem K, Siddique N, Ayaz M, Jalalee MA. Avian influenza in 
Pakistan: outbreaks of low- and high-pathogenicity avian influenza 
in Pakistan during 2003–2006. Avian Dis. 2007;51(Suppl):189–93. 
http://dx.doi.org/10.1637/7617-042506R.1

10. Butt KM, Smith GJ, Chen H, Zhang LJ, Leung YH, Xu KM,  
et al. Human infection with an avian H9N2 influenza A virus in 
Hong Kong in 2003. J Clin Microbiol. 2005;43:5760–7.  
http://dx.doi.org/10.1128/JCM.43.11.5760-5767.2005

11. Huang Y, Li X, Zhang H, Chen B, Jiang Y, Yang L, et al. Human 
infection with an avian influenza A (H9N2) virus in the middle 
region of China. J Med Virol. 2015;87:1641–8. http://dx.doi.org/ 
10.1002/jmv.24231

12. Khan SU, Anderson BD, Heil GL, Liang S, Gray GC. A systematic 
review and meta-analysis of the seroprevalence of influenza A 
(H9N2) infection among humans. J Infect Dis. 2015;212:562–9. 
http://dx.doi.org/10.1093/infdis/jiv109

13. Pawar SD, Tandale BV, Raut CG, Parkhi SS, Barde TD, Gurav YK, 
et al. Avian influenza H9N2 seroprevalence among poultry workers 
in Pune, India, 2010. PLoS One. 2012;7:e36374. http://dx.doi.org/ 
10.1371/journal.pone.0036374

14. Hoa LN, Tuan NA, My PH, Huong TT, Chi NT, Hau Thu TT,  
et al.; The Vizions Consortium. Assessing evidence for avian-to-
human transmission of influenza A/H9N2 virus in rural farming 
communities in northern Vietnam. J Gen Virol. 2017;98:2011–6. 
http://dx.doi.org/10.1099/jgv.0.000877

15. Thuy DM, Peacock TP, Bich VT, Fabrizio T, Hoang DN, Tho ND, 
et al. Prevalence and diversity of H9N2 avian influenza in chickens 
of northern Vietnam, 2014. Infect Genet Evol. 2016;44(suppl 
C):530–40. http://dx.doi.org/10.1016/j.meegid.2016.06.038

16. Iqbal M, Yaqub T, Reddy K, McCauley JW. Novel genotypes 
of H9N2 influenza A viruses isolated from poultry in Pakistan 
containing NS genes similar to highly pathogenic H7N3 and H5N1 
viruses. PLoS One. 2009;4:e5788. http://dx.doi.org/10.1371/
journal.pone.0005788

17. Peacock TP, Benton DJ, Sadeyen J-R, Chang P, Sealy JE, 
Bryant JE, et al. Variability in H9N2 haemagglutinin receptor-
binding preference and the pH of fusion. Emerg Microbes Infect. 
2017;6:e11. http://dx.doi.org/10.1038/emi.2016.139

18. Taubenberger JK, Reid AH, Lourens RM, Wang R, Jin G,  
Fanning TG. Characterization of the 1918 influenza virus 
polymerase genes. Nature. 2005;437:889–93. http://dx.doi.org/ 
10.1038/nature04230

19. Rogers GN, Paulson JC, Daniels RS, Skehel JJ, Wilson IA,  
Wiley DC. Single amino acid substitutions in influenza 
haemagglutinin change receptor binding specificity. Nature. 
1983;304:76–8. http://dx.doi.org/10.1038/304076a0

20. Chan RW, Chan LL, Mok CK, Lai J, Tao KP, Obadan A, et al. 
Replication of H9 influenza viruses in the human ex vivo respiratory 
tract, and the influence of neuraminidase on virus release. Sci Rep. 
2017;7:6208. http://dx.doi.org/10.1038/s41598-017-05853-5

21. Seo SH, Hoffmann E, Webster RG. Lethal H5N1 influenza viruses 
escape host anti-viral cytokine responses. Nat Med. 2002;8:950–4. 
http://dx.doi.org/10.1038/nm757

22. Cui L, Liu D, Shi W, Pan J, Qi X, Li X, et al. Dynamic 
reassortments and genetic heterogeneity of the human-infecting 
influenza A (H7N9) virus. Nat Commun. 2014;5:3142.  
http://dx.doi.org/10.1038/ncomms4142



RESEARCH

72 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

23. Cameron KR, Gregory V, Banks J, Brown IH, Alexander DJ,  
Hay AJ, et al. H9N2 subtype influenza A viruses in poultry in 
Pakistan are closely related to the H9N2 viruses responsible for 
human infection in Hong Kong. Virology. 2000;278:36–41.  
http://dx.doi.org/10.1006/viro.2000.0585

24. Mitnaul LJ, Matrosovich MN, Castrucci MR, Tuzikov AB,  
Bovin NV, Kobasa D, et al. Balanced hemagglutinin and 
neuraminidase activities are critical for efficient replication of 
influenza A virus. J Virol. 2000;74:6015–20. http://dx.doi.org/ 
10.1128/JVI.74.13.6015-6020.2000

25. Sun Y, Tan Y, Wei K, Sun H, Shi Y, Pu J, et al. Amino acid 316 
of hemagglutinin and the neuraminidase stalk length influence 
virulence of H9N2 influenza virus in chickens and mice. J Virol. 
2013;87:2963–8. http://dx.doi.org/10.1128/JVI.02688-12

26. Baigent SJ, McCauley JW. Influenza type A in humans, mammals 
and birds: determinants of virus virulence, host-range and 
interspecies transmission. BioEssays. 2003;25:657–71.  
http://dx.doi.org/10.1002/bies.10303

27. Skehel JJ, Wiley DC. Receptor binding and membrane fusion in virus 
entry: the influenza hemagglutinin. Annu Rev Biochem. 2000;69: 
531–69. http://dx.doi.org/10.1146/annurev.biochem.69.1.531

28. Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y. 
Avian flu: influenza virus receptors in the human airway. Nature. 
2006;440:435–6. http://dx.doi.org/10.1038/440435a

29. Connor RJ, Kawaoka Y, Webster RG, Paulson JC. Receptor 
specificity in human, avian, and equine H2 and H3 influenza virus 
isolates. Virology. 1994;205:17–23. http://dx.doi.org/10.1006/
viro.1994.1615

30. França M, Stallknecht DE, Howerth EW. Expression and distribution 
of sialic acid influenza virus receptors in wild birds. Avian Pathol. 
2013;42:60–71. http://dx.doi.org/10.1080/03079457.2012.759176

31. Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ,  
Vachieri SG, et al. Evolution of the receptor binding properties of 
the influenza A(H3N2) hemagglutinin. Proc Natl Acad Sci U S A. 
2012;109:21474–9. http://dx.doi.org/10.1073/pnas.1218841110

32. Wan H, Perez DR. Amino acid 226 in the hemagglutinin of H9N2 
influenza viruses determines cell tropism and replication in human 
airway epithelial cells. J Virol. 2007;81:5181–91. http://dx.doi.org/ 
10.1128/JVI.02827-06

33. Sang X, Wang A, Ding J, Kong H, Gao X, Li L, et al. Adaptation of 
H9N2 AIV in guinea pigs enables efficient transmission by direct 
contact and inefficient transmission by respiratory droplets. Sci 
Rep. 2015;5:15928. http://dx.doi.org/10.1038/srep15928

34. Gambaryan AS, Tuzikov AB, Pazynina GV, Desheva JA,  
Bovin NV, Matrosovich MN, et al. 6-sulfo sialyl Lewis X is the 
common receptor determinant recognized by H5, H6, H7 and H9 
influenza viruses of terrestrial poultry. Virol J. 2008;5:85.  
http://dx.doi.org/ 10.1186/1743-422X-5-85

35. Teng Q, Xu D, Shen W, Liu Q, Rong G, Li X, et al. A single 
mutation at position 190 in hemagglutinin enhances binding  
affinity for human type sialic acid receptor and replication of  
H9N2 avian influenza virus in mice. J Virol. 2016;90:9806–25. 
http://dx.doi.org/10.1128/JVI.01141-16

36. Yang W, Punyadarsaniya D, Lambertz RL, Lee DC, Liang CH, 
Höper D, et al. Mutations during the adaptation of H9N2 avian 
influenza virus to the respiratory epithelium of pigs enhance 
sialic acid binding activity and virulence in mice. J Virol. 
2017;91:e02125–16. http://dx.doi.org/10.1128/JVI.02125-16

37. Naeem K, Ullah A, Manvell RJ, Alexander DJ. Avian influenza 
A subtype H9N2 in poultry in Pakistan. Vet Rec. 1999;145:560. 
http://dx.doi.org/10.1136/vr.145.19.560

38. Shanmuganatham K, Feeroz MM, Jones-Engel L, Walker D,  
Alam S, Hasan M, et al. Genesis of avian influenza H9N2 in 

Bangladesh. Emerg Microbes Infect. 2014;3:e88. http://dx.doi.org/ 
10.1038/emi.2014.84

39. Pu J, Wang S, Yin Y, Zhang G, Carter RA, Wang J, et al.  
Evolution of the H9N2 influenza genotype that facilitated the 
genesis of the novel H7N9 virus. Proc Natl Acad Sci U S A. 
2015;112:548–53. http://dx.doi.org/10.1073/pnas.1422456112

40. Chen J, Lee KH, Steinhauer DA, Stevens DJ, Skehel JJ,  
Wiley DC. Structure of the hemagglutinin precursor cleavage site, 
a determinant of influenza pathogenicity and the origin of the labile 
conformation. Cell. 1998;95:409–17. http://dx.doi.org/10.1016/
S0092-8674(00)81771-7

41. Baron J, Tarnow C, Mayoli-Nüssle D, Schilling E, Meyer D, 
Hammami M, et al. Matriptase, HAT, and TMPRSS2 activate the 
hemagglutinin of H9N2 influenza A viruses. J Virol. 2013;87: 
1811–20. http://dx.doi.org/10.1128/JVI.02320-12

42. Peacock T, Reddy K, James J, Adamiak B, Barclay W, 
Shelton H, et al. Antigenic mapping of an H9N2 avian influenza 
virus reveals two discrete antigenic sites and a novel mechanism of 
immune escape. Sci Rep. 2016;6:18745. http://dx.doi.org/10.1038/
srep18745

43. Matrosovich M, Matrosovich T, Carr J, Roberts NA, Klenk H-D. 
Overexpression of the α-2,6-sialyltransferase in MDCK cells 
increases influenza virus sensitivity to neuraminidase inhibitors.  
J Virol. 2003;77:8418–25. http://dx.doi.org/10.1128/JVI.77.15. 
8418-8425.2003

44. Wiley DC, Skehel JJ. The structure and function of the 
hemagglutinin membrane glycoprotein of influenza virus.  
Annu Rev Biochem. 1987;56:365–94. http://dx.doi.org/10.1146/
annurev.bi.56.070187.002053

45. Ha Y, Stevens DJ, Skehel JJ, Wiley DC. X-ray structures of H5 
avian and H9 swine influenza virus hemagglutinins bound to 
avian and human receptor analogs. Proc Natl Acad Sci U S A. 
2001;98:11181–6. http://dx.doi.org/10.1073/pnas.201401198

46. Peacock TP, Benton DJ, James J, Sadeyen J-R, Chang P,  
Sealy JE, et al. Immune escape variants of H9N2 influenza  
viruses containing deletions at the haemagglutinin receptor 
binding site retain fitness in vivo and display enhanced zoonotic 
characteristics. J Virol. 2017;91:e002187–17. http://dx.doi.org/ 
10.1128/JVI.00218-17

47. Both GW, Sleigh MJ, Cox NJ, Kendal AP. Antigenic drift in 
influenza virus H3 hemagglutinin from 1968 to 1980: multiple 
evolutionary pathways and sequential amino acid changes at key 
antigenic sites. J Virol. 1983;48:52–60.

48. Cattoli G, Milani A, Temperton N, Zecchin B, Buratin A,  
Molesti E, et al. Antigenic drift in H5N1 avian influenza virus 
in poultry is driven by mutations in major antigenic sites of the 
hemagglutinin molecule analogous to those for human influenza 
virus. J Virol. 2011;85:8718–24. http://dx.doi.org/10.1128/
JVI.02403-10

49. Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, 
Jayaraman A, et al. Hemagglutinin receptor binding avidity drives 
influenza A virus antigenic drift. Science. 2009;326:734–6.  
http://dx.doi.org/10.1126/science.1178258

50. Li Y, Bostick DL, Sullivan CB, Myers JL, Griesemer SB,  
Stgeorge K, et al. Single hemagglutinin mutations that alter both 
antigenicity and receptor binding avidity influence influenza virus 
antigenic clustering. J Virol. 2013;87:9904–10. http://dx.doi.org/ 
10.1128/JVI.01023-13

Address for correspondence: Munir Iqbal, Department of Avian 
Influenza, The Pirbright Institute, Ash Rd, Pirbright GU24 0NF, UK; 
email: munir.iqbal@pirbright.ac.uk or dr.muniriqbal@gmail.com



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019 73

Variably protease-sensitive prionopathy (VPSPr), a recently 
described human sporadic prion disease, features a prote-
ase-resistant, disease-related prion protein (resPrPD) dis-
playing 5 fragments reminiscent of Gerstmann-Sträussler-
Scheinker disease. Experimental VPSPr transmission to 
human PrP–expressing transgenic mice, although repli-
cation of the VPSPr resPrPD profile succeeded, has been 
incomplete because of second passage failure. We bioas-
sayed VPSPr in bank voles, which are susceptible to human 
prion strains. Transmission was complete; first-passage 
attack rates were 5%–35%, and second-passage rates 
reached 100% and survival times were 50% shorter. We ob-
served 3 distinct phenotypes and resPrPD profiles; 2 imitated 
sporadic Creutzfeldt-Jakob disease resPrPD, and 1 resem-
bled Gerstmann-Sträussler-Scheinker disease resPrPD. 
The first 2 phenotypes may be related to the presence of 
minor PrPD components in VPSPr. Full VPSPr transmission 
confirms permissiveness of bank voles to human prions and 
suggests that bank vole PrP may efficiently reveal an under-
represented native strain but does not replicate the complex 
VPSPr PrPD profile.

Sporadic prion diseases are classified according to pheno-
type as well as the pairing of the prion protein (PrP) gen-

otype at the methionine (M)/valine (V) polymorphic codon 
129 and the conformational characteristics of the abnormal or 
disease-associated PrP (PrPD). These characteristics include 
electrophoretic mobility and the ratio of the PrPD fragments 
that are resistant to proteinase K (PK) digestion (Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/25/1/18-0807-
App1.pdf) (1). According to these criteria, the 3 major types 
of sporadic prion disease are sporadic Creutzfeldt-Jakob  

disease (sCJD), sporadic fatal insomnia, and variably prote-
ase-sensitive prionopathy (VPSPr) (2–5).

VPSPr was first reported in 2008 and further defined in 
2010 (6–8) as a sporadic prion disease distinct from sCJD. 
Since then, 37 cases have been reported, consistent with a 
prevalence rate of 1%–2% for all sporadic prion diseases 
(8). Similar to sCJD, VPSPr targets all 3 PrP genotypes. 
However, the prevalence of the 3 genotypes at codon 129 
(MM, MV, and VV) greatly differs, indeed is almost invert-
ed, in the 2 diseases: homozygosity VV is the most common 
(65%) genotype in VPSPr and the least common (16%) in 
sCJD (2,9). Furthermore, at variance with sCJD, in which 
the 129 genotype is a determinant of disease phenotype and 
PrPD characteristics, the 129 genotype influence on pheno-
type, although present, is subtle (3,7,8). These differences 
point to a distinct role of the 129 genotype as a risk factor 
and imply that the etiologic-pathogenetic mechanisms of 
the 2 diseases differ.

Although the histopathology of VPSPr is distinct (e.g., 
spongiform degeneration, frequent presence of PrP micro-
plaques, and a recognizable PrPD immunostaining pattern), 
the hallmarks of VPSPr are the characteristics of its PrPD. 
In contrast to virtually all other sporadic human prion dis-
eases, in which PK-resistant PrPD (resPrPD) electrophoreti-
cally separates into 3 major bands, VPSPr resPrPD charac-
teristically separates into 5 bands. Furthermore, although 
the 3 bands of resPrPD are all cleaved by PK exclusively at 
the N terminus and separate according to the presence of 2, 
1, or 0 sugar moieties, VPSPr resPrPD bands include only 
the monoglycosylated and unglycosylated forms, which are 
cleaved either only at the N terminus or at both the N- and 
C-termini. Thus, the C-terminus–truncated resPrPD lacks 
the GPI (glycosylphosphatidylinositol) anchor. Additional 
variances concerning immunoreactivity characteristics, 
ratios of PK-resistant and PK-sensitive PrPD species, and 
conformational properties including aggregate size, have 
also been observed (6–8). These distinctive properties point 
to VPSPr PrPD as a prion strain different from those of other 
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sporadic prion diseases. However, the VPSPr prion shares 
the multiplicity of the resPrPD electrophoretic bands with 
prions from a subset of inherited prion diseases referred 
to as Gerstmann-Sträussler-Scheinker disease (GSS), 
prompting the suggestion that VPSPr is the sporadic form 
of GSS (7,10). Furthermore, the presence of small amounts 
of sCJD-like 3-band resPrPD has also been signaled in  
VPSPr (6,11,12).

Disease transmission to receptive hosts is a valuable 
way to further define the characteristics of strains associ-
ated with prion diseases. VPSPr has been experimentally 
transmitted to 3 lines of transgenic mice expressing nor-
mal PrP or cellular human PrP (PrPC), harboring residue M, 
V, or MV at residue 129 (13,14). Data in all experiments 
were essentially similar. Inoculated mice remained asymp-
tomatic, but half showed focal PrPD plaques with minimal 
spongiform degeneration, and PrPD mimicking the elec-
trophoretic profile of the native PrPD on immunoblot was 
demonstrated in about one third of the inoculated mice. No 
transmission was observed at second passage.

The bank vole, a small rodent resembling the mouse 
with which it shares the entire sequence of normal PrP or 
PrPC except for 8 aa, but whose sequence differs from hu-
man PrPC by 15 aa, has recently emerged as a particularly 
permissive host. Bank voles and transgenic mice express-
ing bank vole PrPC have been successfully infected after 
challenge with human and animal prion diseases that are 
hard to transmit even to recipients expressing homologous 
PrPC (15–18).

We studied transmission of VPSPr from patients with 
MM, MV, and VV codon 129 genotypes to bank voles har-
boring either the PrP genotype 109M (bv109M) or 109I 
(bv109I). Although the attack rate was generally low at first 

passage, it consistently raised to 100% at second passage, 
when survival times also decreased on average by >50%. 
We identified 3 PrPD isoforms with the characteristics of 
distinct strains in the affected bank voles.

Materials and Methods
The inocula used in the first passage were brain homogenates 
from 7 persons with a definitive diagnosis of VPSPr: 2 with 
genotypes 129MM, 3 with 129MV, and 2 with 129VV. Ho-
mogenate was inoculated into the cerebrum of 205 bank voles 
according to previously described procedures (16). The bank 
vole brains were processed for histopathology, immunohis-
tochemistry, lesion profiles, and paraffin-embedded tissue 
(PET) blots according to previously reported procedures (15). 
Western blot was performed according to Notari et al. (19). 
The insoluble fraction was prepared according to previously 
described procedures (20). Preparation of monoclonal anti-
bodies is described in the Appendix. Statistical significance 
was determined by 1-way analysis of variance, followed by 
the Tukey multiple comparison test.

Results

Transmission Characteristics
At first passage, attack rates of VPSPr were 35% (29/82) 
in bv109I and 5% (3/59) in bv109M (Table 1; Appendix 
Table 2). The 2 bank vole genotypes diverged as to disease 
transmission in 2 ways. First, all VPSPr 129 genotypes were 
transmitted to bv109I, but bv109M were not susceptible to 
VPSPr-VV. Second, bv109I propagated 3 distinct histo-
pathologic phenotypes and matching PrPD types (hereafter 
identified as T1, T2, and T3), but bv109M replicated the T1 
phenotype exclusively. A more detailed analysis in bv109I, 

 
Table 1. VPSPr transmission to bank voles* 

Inoculum 

Bv109I 

 

Bv109M 
1st passage 

 

2nd passage 1st passage 

 

2nd passage 

PrPD 

type 
Attack 
rate 

Survival 
time, dpi 
 SD 

PrPD 

type 
Attack 
rate 

Survival 
time, dpi 
 SD 

Survival 
reduction, 

% 
PrPD 

type 
Attack 
rate DPI 

PrPD 

type 
Attack 
rate 

Survival 
time, dpi 
 SD 

VPSPr-MM, 
n = 2 

T1 1/20† 901  NA NA NA NA  T1 1/15 356  T1 11/11 148  12 
T2 1/20 839  NA NA NA NA  
T3 5/20 413  

102 
 T3 9/9 247  

35‡ 
40  

VPSPr-MV, 
n = 3  

T1 13/44† 458  
137 

 T1 10/10 195  
9§ 

57  T1 2/30 290, 
588 

 T1 11/11 142  11 

T2 6/44 872  
110¶ 

 T2 14/14 338  
100# 

61  

T3 1/44 554  NA NA NA NA  
VPSPr-VV, 
n = 2 

T3 2/18 596, 535  T3 9/9 255  
24** 

55  NA 0/14 NA  NA NA NA 

*bv, bank voles; dpi, days postinoculation; NA, not available; neg, negative; PRPD, disease-associated prion protein; VPSPr, variably protease-sensitive 
prionopathy.  
†Total no. bank voles inoculated with either VPSPr-MM or VPSPr-MV; statistics of survival times at 1st vs. 2nd passages.  
‡p<0.05.  
§p<0.0001.  
¶Incubation periods of T2 vs. T1 p<0.0001. 
#p<0.0001.  
**p<0.001. 
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although limited by the low number of animals in each sub-
set, suggested a lower attack rate for VPSPr-VV, the most 
common form of human VPSPr, compared with the MM and 
MV genotypes and a prevalence for T3 that was 11% higher 
than that for T1 and 106% higher than that for T2 (Table 2). 
Overall survival times were 575 days postinoculation (dpi) 
for bv109I and 411 dpi for bv109M. However, when we 
considered only the bank voles associated with the T1 phe-
notype, because bv109M were exclusively associated with 
T1, the dpi difference became smaller: 490 dpi for bv109I 
and 411 dpi for bv109M (Tables 1, 2). As for survival times 
related to T1–T3 phenotypes and VPSPr genotypes, the sur-
vival times for T2 were nearly twice those for T1 and T3 
(Table 2).

Second passage in bv109I was invariably characterized 
by a 100% attack rate, a 40%–61% decrease in survival 
times, and conservation of the original phenotype (Table 
1). A similar trend was observed for bv109M.

Histopathology and Immunohistochemistry
Phenotype T1 featured finely vacuolated spongiform 
degeneration often involving the entire thickness of the 
neocortex, including the molecular layer but occasionally 
also showing a laminar distribution (Figure 1). On second 
passage, the spongiform degeneration appeared to be more 
widespread, also affecting the hippocampus and subcortical 
structures such as basal nuclei, thalamus, and superior 
colliculi but not the cerebellum. PrP immunohistochemistry 
demonstrated punctate deposits often co-distributed 
with spongiform degeneration (Figure 1, column T1, 
row ii). At second passage, T1 features did not differ 
significantly between bv109M and bv109I. Furthermore, 
T1 also resembled the histopathologic phenotype shown by 
bv109M and bv109I after inoculation with sCJDMM1 or 
sCJDMV1, respectively (Figures 2, 3; Appendix Figure 1)

In phenotype T2, spongiform degeneration affected 
predominantly subcortical structures over neocortical re-
gions, especially the hypothalamus with the apparent ex-
clusion of the mammillary bodies (Figure 1, column T2, 
row iii). PrP immunohistochemistry showed granular de-
posits occasionally resembling miniature plaquelike forma-
tions rather than the punctate deposits of the T1 phenotype 
(Figure 1, column T2, row iv).

Phenotype T3 was characterized by the paucity of 
spongiform degeneration in the cerebral neocortex and 
subcortical gray matter structures; spongiform degenera-
tion was often prominent in the regions of the hemispheric 
white matter lying above the hippocampus and in the cor-
pus callosum, where parenchyma was occasionally dis-
organized with glial reaction. PrP immunostaining was 
mostly limited to those regions where it often aggregated in 
confluent plaque-like deposits but not well-formed plaques 
(Figure 1, column T3, row v, and column Tc, row vi). No 
remarkable differences were detected between first and sec-
ond passages. Overall, the T3 histopathologic phenotype 
resembled that shown by bv109I after inoculation with 
brain homogenates from some GSS subtypes (16).

It is noteworthy that the T1–T3 phenotypes were 
never observed to coexist in 1 animal, although distinct 
phenotypes were often observed in bank voles receiving the 
same inoculum. Although all 3 phenotypes occurred after 
inoculation with VPSPr-MM or -MV, the sole phenotype 
associated with VPSPr-VV inoculation was T3 (Table 1).

Lesion Profiles and PET Blots
Profiles of spongiform degeneration as a function of lesion 
severity and brain anatomic location confirmed the distinctive 
characteristics of the T1–T3 phenotypes (Figure 2, panel 
A; Appendix Figure 1). The T1 spongiform degeneration 
profile in bv109I did not differ significantly from that of 
bv109M; both mirrored the profiles of bv109I inoculated 
with sCJDMV1 and bv109M inoculated with sCJDMM1 
brain homogenate (Figure 2, panel B; Appendix Figure 1).

The PET blot patterns of brain PrPD distribution were 
also quite distinct in the 3 phenotypes and, overall, repro-
duced the spongiform degeneration distribution (Figures 2, 
3). In T1, PrPD was well represented in selected regions in-
cluding cerebral neocortex and hippocampus, basal nuclei, 
thalamus, superior colliculi, geniculate nuclei, and substantia 
nigra but not in the cerebellum and lower brain stem. No sig-
nificant variations were detected between PrPD distributions 
at first and second passages (data not shown). PrPD distri-
butions were also similar in bv109I and bv109M inoculated 
with classic sCJDMV1 and sCJDMM1 prions, respectively 
(Figure 3, panel B). In the T2 phenotype, PrPD appeared 
to be present in moderate and uniform amounts in several 

 
Table 2. Itemized VPSPr transmission features in bv109I at first passage, by phenotype* 

Genotype 

T1 

 

T2 

 

T3 Attack rate for 
all 

phenotypes, %  
Prevalence, 

% 
Survival time, 

dpi  SD 
Prevalence, 

% 
Survival time, 

dpi  SD 
Prevalence, 

% 
Survival time, 

dpi  SD 
MM 5 901  5 839  25 413  102† 35 
MV 29.5 458  137†  13.6 872  110†  2.3 554 45.5 
VV 0 NA  0 NA  11.1 596, 535 11.1 
All affected genotypes 11.5‡ 490  177†  6.2‡ 867  101†  12.8‡ 469  110† 30.5‡ 
*bv, bank voles; dpi, days postinoculation; VPSPr, variably protease-sensitive prionopathy.  
†Weighted average  SD. 
‡Unweighted average. 
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anatomic regions such as neocortex and hippocampus, thal-
amus, and superior colliculi (Figure 3). The T3 phenotype 
was characterized by the striking presence of PrPD in hip-
pocampus and white matter structures (Figure 3).

PrPD Characterization
Immunoblot analysis confirmed the presence of 3 distinct 
resPrPD electrophoretic profiles that matched the 3 histo-
pathologic phenotypes. When probed with antibodies 9A2 
and 12B2, resPrPD associated with the T1 phenotype popu-
lated 3 bands of  ≈32, 26, and 21 kDa, representing the 3 
resPrPD glycoforms, and by a fragment of 7 kDa (Figure 4). 
An additional C-terminal fragment of  ≈13 kDa, possibly 
homologous to the human C-terminal fragment 12/13 (20), 
was detected by the C-terminal antibody SAF84 (Figure 4). 
Glycoform ratios showed a comparable representation of 
the diglycosylated and monoglycosylated forms of resPrPD 
(Figure 5; Appendix Figure 2). The electrophoretic profile 
and glycoform ratios of resPrPD T1 conformer were indis-
tinguishable from those of resPrPD observed in bank voles 
inoculated with sCJDMM1 or sCJDMV1 prions, used as 
controls for human resPrPD type 1 in bank voles (Figures 4, 
5; Appendix Figure 2; data not shown).

The resPrPD profile associated with the T2 phenotype 
showed 3 bands of  ≈30, 24, and 19 kDa (i.e., all that had an  
≈2-kDa faster electrophoretic mobility than the correspond-
ing bands of resPrPD T1) (Figure 4). The 7-kDa fragment 

was not detected in T2 (Figure 4). In contrast to T1, the 
T2 glycoform ratio was characterized by the unambiguous 
predominance of the monoglycosylated component (Figure 
5). In summary, bank vole resPrPD T2 differed from the 
T1 conformer by overall 2-kDa faster mobility, the absence 
of the 7-kDa fragment, and marked predominance of the 
monoglycoform. The striking feature of the resPrPD associ-
ated with the T3 phenotype was the predominant presence 
of the 7-kDa fragment detected by 9A2 and 12B2 but not 
by SAF84, demonstrating its internal origin and the ab-
sence of glycosylation sites (Figure 4).

Additional divergent features emerged when amounts 
of totPrPD (i.e., PK-sensitive plus resPrPD fractions) were 
assessed as percentages of total PrP, comprising PrPC 
and totPrPD (Figure 6). A significantly larger component 
of totPrPD was resPrPD in T1 than in T2 (81% vs. 33%); 
totPrPD fractions were similar (93% for T1, 91% for 
T2). T3 differed significantly: totPrPD accounted for 8% 
and resPrPD accounted for 0.2% of total PrP (Figure 6; 
Appendix Figure 3).

Discussion
The permissiveness of bank vole PrPC is well known 
(15,16,18,21–27); it is exemplified by the observation that, 
despite the mere 8-aa PrPC divergence between bank voles 
and mice, a variety of human and animal prion diseases 
not transmissible to mice are infectious to bank voles and 

Figure 2. Profiles of topographic distribution and severity of spongiform degeneration in the brains of bank voles harboring T1–T3 
phenotypes after inoculation with brain homogenate from variably protease sensitive prionopathy (VPSPr) and control bank voles 
inoculated with sCJD. A) Spongiform degeneration characterized both T1 and T2 phenotypes but displayed significantly divergent 
distributions in 5 of the 10 anatomic locations examined; spongiform degeneration affected primarily the cerebral cortex in T1 and 
the hypothalamus and brain stem in T2; no difference in vacuolar mean diameter was observed between T1 and T2. Spongiform 
degeneration scores associated with the T3 phenotype were minimal or absent in most locations except for the white matter, especially 
in the corpus callosum, which was virtually unaffected in T1 and T2. *p<0.5; **p<0.006; ***p<0.0001 of T1 versus T2 and T3 WM 
versus T1 and T2; inocula: T1 and T2 VPSPr-129MV, T3 VPSPr-129MM; vacuoles measured (n =  ≈2,000) in T1 and T2 combined. B) 
Comparative study of T1 profiles generated in bv109M and bv109I revealed an overall more severe spongiform degeneration in bv109I 
but no significant difference in distribution (†, p<0.001, ‡, p<0.003; N = 3 Bv109I and Bv109M). The T1 spongiform degeneration profile 
generated by bv109M after inoculation with VPSPr-129MM reproduced the profile generated with sCJDMM1 extracts used as control 
for human type 1 (bv109M N = 3 for each profile). Similar results were obtained when comparing the T1 profile of bv109I inoculated with 
VPSPr-129MV and profiles of bv109I inoculated with sCJDMV1 (data not shown). BN, basal nuclei; BSs and BSi, brainstem superior 
and inferior; bv, bank vole; CC, cerebral cortex; Ce, cerebellum; ctrl, control; Hi, hippocampus; Hth, hypothalamus; sCJD, sporadic 
Creutzfeldt-Jakob disease; Sept.N, septal nuclei; Th, thalamus; WM, white matter.
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transgenic mice expressing bank vole PrP (15,16,18,22,24). 
Conversely, the 15-aa difference from the human PrPC pri-
mary sequence does not impede the efficient transmission 
of a wealth of sporadic and inherited human prion diseases 
(15,16). This striking permissiveness has been attributed to 
the presence of several asparagine and glutamine residues 
in and around the β2–α2 loop that would result in a PrPC 
conformation compatible with the conformations of a large 
number of PrPD strains (21). Furthermore, the polymorphism 
at bank vole codon 109 adds further complexity to the inter-
action with exogenous strains (18,28).

We undertook systematic transmission of VPSPr 
brain homogenates to bv109M and bv109I after failure to 
consistently transmit VPSPr to humanized transgenic mice. 
Overall, transmission was favored by the 109I genotype, 
which propagated all 3 VPSPr 129 genotypes while bv109M 
failed to transmit VPSPr-VV. However, at first passage in 
bv109I, the mean attack rate (35%) was fairly low and the 
mean survival time (575 dpi) quite extended (Table 1). These 
conditions changed at second passage, when the attack rate 
became 100% in all transmission experiments and survival 
times decreased on average by 53% (Table 1). These findings 
point to the existence of a substantial barrier at first passage, 
which, judging from the 100% attack rate, is probably 
largely diminished or vanished at second passage. In view 
of the aforementioned easy transmissibility of other human 
prion diseases, the barrier appears to be conformational 
rather than caused by species-related variations in amino 
acid sequence of PrPC (15,16); the barrier might be 
associated with the misfolding of VPSPr PrPD, which may 
be peculiar because after PK digestion it results in an array 
of highly heterogeneous fragments and apparently the failure 
to convert one of the glycoforms (6,7). Similarly, the clear 
effect of the genotype at codon 129 on the attack rate (which 
was 3–4 times lower for bank voles inoculated with VPSPr-
VV prions compared with VPSPr-MM and -MV), along with 
the lack of transmission of VPSPr-VV to bv109M but not to 
bv109I, points to conformational differences between PrPD 
species associated with the 129 genotypes in VPSPr (16). 
This notion is further supported by previous data showing 
higher PK sensitivity (7) and conformational stability of PrPD 
(29) in VPSPr-VV compared with VPSPr-MM and -MV.

The comparative study of VPSPr bioassay in bank 
voles and humanized transgenic mice revealed substantial 
differences. VPSPr-challenged mice invariably remained 
asymptomatic, and all histologically positive mice failed 
to transmit at second passage. Furthermore, the VPSPr-
MV subtype was never transmitted to mice 129M or 129V, 
and the general attack rate (assessed histopathologically) 
was low (54%); resPrPD was demonstrated in only 34% of 
the challenged mice despite the 2–8 times normal levels of 
PrP expression for most mice (13). However, in contrast to 
bank voles, positive mice generated a resPrPD conformer 

Figure 3. Representative paraffin-embedded tissue (PET) blots of 
protease-resistant, disease-related prion protein (resPrPD) distribution 
in phenotypes T1–T3 and controls. A) For T1, PrPD predominated 
in cerebral cortex (C), thalamus (T), superior colliculus (SC), lateral 
geniculate nucleus (LG), and substantia nigra (SN). A similar PrPD 
distribution was observed with transmission of sCJDMV1 used as 
type control. T2 showed a more uniform distribution in cerebral cortex 
and subcortical nuclei of an apparently lesser amount of PrPD; T3 
appeared to preferentially affect the hemispheric white matter and 
other subcortical regions such as the alveus, the corpus callosum, 
the anterior commissure, and fascicles surrounding thalamus as 
well as other white matter formations such as fimbria, brachium of 
superior colliculus, medial lemniscus, and cerebral peduncles. Small 
amounts of PrPD were also observed in cerebellar and medullary 
white matter (asterisk [*]). B) PrPD T1 distribution resembled that 
of bank voles (bv) 109I after transmission of the same VPSPr-MV 
brain homogenate (compare with T1 in A). A similar distribution was 
also observed after inoculation with sCJDMV1. Left to right: coronal 
sections of telencephalon midlevel caudate nucleus; diencephalon 
midlevel thalamus; midbrain; and hindbrain-level medulla and 
cerebellum. sCJD, sporadic Creutzfeldt-Jakob disease; VPSPr, 
variably protease-sensitive prionopathy.
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very similar to that of VPSPr for electrophoretic profile, 
glycosylation pattern, and antibody immunoreactivity, al-
though it exhibited higher protease resistance.

Data from a previous study of transmission to humanized 
transgenic mice and bv109M of an sCJDMV variant with an 
atypical glycoform profile (CJD-MVAG) partially resembled 
ours (17). Challenged transgenic mice remained asymptom-
atic and negative at neuropathologic examination, but 22% 
of them reproduced the original resPrPD electrophoretic pro-
file and glycotype of the inoculum. In contrast to humanized 
transgenic mice, bank voles had full-blown disease develop 
featuring 3, although partially merging, histopathologic phe-
notypes along with 3 distinct resPrPD conformers, none of 
which mimicked the profile and glycotype of the inoculum 
(17). Remarkably, the glycoform variation of sCJDMVAG re-
sembles that of VPSPr because both resPrPD species lack the 
diglycosylated isoform, implicating this variation as one of the 
possible causes of bank vole failure to accurately replicate ex-
ogenous PrPD (17).

Three subtypes of GSS (which VPSPr resembles in 
terms of the ladder-like electrophoretic profile and the sen-
sitivity to PK of resPrPD) have also recently been transmit-
ted to bank voles and 1 GSS subtype to humanized trans-
genic mice (16,30). Despite the well-known difficulty of 
transmitting GSS to rodents, bank voles challenged with 2 
major GSS subtypes associated with PrP mutations A117V 
and F198S (GSSA117V, GSSF198S) showed no evidence of spe-
cies or mutation barrier. Transmission was comparatively 
more difficult with the third GSSP102L subtype, in which 
resPrPD displays 2 sets of fragments: either the 8-kDa 
fragment associated with the 30–21 kDa glycoform trip-
let (31,32) or the 8-kDa fragment alone. After inoculation, 
the 2-fragment set was never replicated, and the  ≈8-kDa 
fragment alone occasionally was inaccurately reproduced 
as a 7-kDa fragment (16,28). To date, only GSSA117V has 
been transmitted to 2 lines of transgenic mice expressing 
human PrPD harboring the A117V transition (30). Although 
transmission features diverged in the 2 lines, both seemed 

Figure 4. Immunoblot 
characteristics of protease-resistant, 
disease-related prion protein 
(resPrPD) distribution in phenotypes 
T1–T3 and controls. Regular and 
long exposures revealed the overall 
similarity of the 3-band profiles in 
T1 and T2, but resPrPD profile, 
including glycoform representation, 
differed in the 2 phenotypes with all 
3 monoclonal antibodies (Ab) used. 
T1 included a 7-kDa band, not 
detected in T2, similar to mobility 
and Ab immunoreactivity of the 
T3 7-kDa fragment. The T1 profile 
matched the profile generated in 
isogenic bank voles inoculated with 
sCJDMV1 used as human resPrPD 
type 1 control (ctrl) (lane 2). The 
T3 profile, visible only after long 
film exposures, featured a 7-kDa 
band, but slower migrating bands 
with variable immunoreactivity were 
also visible. None of the T1–T3 
profiles matched the original VPSPr 
profile (first lane) although the ≈7-
kDa and both 23-kDa and 19-kDa 
bands were shared with T1 and T2, 
respectively (compare first with T1 
and T2 lanes). The complexity of the 
native resPrPD profile from VPSPr 
homogenate is demonstrated by probing with 1E4, a monoclonal Ab to human PrP highly reactive to VPSPr resPrPD (top right panel) 
(6). Monoclonal Ab 12B2 (middle panels) with high affinity for human resPrPD type 1 confirmed the type 1 characteristics of the resPrPD 
associated with the T1 phenotype. The small amount of resPrPD type 1 in 1 T2 bank vole probably represents incomplete proteinase K 
(PK) digestion (lane 5, right panel) (19). Monoclonal Ab SAF84 to the PrP C-terminus, unreactive to human PrP, further underlined the 
divergence in resPrPD primary structure in T1 and T2 compared with T3. Aside from revealing an additional 13-kDa fragment, strongly 
detected in T1 and T2 and weakly in T3, SAF84 did not detect the 7-kDa fragment, supporting its internal origin (i.e., cleaved at both N- and 
C-termini). Uninoculated bank voles were negative for resPrPD. All samples were PK treated. sCJD, sporadic Creutzfeldt-Jakob disease; 
uninoc., not inoculated; polym., polymorphism; VPSPr, variably protease-sensitive prionopathy.
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to reproduce the 7-kDa fragment that is the only strongly 
resPrPD fragment in this disease.

Combined, these experiments indicate that PrPC 
characteristics, and possibly other host factors (25), enable 
bank voles to be more permissive hosts (despite the species 
barrier) than transgenic mice expressing conspecific PrPC, 
confirming the empirical aspect of the species barrier. 
However, bank vole PrPC can hardly reproduce faithfully 
complex features of human atypical prion isolates, a task 
that may require PrPC from the same species.

A remarkable finding of this study is the occurrence of 
3 well-defined histopathologic phenotypes (T1–T3), which 
displayed discrete PrPD brain distribution and were linked 
to PrPD conformers easily distinguishable by electrophoretic 
profile and glycosylation characteristics. The 3 phenotypes 
also differed by mean survival times at first and second pas-
sages. Remarkably, the T1–T3 phenotypes were often gener-
ated by the same inoculum but never co-occurred in the same 
bank vole. Combined, these features define the T1–T3 PrPD 
conformers as distinct strains, raising the issue of their origin. 
Both histopathologic and resPrPD electrophoretic character-
istics of the T1 phenotype are essentially indistinguishable 
from those of bank voles inoculated with sCJDMV1. Data 
on transmission of sCJDMM2, available only for bv109M, 
show that the electrophoretic profile of the newly formed  
resPrPD matches the T2 resPrPD of this study (15). Although 
the T1 and T2 representations of totPrPD and resPrPD are 
not known in bank voles inoculated with sCJDMM1 and 
sCJDMM2 prions, the values we observed after VPSPr  

inoculation are comparable to those reported for the original 
sCJD, in which totPrPD and resPrPD reportedly accounted for 
53.5% and 48.2% of total PrP in sCJDMM1 (6; L. Cracco et 
al., unpub. data). Therefore, transmission to bank voles sug-
gests that VPSPr PrPD T1 and T2 are related to human PrPD 
types 1 and 2, respectively. In contrast, phenotype T3 is the 
most divergent, especially for spongiform degeneration and 
PrPD deposition, mostly limited to white matter regions, and 
electrophoretic profile, where resPrPD recovered as a band 
of 7 kDa, was the major component shared with the com-
plex pattern of VPSPr resPrPD. The T3 histopathologic phe-
notypes including the PrP immunostaining pattern matched 
also the bank vole phenotype of GSSA117V and GSSP102L as-
sociated with the 8-kDa fragment only (16). The exceedingly 
low representation of the totPrPD and resPrPD components 
of total PrP in T3 is reminiscent of the corresponding data 
reported in VPSPr-VV, in which totPrPD accounted for 3.4% 
and resPrPD for 0.83% of total PrP (6). The marked under-
representation of totPrPD and resPrPD in T3 is especially puz-
zling considering that attack rate and survival time are not 
very different from those of T2 and T1, respectively. The 
apparent relative high efficiency of T3 might be explained by 
the high representation of oligomers (33). Alternatively, the 
T3 underrepresentation of totPrPD relative to total PrP might 
reflect the lack of PrPC down-regulation by T3 compared 
with T1 and T2, which would result in the relative increase 

of the total PrP pool (33,34).
A mechanism put forward for the lack of fidelity in 

cross-species transmission of the prion strain (25,35–37) is 

Figure 5. Glycoform ratio of protease-resistant, disease-related 
prion protein (resPrPD) in phenotypes T1 and T2. The ratio of 
resPrPD associated with T1 (T1 109I) was 48% for diglycosylated, 
44% for monoglycosylated, and 8% for unglycosylated conformers 
and significantly differed in each glycoform from the 17%, 
63%, and 20% corresponding ratio of T2 (T2 109I). *p<0.0001; 
†p<0.005; ‡p<0.05. Glycoform ratios of T1 109I and T1 109M as 
well as that of type 1 control (from bank voles 109I inoculated with 
sporadic Creutzfeldt-Jakob disease MV1 and used as human type 
1 controls) did not significantly differ from each other. Each bar 
represents mean ± SD of n = 4 for T1 109M, n = 6 for T1 109I,  
n = 6 for T2, and n = 2 for type 1 control.

Figure 6. Relative quantities of totPrPD and resPrPD in T1–T3 
phenotypes. totPrPD accounted for 93.1% and resPrPD for 81.3% 
of total PrP recovered from bank voles harboring the T1 phenotype. 
Corresponding percentages for T2 were 91.0% and 33.0%, and 
T3 totPrPD and resPrPD accounted only for 8.0% and 0.2% of 
total PrP and differed significantly from both T1 and T2 in each of 
the 2 components. ResPrPD also differed significantly between 
T1 and T2 (each bar represents the mean ± SD of n = 3 T1, n = 3 
T2, and n = 5 T3; all data are from bank voles 109I; antibody 9A2). 
bv, bank vole; resPrPD protease-resistant, disease-related prion 
protein; totPrPD, comprising protease-sensitive PrPD and resPrPD. 
*p<0.0001; †p<0.0001 vs. T1 and p<0.05 vs. T2; ‡p<0.01.
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based on evidence that the dominant strain is selected from 
an array of strains that persist as substrains. In cross-species 
transmissions, substrains may be selected over the domi-
nant strain (38–40). In the context of VPSPr, this mecha-
nism is particularly intriguing, given that small quantities of 
PrPD conformers with electrophoretic mobilities similar to 
those of human PrPD type 1 were originally observed in a 
few cases by Gambetti et al (6); more recently, the presence 
of PrPD type 2 in VPSPr, mostly in subcortical nuclei and 
in cerebellum, has been reported (11,12). These 2 compo-
nents would be propagated faithfully in T1 and T2, and T3, 
which consistently shares only the 7-kDa fragment with the  
VPSPr resPrPD, might represent the isolation of this GSS-
like component of VPSPr resPrPD or the unsuccessful at-
tempt to fully reproduce the dominant strain associated with 
this disease. We and others have occasionally observed an 
underrepresented 7-kDa fragment in sCJDMM1 (41; S. No-
tari, P. Gambetti, P. Parchi, unpub. data). Thus, it is tempting 
to speculate that the 7-kDa fragment observed in bank voles 
inoculated with sCJDMM1 and sCJDMV1 prions is related 
to the presence and possibly the infectivity of such fragment 
in the sCJDMM(MV)1 subtype.

In conclusion, on the basis of the first full transmission 
of VPSPr, our study confirms the permissiveness of bank 
voles to human prion diseases and suggests that bank voles 
are competent to reveal minor strain variants in prion dis-
eases, such as resPrPD types 1 and 2 reported in VPSPr and, 
possibly, the  ≈7-kDa fragment observed in sCJDMM1 and 
sCJDMV1. However, our study also underscores the limited 
competence of bank vole PrPC to faithfully reproduce the 
multiband profile of VPSPr resPrPD that probably reflects 
the complex conformation of the prion seed in this disease.
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Increasingly, routine surveillance and monitoring of food-
borne pathogens using whole-genome sequencing is cre-
ating opportunities to study foodborne illness epidemiology 
beyond routine outbreak investigations and case–control 
studies. Using a global phylogeny of Salmonella enterica 
serotype Typhimurium, we found that major livestock sourc-
es of the pathogen in the United States can be predicted 
through whole-genome sequencing data. Relatively steady 
rates of sequence divergence in livestock lineages enabled 
the inference of their recent origins. Elevated accumulation 
of lineage-specific pseudogenes after divergence from gen-
eralist populations and possible metabolic acclimation in a 
representative swine isolate indicates possible emergence 
of host adaptation. We developed and retrospectively ap-
plied a machine learning Random Forest classifier for ge-
nomic source prediction of Salmonella Typhimurium that 
correctly attributed 7 of 8 major zoonotic outbreaks in the 
United States during 1998–2013. We further identified 50 
key genetic features that were sufficient for robust livestock 
source prediction.

Each year, 9.4 million episodes of foodborne illness oc-
cur in the United States (1). According to the Centers 

for Disease Control and Prevention,  ≈95% of these infec-
tions are sporadic, nonoutbreak cases for which specific 

food exposures and contamination sources remain difficult 
to determine. The lack of source information for most food-
borne infections substantially challenges understanding of 
the epidemiology of foodborne illnesses and development 
of intervention measures for their prevention and mitiga-
tion. Routine use of whole-genome sequencing (WGS) for 
foodborne illness surveillance and pathogen monitoring 
has created a large and quickly expanding wealth of ge-
nomes and associated metadata. Much of these data remain 
largely untapped beyond routine outbreak investigation. 

Salmonella enterica is one of the most prevalent 
foodborne pathogens worldwide, causing >1 million hu-
man cases and an economic burden of $3.7 billion annu-
ally in the United States alone (1,2). S. enterica serotype 
Typhimurium is one of the most prevalent causes of hu-
man salmonellosis in many countries, including the United 
States (3). Salmonella Typhimurium strains display a broad 
host range and varying degrees of host adaptation (4). Di-
verse subtypes have caused emerging epidemics in recent 
decades. First isolated in the early 1980s in the United 
Kingdom, multidrug-resistant Salmonella Typhimurium 
definitive type 104 spread from cattle to other livestock 
in the country before its global dissemination during the 
1990s (5). Salmonella Typhimurium sequence type (ST) 
313 emerged  ≈40–50 years ago in sub-Saharan Africa (6); 
its regional spread was linked to invasive disease symp-
toms and coincided with an HIV pandemic (6,7). The high 
prevalence, diverse reservoirs, and dynamic epidemiology 
of Salmonella Typhimurium have made it a paradigm for 
studying host specificity (8) and zoonotic colonization (9). 
Knowing the contribution of major sources of human ill-
ness caused by specific pathogens is critical for identify-
ing, evaluating, and prioritizing public health intervention 
strategies (10). Microbiological source attribution relying 
on subtyping has shown some promise, such as a source 
attribution model from Denmark based on Salmonella  

Zoonotic Source Attribution of 
Salmonella enterica Serotype 
Typhimurium Using Genomic 

Surveillance Data, United States
Shaokang Zhang, Shaoting Li, Weidong Gu, Henk den Bakker, Dave Boxrud, Angie Taylor,  

Chandler Roe, Elizabeth Driebe, David M. Engelthaler, Marc Allard, Eric Brown,  
Patrick McDermott, Shaohua Zhao, Beau B. Bruce, Eija Trees, Patricia I. Fields, Xiangyu Deng

Author affiliations: University of Georgia Center for Food Safety, 
Griffin, Georgia, USA (S. Zhang, S. Li, H. den Bakker, X. Deng); 
Centers for Disease Control and Prevention, Atlanta, Georgia, 
USA (W. Gu, B.B. Bruce, E. Trees, P.I. Fields); Minnesota 
Department of Health, St. Paul, Minnesota, USA (D. Boxrud,  
A. Taylor); Translational Genomics Research Institute, Flagstaff, 
Arizona, USA (C. Roe, E. Driebe, D.M. Engelthaler); US Food  
and Drug Administration, College Park, Maryland, USA (M. Allard, 
E.W. Brown); US Food and Drug Administration, Laurel, Maryland, 
USA (P. McDermott, S. Zhao)

DOI: https://doi.org/10.3201/eid2501.180835

RESEARCH



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019 83

serotyping and phage typing (11). However, more recent 
models continued to use traditional phenotypes for Sal-
monella source attribution (12). The usefulness of more 
discriminating molecular subtyping for Salmonella source 
attribution has not been established (12).

We hypothesized that microbiological source attribution 
could be improved by an evolutionary understanding 
of pathogen populations and a mechanistic inquiry into 
their source association. We investigated zoonotic source 
attribution of Salmonella Typhimurium under an extensive 
phylogenomic framework by including a large collection 
of isolates from 3 major US laboratory surveillance and 
monitoring programs. We examined genotypic characteristics 
and metabolic profiles to assess livestock host adaptation 
and production environment colonization. Machine learning 
enabled comprehensive and high-resolution screening for 
key genetic indicators of source association throughout 
Salmonella Typhimurium genomes.

Materials and Methods
To study the population structure of Salmonella Ty-
phimurium and its monophasic variant (I 4,[5],12:i:-), we 
first sequenced (n = 127) or collected (n = 1,140) 1,267 
Salmonella Typhimurium genomes (Appendix 1 Table 1, 
https://wwwnc.cdc.gov/EID/article/25/1/18-0835-App1.
xlsx; Appendix 2 section 1, https://wwwnc.cdc.gov/EID/

article/25/1/18-0835-App1.pdf), comprising 4 sets of ge-
nomes. First, we selected human isolates from outbreak and 
sporadic cases in the United States during 1949–2014 (n = 
127, sequenced for this study) to represent diverse pulsed-
field gel electrophoresis patterns (n = 51) and multilocus 
variable-number tandem-repeat analysis patterns (n = 16, 
for isolates of known pattern) of Salmonella Typhimurium 
as surveyed by PulseNet USA during 1998–2014 (13). Sec-
ond, we chose genomes in the GenomeTrakr database (14) 
as of September 2015 (n = 907) from food, environmental, 
and wild and livestock animal sources in the United States, 
Europe, South America, Asia, and Africa. Third, we includ-
ed retail meat isolates sampled by the US National Antimi-
crobial Resistance Monitoring System (n = 157). Finally, 
we compiled other reported Salmonella Typhimurium ge-
nomes, including human ST313 isolates from sub-Saharan 
Africa (n = 76) (6). Publicly available genomes were con-
firmed to be Salmonella Typhimurium by SeqSero (15).

Overall metabolic potentials of 6 randomly selected 
representative isolates from 6 major population groups (Fig-
ure 1; Appendix 1 Table 2) were evaluated by Phenotype 
Microarrays (Biolog, https://biolog.com) (Appendix 2 sec-
tion 8). Principal component analysis was conducted us-
ing Phenotype Microarrays results. Phylogenetic analysis, 
temporal signal screening and most recent common ances-
tor (MRCA) dating, and putative pseudogene identification 

Figure 1. Phylogenetic structure of 1,267 Salmonella enterica serotype Typhimurium isolates. A) Maximum-likelihood phylogeny 
from 46 US states and 39 other countries. The tree was rooted at midpoint. Ten major population groups (G1–G10) were delineated. 
Each dashed line shows the division of subgroups in G2, G3, G4, and G5 (e.g., G2a and G2b). Each isolate is color coded by source. 
Arrowheads indicate isolates selected for metabolic profiling using Phenotype Microarrays (Biolog, https://biolog.com). Scale bar 
indicates number of single-nucleotide polymorphisms. B) Circular cladogram of the same maximum-likelihood phylogeny of the 1,267 
isolates. Colored circles indicate internal nodes that had a squared coefficient (R2) of the Spearman or Pearson correlation between 
isolation years and branch lengths >0.4. The sizes of the circle are proportional to the values of R2 (0.0–0.9). Clades identified to exhibit 
temporal signals of single-nucleotide polymorphisms accumulation are shaded in gray. The inferred MRCA age of each clade is shown.  
HPD, highest posterior density; MRCA, most recent common ancestor. 
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were performed (Appendix 2 sections 2–4). A Random Forest 
classifier (https://www.stat.berkeley.edu/~breiman/random-
forest2001.pdf) was built to predict zoonotic sources of Sal-
monella Typhimurium genomes (Appendix 2 sections 5, 6).

Results

Population Structure
We constructed a maximum-likelihood phylogeny of 
the 1,267 isolates based on single-nucleotide polymor-
phisms (SNPs) identified in the core genome alignments 
(Figure 1, panel A). We determined 39,562 single-nu-
cleotide variable sites from the alignment. We excluded 
154 genome segments potentially involved in recombi-
nation from the alignment and SNP identification. The 
recombinant regions (Appendix 1 Table 3) accounted for 
269,366 nt (5.6%) of a typical Salmonella Typhimurium 
genome (4.8 Mb).

Bayesian analysis of the population structure delin-
eated 10 population groups, designated G1–10 (Figure 1, 
panel A). Most population groups were monophyletic, ex-
cept G5 and G8. G1 represented a highly divergent popula-
tion (>9,000 SNPs) from other population groups and con-
tained a high proportion (68.8%) of isolates from seafood, 
especially from Asia. Human clinical and miscellaneous 
food isolates (see source classification in Appendix 2 sec-
tion 5) were widely distributed among population groups; 
clinical and food isolates were found in every group, except 
we found no food isolates in G6. Several groups contained 
major clades associated with particular sources, including 
G2b with poultry, G4b and G5b with wild birds, G6 with 
bovine, and G10 with swine and bovine sources (Figure 
1, panel A; Appendix 1 Table 4). Other population groups 
included isolates from diverse sources. G7 accounted for 
all the aforementioned sources and had more human and 
food isolates than any other group. Representing 15.4% 
of the Salmonella Typhimurium collection, G7 had 21.6% 
and 40.2% of all human and food isolates. Eight major 
foodborne outbreaks during 1998–2012 were included. Of 
those, 5 were represented by isolates in G7: a 2006 picnic-
associated outbreak in the United States, a 2009 multistate 
peanut butter–associated outbreak in the United States, a 
2009 shredded lettuce–associated outbreak in the west-
ern United States and Canada, a 2010–2011 multistate al-
falfa sprout–associated outbreak in the United States, and 
a 2012 multistate cantaloupe-associated outbreak in the 
United States.

To investigate the temporal history of Salmonella Ty-
phimurium lineages, we searched temporal signals of SNP 
accumulation throughout the phylogeny by screening ev-
ery internal node for strong correlation between isolation 
years and branch lengths (Figure 1, panel B). Although 
the entire phylogeny exhibited an overall weak temporal  

signal (R2 <0.2), 3 clades showed moderate temporal sig-
nals (R2 >0.4), permitting robust age inference of their 
MRCA. All 3 clades were associated with livestock and 
originated around the 1990s (Appendix 1 Table 5).

Differential Abundance of Putative Pseudogenes 
Among Recently Diverged Clades
We identified putative disruptive mutations (pseudogenes) 
in each Salmonella Typhimurium genome. Pseudogenes 
were most abundant in the sub-Saharan ST313 clade (G3b) 
and clades associated with wild birds (G4b and G5b) and 
seafood (G1). In multiple cases, we found significant differ-
ences (p<0.01) in pseudogene abundance between 2 recent-
ly diverged clades from a common ancestor; 1 comprised 
isolates from diverse sources and the other was associated 
predominantly with a particular source, such as wild birds 
(G4b), livestock (G2b, G6, and G10), and human ST313 
cases in Africa (G3b) (Figure 2, panel A). We consistently 
observed elevated pseudogene accumulation in the source-
associated and putatively host-adapted clades (Appendix 2 
section 7). Most of these pseudogenes were clade-specific 
(Figure 2, panel B), suggesting they emerged and accumu-
lated independently in different clades.

Differential Metabolic Potentials Among 
Representative Isolates
We characterized metabolic profiles of 6 representative 
human and animal isolates from 6 US population groups 
(G2b, G4b, G6, G7, G9, and G10) using Biolog Phenotype 
Microarrays comprising substrates of carbon, nitrogen, 
sulfur, and phosphorus sources. We found evidence for 
differential metabolic activity between any 2 isolates for 
189 of the 384 substrates tested (Appendix 1 Table 2). 
Principal component analysis on metabolic activities 
suggested that a wild bird isolate (STM223) from G4b and 
swine isolate from G10 (STM712) deviated from each other 
and the rest of the isolates because of deficiency in using 
multiple substrates (Figure 2, panel C). Compared with a 
human isolate from G9 (STM988), the wild bird isolate 
showed reduced metabolic activity for 182 substrates 
and the swine isolate for 132 substrates. Some of these 
deficiencies correlated with the putative pseudogenes and 
nonsynonymous SNPs (Appendix 2 section 8).

Source Prediction Using WGS
To evaluate Salmonella Typhimurium source prediction 
using WGS, we updated the Salmonella Typhimurium ge-
nome collection (initially 1,267 genomes) by 1) adding 939 
genomes that became available in GenomeTrakr during 
September 2015–January 2017; 2) sequencing another 11 
isolates from 5 outbreaks with confirmed livestock origin in 
the United States during 2007–2013, which, together with 
6 livestock isolates from 3 outbreaks in the original dataset, 
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led to 8 zoonotic outbreaks for retrospective source attribu-
tion; and 3) excluding 744 redundant genomes to minimize 
biases resulting from repeated sampling of closely related 
strains. The genome updates resulted in a modified collec-
tion of 1,473 isolates for source prediction, all belonging to 
the previously defined 10 populations groups.

We observed phylogenetic clustering of isolates 
from the same zoonotic source (Figure 1, panel A). In 
general, 70.3% of isolates from bovine, poultry, swine, 
or wild bird (BPSW) sources shared the MRCA with an 
isolate from the same source, suggesting the possibility 
of source prediction by phylogenetic placement. By as-
signing a query outbreak isolate to the source of the live-
stock isolate that shared the MRCA with the query, we 
correctly predicted zoonotic sources for 6 of the 8 zoo-
notic outbreaks. Most of the reference isolates for source 
prediction were epidemiologically unrelated to the query 
isolates (i.e., separated by years [Table 1]). By contrast, 
only 36.9% of human isolates and 45.5% of food isolates 
(excluding G1) were from the same source as their nearest 
phylogenetic neighbor.

In addition to overall phylogeny, we evaluated how 
the assortment of certain genetic features into particular 
Salmonella Typhimurium genomes could help predict 

zoonotic sources of Salmonella Typhimurium. Using a 
machine learning approach, we built a Random Forest 
(RF) classifier to interrogate a comprehensive collection 
of 3,137 genetic features among Salmonella Typhimuri-
um genomes: core genome SNPs (n = 1,882), high-
quality insertion/deletions (indels; n = 150), and source 
discriminatory accessory genes (n = 1,105). Trained by 
genomes of known BPSW origins, the classifier produced 
an out-of-bag accuracy rate (https://www.stat.berkeley.
edu/~breiman/OOBestimation.pdf) of 82.9%. Seven of 
the 8 zoonotic outbreaks were attributed to the correct 
source by the RF method (Table 1).

Among BPSW, the classifier performed best in pre-
dicting poultry and swine sources, followed by bovine 
and wild bird sources (Figure 3, panel A). This result 
was consistent with relative sampling intensities of these 
sources. Rarefaction analysis suggested that phylogenet-
ic diversity was better sampled for poultry and swine 
than bovine and wild bird sources; wild bird Salmonella 
Typhimurium populations were least sampled (Appen-
dix 2 section 9). For each isolate analyzed, the RF clas-
sifier generated a predicted probability for each source 
class. Because the classifier was not trained by isolates 
from non-BPSW sources, source prediction ambiguities 

Figure 2. Pseudogene accumulation and metabolic acclimation of 
Salmonella enterica serotype Typhimurium. A) Abundance of putative 
pseudogenes in each individual population group or subgroup. Colors 
indicate each pair of recently diverged clades: light blue indicates 
source-associated clade; light green indicates diverse-source clade. B) 
Distribution of putative pseudogenes among Salmonella Typhimurium 
genomes by source. Cyan, bovine; yellow, poultry; light green, wild 
bird; blue, swine; dark green, miscellaneous food; red, human; gray, 
other sources. Purple bars delineate different population groups; black 
lines within these bars indicate subgroup divisions: G2a and G2b, 
G3a and G3b, G4a and G4b, and G5a and G5b. The presence of a 
pseudogene in an isolate is shown as a black spot in the corresponding 
location. Horizontally, these pseudogenes are hierarchically clustered 
on the basis of their distribution among analyzed isolates. C) Principal 
component analysis of metabolic profiles of selected isolates. Results 
from 2 replicate Phenotype Microarray (Biolog, https://biolog.com) 
analyses are shown for each isolate. PC, principal component.
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were anticipated when it was used to predict non-BPSW 
isolates. Such ambiguities might present themselves as 
increased uncertainty in source prediction. We used the 
Simpson diversity indices (SDI) to measure the uncer-
tainty of predicted probabilities between BPSW and 
non-BPSW isolates. The SDI of the non-BPSW group 
was significantly higher (p<0.01) than that of the BPSW 
group (Figure 3, panel B). We further showed that SDI 
of predicted probabilities made an effective binary clas-
sifier to distinguish BPSW from non-BPSW isolates in 
the current dataset through a receiver operating charac-
teristic analysis, which yielded a sensitivity of 0.80 and 
a specificity of 0.63 adopting an arbitrary SDI cutoff of 
0.45 (Figure 3, panel C).

Using this cutoff, we categorized source predictions 
into precise and imprecise groups (Figure 3, panel D). 
Precise predictions (SDI <0.45) were generated for 829 of 
1,041 BPSW isolates, of which 759 (91.6%) were correct. 
A total of 147 non-BPSW isolates were precisely attributed 
to a BPSW source; among these, 51 were human isolates, 
which accounted for 31.9% of human isolates in the Salmo-
nella Typhimurium collection.

Zoonotic source predictions by phylogenetic place-
ment and RF analysis were generally consistent (Appendix 
1 Table 6). Among the 829 isolates with precise predictions 
by the RF classifier, 705 (85.0%) isolates were correctly 
predicted by both methods. Detailed comparison of the 2 
methods can be found in Appendix 2 section 10.

Genetic Indicators of Source Association
Using RF, we ranked all 3,137 genetic features by their 
importance for source prediction, which was measured 
by the mean decrease of prediction accuracy through ran-
domly permuting feature values (Appendix 1 Table 7). 
To identify a subset of key features for source prediction,  

we incrementally incorporated features into the clas-
sifier based on their importance ranking and monitored 
the change of out-of-bag error rate. After an initial sharp 
drop, the error rate plateaued when  ≈50 top-ranking fea-
tures were included (Figure 4, panel A). Ten core genome 
mutations were among the top 50 features, 3 nonsynony-
mous SNPs and 7 indels (Figure 4, panel B). The 2 most 
important features for source prediction were nonsynony-
mous SNPs and related to cell surface components (Table 
2). One of these was in the fliC gene, which is responsible 
for Salmonella flagellum formation and serotype determi-
nation. Forty of the other top 50 features were accessory 
genes found on plasmid- or phage-associated sequences 
(Figure 4, panel B). Several of these genes were involved 
in Salmonella interaction with host and environment, 
such as virulence genes spvB (23), spvD (22), and pipB2 
(20); virulence and putative host range factor sspH2 (19); 
and multiple resistance genes to silver and copper (Table 
2). Both elements are used as dietary supplements or anti-
microbial drugs in livestock production (24,25). Another 
highly ranked accessory gene, proQ, was recently discov-
ered to mediate global posttranscriptional regulation of 
gene expression (21). Twenty-four of the top 50 feature-
related genes had been functionally tested for mediating 
intestinal colonization of livestock animals; 14 showed 
positive evidence for such a role (9). Although not ranked 
among the top 50 features, antimicrobial resistance genes 
exhibited enrichment and source-associated distribution 
patterns among livestock clades (Appendix 2 section 12).

Discussion
Based on our determination of the large-scale phylogeny 
of Salmonella Typhimurium, including dense sampling of 
US livestock isolates, we speculate emerging host adap-
tation associated with livestock production. Evidence to 

 
Table 1. Retrospective source attribution of zoonotic outbreaks of Salmonella enterica serotype Typhimurium, United States* 

Isolate 
Outbreak 

 
Phylogenetic reference† Population 

group 
Phylogeny 
prediction 

RF 
prediction Year Confirmed vehicle Isolate Year Source 

STM2207 2013 Ground beef 
 

STM296 2006 Bovine G9 + + 
STM2208 2013 Ground beef 

 
STM296 2006 Bovine G9 + + 

STM2209 2007 Pot pie turkey 
 

STM093 2005 Poultry G7 + + 
STM2210 2007 Pot pie turkey 

 
STM093 2005 Poultry G7 + + 

STM2211 2007 Pot pie turkey 
 

STM093 2005 Poultry G7 + + 
STM2212 2007 Pot pie turkey 

 
STM093 2005 Poultry G7 + + 

STM2213 2013 Live poultry 
 

STM2114 2016 Bovine G7 – + 
STM2214 2013 Live poultry 

 
STM2114 2016 Bovine G7 – + 

STM2215 2011 Ground beef 
 

STM1563 2011 Bovine G6 + + 
STM2216 2011 Ground beef 

 
STM1563 2011 Bovine G6 + + 

STM2217 2015 Pork 
 

STM2116 2016 Swine G2a + + 
STM1016 2010 Cattle contact 

 
STM328 2008 Bovine G9 + + 

STM1075 2010 Cattle contact 
 

STM978 2010 Bovine G2a + + 
STM995 2010 Cattle contact 

 
STM978 2010 Bovine G2a + – 

STM996 2010 Cattle contact 
 

STM978 2010 Bovine G2a + – 
STM1065 1998 Raw milk 

 
STM034 2004 Bovine G9 + + 

STM988 2009 Chicken 
 

STM1975 2015 Bovine G9 – + 
*RF, Random Forest; +, correct prediction; –, incorrect prediction. 
†The livestock genome that had the most recent common ancestor with an outbreak query genome. 
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support this hypothesis includes increasing pseudogene 
accumulation as livestock clades diverged and metabolic 
deviation of a representative swine isolate. Both phenom-
ena have been reported as possible signs of Salmonella 
host adaptation (26–29). These adaptation signals were 
detectable but moderate compared with the wild bird and 
ST313 clades, indicating emerging adaptation. Major 
clades of livestock isolates (G2b, G6, and G10) occupied 
terminal branches of the phylogeny and shared recent 
common ancestors with diverse-source clades, suggest-
ing their recent emergence through clonal expansion. An 

exhaustive screening for temporal signals throughout the 
phylogeny enabled MRCA dating of 2 livestock clades in 
G2b and G10 around the 1990s, supporting their recent 
origin. The G10 clade contained the swine isolate display-
ing putative metabolic acclimation, as well as definitive 
type 104 isolates (Figure 1, panel B), whose global cir-
culation started around the 1990s (5), consistent with our  
MRCA dating.

Major livestock clades all included animal isolates 
across the United States and spanned >10 years. Phyloge-
netic clustering of isolates spanning a wide geotemporal 

Figure 3. Source prediction by Random Forest classifier. A) Predicted source probabilities for zoonotic Salmonella enterica 
serotype Typhimurium isolates. Each vertical line in a panel is color coded by predicted source probabilities to proportion: cyan, 
bovine; yellow, poultry; blue, swine; light green, wild bird. B) Comparison of SDIs of predicted probabilities between BPSW and 
non-BPSW isolates. For each isolate, SDI was calculated among predicted probabilities of the 4 sources. Red horizontal lines 
indicate median SDI values; blue box tops and bottoms indicate interquartile ranges; whiskers indicate maximum and minimum 
SDI values. C) Receiver operating characteristics (ROC) curve of differentiating BPSW and non-BPSW isolates using SDI of 
predicted source probabilities. The AUC was 0.8, suggesting good binary classification. Red line indicates ROC curve; dotted line 
indicates diagonal line across the ROC space. D) Summary of source prediction results of 1,473 Salmonella Typhimurium isolates. 
Rectangles with solid and dashed lines represent precise (SDI <0.45) and imprecise (SDI >0.45) predictions, respectively. Dark 
gray rectangles, BPSW isolates; light gray rectangles, non-BPSW isolates. The number in each enclosed area is the number of 
isolates in the category. The sizes of enclosed and gray areas are in proportion to the numbers of isolates they represent. Red 
lines highlight the 70 precisely but incorrectly predicted BPSW isolates are shown with red shading. The 51 precisely predicted 
human isolates were attributed to zoonotic sources: cyan, bovine; yellow, poultry; blue, swine; light green, wild bird. The sizes of 
source colored rectangles are proportional to the numbers of isolates in the predicted source classes. AUC, area under the ROC 
curve; BPSW, bovine, poultry, swine, or wild bird; SDI, Simpson diversity index.
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range also has been noticed in poultry-related Salmonella 
Enteritidis in the United States (30). The dissemination of 
closely related Salmonella strains from specific sources in 
the poultry sector could explain these observations.

Host prediction of Salmonella and Escherichia coli 
genomes through a machine-learning approach has been 
recently reported (31,32). A machine-learning classifier 
is inherently constrained by the representativeness of its 
training classes. However, for application in a realistic 
source attribution scenario, a classifier would be applied 
prospectively to isolates from sources a priori unknown to 
the classifier. Unlike those used in previous studies, our RF 

classifier was tested by isolates from various nontraining 
sources and capable of flagging them as imprecise predic-
tions. This distinction might be useful for analyzing food-
borne pathogens of a wide source range.

A previous support vector machine classifier had >90% 
accuracy in predicting the human host of Salmonella Ty-
phimurium isolates using WGS data (32). Although human 
is not a source category in foodborne pathogen source at-
tribution studies, which aim to attribute known human iso-
lates to food and other sources, we performed a similar host 
specificity prediction using our RF classifier and Salmonella 
Typhimurium dataset. Only 36.9% of human isolates in our 

Figure 4. Key genetic features 
for zoonotic source prediction 
of Salmonella enterica serotype 
Typhimurium using Random 
Forest classifier. A) Change 
of out-of-bag prediction error 
rate as incremental inclusion 
of top ranking genetic features 
for source prediction. Red lines 
indicate median values; blue 
boxes indicate interquartile 
ranges. Upper and lower whiskers 
indicate maximum and minimum 
values. Circles indicate outliers. 
B) Distribution of top 50 source 
predicting features among 
Salmonella Typhimurium isolates 
on the basis of their location. 
Cyan, bovine; yellow, poultry; 
light green, wild bird; blue, swine; 
dark green, miscellaneous food; 
red, human; gray, other sources. 
Numbers at top reference genes: 
1. proQ; 2. exc; 3. yafA; 4.yceA;  
5. Trap;  6. traA; 7. traJ; 8. spvB;  
9. spvD; 10. pipB2; 11. sspH2;  
12. 1930; 13. cusA; 14. siiP;  
15. cusC; 16. cusF; 17. cusB;  
18. 0286A; 19.0835; 20. fiiC;  
21. 1874; 22. yhfL. The presence 
of a feature in an isolate is 
shown as a horizontal line in the 
corresponding location, with its 
grayscale representing the level 
of the MD of prediction accuracy 
through randomly permuting 
values of the feature. The higher 
the MD, the more important the 
feature is for source prediction. 
MD, mean decrease.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019 89

Source Attribution of Salmonella Typhimurium

study were predicted to originate from a human host (Appen-
dix 2 section 11). We found that the higher accuracy of hu-
man host prediction by the support vector machine classifier 
(32) was due mainly to an exceedingly clonal structure of its 
training human isolates, of which 85% shared the MRCA 
with another human isolate, compared with only 36.9% in 
our training set (Appendix 2 section 13). The percentage 
for the training set was consistent with our sampling of di-
verse human isolates in the United States based on surveil-
lance data, including molecular subtypes. To avoid inflating 
source prediction accuracy by overrepresenting closely re-
lated genomes in the training set, we reduced training data 
redundancy by excluding 744 genomes from all training 
classes based on their pairwise phylogenetic distance and 
strain metadata (Appendix 2 section 6). Our classifier could 
not distinguish US human isolates from isolates of other 
sources by genomewide analysis of genetic features, argu-
ing against distinct human host signals in Salmonella Ty-
phimurium genomes or suggesting that the human isolates 
represent a mixture of strains immediately derived from 
multiple other sources. Higher occurrence of certain Sal-
monella Typhimurium subtypes in human cases, therefore, 
more likely results from their prevalent circulation in foods 
and the environment, as observed in G7, than from elevated 
infectivity or virulence.

The known zoonotic hosts and reservoirs of Salmonel-
la Typhimurium appeared to be highly attributable. When 
the classifier was precise about a BPSW origin, 91.6% 
of isolates were correctly predicted. A narrow coverage 
of livestock isolate diversity in the United States could 
skew prediction accuracy. This scenario was countered by 

the inclusion of isolates from major US Salmonella Ty-
phimurium outbreaks of livestock origins over 15 years, 
most of which our classifier correctly predicted. Further-
more, livestock populations of Salmonella Typhimurium 
appeared to be more clonal than human isolates (Figure 1, 
panel A), possibly in association with industrialized live-
stock production.

Our classifier performed genomewide, high-resolu-
tion interrogations of genetic features, including not only 
accessory genes as previously reported (31,32) but also 
core genome mutations, such as SNPs and indels. This 
approach led to the discovery of a point mutation in fliC 
that outperformed all the other features in source predic-
tion. fliC encodes the filament portion of the bacterial 
flagella, flagellin. Flagellin shows substantial antigenic 
diversity across Salmonella that has been exploited for 
Salmonella serotyping. It remains unclear whether the 2 
different FliC proteins we discovered have different bio-
logic properties that might correlate to zoonotic source. 
Our demonstration that a few key genetic features were 
sufficient for robust source prediction paves the way for 
developing efficient source attribution models scalable 
to large and expanding volumes of WGS data, which in 
turn is likely to improve the training and performance of 
the RF classifier.

Our classifier and pilot source attribution study 
based on the current training set is limited to predicting 
major livestock sources of Salmonella Typhimurium. 
Fewer than one third (31.9%) of human isolates were 
precisely attributed to a BPSW source, indicating addi-
tional sources of human salmonellosis underrepresented 

 
Table 2. Selected key genetic features for zoonotic source prediction of Salmonella enterica serotype Typhimurium using a Random 
Forest classifier 

Feature rank* 
Affected 

gene Feature type Gene function (reference) 
1 fliC Single-nucleotide polymorphism Motility, serotype diversity, intestinal colonization (16) 
5 traA Accessory gene Pilin precursor. intestinal colonization (16) 
6 spvB Accessory gene Virulence (17), intestinal colonization (16) 
9 1930† Accessory gene Intestinal colonization (16) 
11 1874† Indel Intestinal colonization (16) 
13–15, 28 cusCFBA Accessory gene Putative copper efflux system (18) 
16 silP Accessory gene Silver efflux pump (17) 
21 yafA Accessory gene Intestinal colonization (16) 
24 sspH2 Accessory gene Virulence and potential host range factor (19) 
27 0286A† Accessory gene Intestinal colonization (16) 
31 pipB2 Accessory gene Virulence (20) 
32 proQ Accessory gene Global posttranscription regulation (21), intestinal colonization (16) 
34 spvD Accessory gene Virulence (22) 
37 Trap Accessory gene Intestinal colonization (16) 
39 yhfL Indel Intestinal colonization (16) 
41 0835† Accessory gene Intestinal colonization (16) 
43 traJ Accessory gene Intestinal colonization (16) 
45 yceA Accessory gene Intestinal colonization (16) 
46 exc Accessory gene Intestinal colonization (16) 
*Features are ranked by the mean decrease of prediction accuracy through randomly permuting values of the feature. The larger the mean decrease, the 
higher the rank. Only features that are located in genes that have reported involvement in intestinal colonization, virulence, and other functions related to 
livestock environment adaptation are listed. The full list of analyzed features, including the top 50 for zoonotic source prediction, is provided in Appendix 1 
Table 6 (https://wwwnc.cdc.gov/EID/article/25/1/18-0835-App1.xlsx). Indel, insertion/deletion. 
†Locus identification of the reference genome SL1344. 
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by the current training set. Continuing accumulation of 
Salmonella Typhimurium genomes from environmental 
sources might be expected to lead to the identification of 
additional source classes to enable source attribution of 
more human clinical isolates using the machine-learn-
ing approach and could potentially help generate source 
hypotheses for outbreak investigation. Regular update 
of the training set is required for incremental improve-
ment of the classifier, particularly for tracking new and 
emerging strains.

Another limitation is related to the ability of certain 
Salmonella Typhimurium isolates to circulate among 
multiple sources, which challenges precise source pre-
diction. For example, source prediction of BPSW iso-
lates in the diverse-source G7 lineage was lower at 
64.2% than the out-of-bag prediction accuracy at 82.9% 
of all BPSW isolates. Nevertheless, G7 isolates from the 
2009 turkey pot pie–associated outbreak and the 2013 
live poultry–associated outbreak were attributed to poul-
try. These successful attributions were most likely due to 
the inclusion of other G7 poultry isolates in the training 
set that informed the classifier. Growing availability of 
training genomes in generalist lineages may reveal fine-
scale clustering of Salmonella Typhimurium isolates by 
source to help source prediction.

Finally, transmission of Salmonella from a zoonotic 
source to a nonanimal food vehicle is possible. For ex-
ample, domesticated and wild animals can cause Sal-
monella contamination of irrigation water, which may 
subsequently contaminate fresh produce (33). Two G7 
outbreaks with precise source predictions were linked to 
fresh produce, the 2010–2011 multistate alfalfa sprout–
associated outbreak and the 2012 multistate cantaloupe-
associated outbreak. In both cases, the outbreak isolates 
were attributed to poultry. Although the findings cannot 
be confirmed, our study provides a potential new tool 
to help identify root sources of foodborne Salmonella 
Typhimurium outbreaks.
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The endangered Florida panther (Puma concolor coryi) 
had an outbreak of infection with feline leukemia virus 
(FeLV) in the early 2000s that resulted in the deaths of 
3 animals. A vaccination campaign was instituted during 
2003–2007 and no additional cases were recorded until 
2010. During 2010–2016, six additional FeLV cases were 
documented. We characterized FeLV genomes isolated 
from Florida panthers from both outbreaks and compared 
them with full-length genomes of FeLVs isolated from con-
temporary Florida domestic cats. Phylogenetic analyses 
identified at least 2 circulating FeLV strains in panthers, 
which represent separate introductions from domestic 
cats. The original FeLV virus outbreak strain is either still 
circulating or another domestic cat transmission event has 
occurred with a closely related variant. We also report a 
case of a cross-species transmission event of an oncogen-
ic FeLV recombinant (FeLV-B). Evidence of multiple FeLV 
strains and detection of FeLV-B indicate Florida panthers 
are at high risk for FeLV infection.

Feline leukemia virus (FeLV) is a common pathogen-
ic infectious disease responsible for high mortality 

rates for domestic cats, particularly before development 
of effective vaccines in the 1980s (1). Subgroup FeLV-A, 
which is replication competent and horizontally trans-
missible, is responsible for most infections (1,2). Other 
FeLV subgroups (B, C, D, E, and T) arose after recom-
bination or through mutation (3). FeLV causes immuno-
suppressive, neoplastic, and hematopoietic disorders that 
correlate with FeLV subgroups (4–6). Virulent FeLV-B, 
the most common novel variant, arises after recombina-
tion between FeLV-A and endogenous FeLV (EnFeLV) 
present in the domestic cat genome and resulted in al-
tered cellular tropism (1,7–10). Horizontal transmission 
of FeLV-B is rare in domestic cats and is believed to 

require co-transmission with FeLV-A as a helper virus 
because of its replication-defective nature (11,12).

FeLV prevalence in domestic cats is variable (preva-
lence range 3%–18%) (13–16). FeLV has the capacity 
to infect nondomestic species including jaguars, bobcats, 
the critically endangered Iberian lynx, and pumas, most 
notably the endangered puma subspecies, the Florida 
panther (Puma concolor coryi) (17–21). In all non-Felis 
spp. FeLV cases, the source was believed to be domes-
tic cats, which serve as the dominant primary host. The 
genus Felis is the only taxon known to harbor enFeLV 
(22). The presence of FeLV genetic sequences in the 
germline results in recombination between exogenous 
FeLV and FeLV-A during domestic cat infections and in 
emergence of more deleterious subgroups (i.e., FeLV-B) 
that are not considered to be replication-competent in the 
absence of co-infection with FeLV-A (12). It is assumed 
that felids belonging to genera other than Felis are only 
infected with FeLV-A because they do not harbor en-
FeLV genomes.

Outbreaks of infection with FeLV have caused con-
cern in endangered felids that have population bottlenecks 
because the species might be more vulnerable to infection 
because of reduced genetic diversity. For example, 21% 
of Iberian lynx sampled during 2003–2007 were FeLV 
positive; 6 died from FeLV-related disease (23). Dur-
ing 2001–2004, an outbreak of infection with FeLV was 
documented in Florida panthers (19). Ten Florida pan-
thers were FeLV PCR positive, and 5 of these panthers 
were also determined to be antigen ELISA positive. Three 
deaths were attributed to FeLV-related disease (19,24). 
Phylogenetic analysis of a region of the FeLV env gene 
during this outbreak indicated a single circulating FeLV 
strain, likely following introduction of the virus from a 
domestic cat (24). The Florida Fish and Wildlife Conser-
vation Commission (FFWCC; Tallahassee, FL, USA) at-
tempted to contain the FeLV outbreak by implementing a 
vaccination campaign spanning 2003–2007 (19).
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During August 2004–November 2010, ≈125 live-
captured or necropsied panthers were tested for FeLV, and 
no additional cases were detected (FFWCC, unpub. data). 
However, since December 2010, a total of 6 Florida pan-
thers found dead were positive for FeLV antigenemia. These 
cases are separated in both time and space from the 2001–
2004 outbreak (Figure 1). Four likely scenarios exist to 
explain the epidemic curve. First, absence of FeLV (2004–
2010) might have resulted from complete eradication of 
the first outbreak virus, followed by introduction of another  

strain from domestic cats (Figure 2, panel A). Second, con-
temporary cases might have arisen from infection that per-
sisted but was unrecognized for 6 years (Figure 2, panel B). 
Third, new cases may have resulted from a combination of 
scenarios 1 and 2 (Figure 2, panel C). Fourth, new cases 
might be explained by introduction of multiple strains (Fig-
ure 2, panel D).

In this study, we examined the genetic relatedness be-
tween new FeLV isolates and cases described before 2004 
with 3 aims. First, we attempted to establish whether recent 

Figure 1. Temporally and 
spatially distinct FeLV cases in 
endangered Florida panthers, 
Florida, USA. A) Incidence 
of FeLV in live-caught and 
necropsied Florida panthers. 
Recaptured panthers are not 
represented. Different colors 
indicate first (yellow) and 
second (red) outbreak events. 
A vaccination campaign began 
in 2003 and efforts to actively 
vaccinate panthers continued 
until 2007; vaccination has 
continued opportunistically since 
the campaign. B) Distribution 
of historic and contemporary 
Florida panther FeLV cases in 
southern Florida. FeLV, feline 
leukemia virus.

Feline Leukemia Virus in Florida Panthers
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cases represent a new outbreak or continuation of the prior 
infection. Second, we sought to determine the genetic rela-
tionship between Florida panther and Florida domestic cat 
FeLV strains. Third, we aimed to gain insights for patho-
gen–host interactions to better inform management prac-
tices and reduce risk for FeLV spillover from domestic cats 
to endangered felid populations.

Materials and Methods

Sample Collection and Processing
FFWCC routinely screens samples collected from Florida 
panthers for FeLV antigenemia and FIV antibodies by us-
ing commercially available test kits (SNAP Combo FeLV/
FIV test; IDEXX Laboratories, https://www.idexx.com/
en). Surveillance includes animals reported dead or those 
live captured as part of ongoing health monitoring and 
population management efforts. We calculated 95% CIs of 
prevalence for outbreak periods and the intervening qui-
escent period by using the Wilson score method without 
continuity correction (25).

During 2010–2016, six (2.8%) of the 214 Florida 
panthers (P. concolor coryi UCF149, UCFP 228, FP231, 
UCFP241, UCFP269, and UCFP275) (Table 1) reported 
dead to the FFWCC were positive for FeLV antigen dur-
ing standard postmortem testing on heart, chest, or venous 
blood collected at necropsy. Lymphoid tissues from FeLV-
positive and FeLV-negative controls (i.e., bone marrow, 

lymph node, spleen, and thymus) in addition to a fibroblast 
tissue culture from 1 panther (UCFP241R1) were harvested 
in Florida, stored at –80°C, and shipped to the Feline Ret-
rovirus Research Laboratory at Colorado State University 
for additional testing.

We isolated genomic DNA from tissues by using 
bead-beater disruption and phenol-chloroform extraction 
adapted from Fan and Gulley (26). We extracted  ≈100 mg 
of each tissue by using 1.4-mm ceramic spheres in a Fast-
prep-24 tissue homogenizer (MP Biomedicals Inc., https://
www.mpbio.com). Sodium dodecyl sulfate (3 mol/L) was 
added to the tissue homogenates at a final concentration of 
10% and incubated at 37°C overnight. Cell lysates were 
washed twice with phenol-chloroform. Extracted DNA was 
concentrated by ethanol precipitation, pelleted, dried, and 
resuspended in TE buffer.

In addition to tissues from the contemporary outbreak, 
we analyzed DNA from 3 historically infected (2002–2004; 
FFWCC) FeLV-infected Florida panthers (FP115, FP122, 
and FP132), and 4 domestic cats from Florida (x1608, 
x1613, x2653, and x2655) collected during 2008–2018 for 
FeLV genomes (Table 1). Florida panther samples were 
obtained as described (19). Domestic cat samples were 
remnants of archival samples from animals brought to 
shelters (27) or provided by veterinary clinics to FFWCC. 
An additional FeLV-positive DNA blood sample obtained 
from a domestic cat (x2512) was included for analysis in 
this study (Table 1) (28).

Figure 2. Hypotheses for feline leukemia virus outbreaks in Florida panthers, Florida, USA. A) Secondary infection; B) persistent 
transmission of 1 virus strain; C) combination of the 2 scenarios; D) multiple infections. Transmission of different virus strains is indicated 
by orange or red arrows.
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FeLV Genome Recovery and Analyses
We sequenced full FeLV proviral genomes (8,448 bp) 
from 4 domestic cats (1 from Maryland and 3 from Flor-
ida), 4 of 6 contemporary Florida panthers (2010–2016), 
and 1 historic Florida panther (2001–2004) (Table 1). 
We generated two 5-kb fragments spanning the  ≈8.4-kb 
genome, which were overlapped 1.5 kb. PCRs contained 
500 nmol/L of each primer, HiFi Kapa polymerase (Kapa 
Biosystems, https://www.kapabiosystems.com/region-
selector), 50 200 ng of DNA template, and PCR primers 
(Table 2) and operated under various cycling conditions. 
We confirmed FeLV status in our laboratory by using 

FeLV-PCR and antigen ELISA tests and established pro-
tocols (28,29).

We extracted PCR products after electrophoresis from 
a 0.7% agarose gel, purified them by using a MEGAquick-
spin Total Fragment DNA Purification Kit (iNtRON Bio-
technology, http://jhscience.com/index.php?manufacturers_
id=1), and cloned them into a pJET 1.2 blunt vector by 
using the CloneJET PCR Cloning Kit (Thermo Fisher Sci-
entific, https://www.thermofisher.com/us/en/home.html). 
We transformed plasmids into XL1-Blue E. coli competent 
cells (Agilent, https://www.agilent.com). Positive clones 
were prepared by using DNA-Spin Plasmid Purification Kit  

 
Table 1. Characteristics for Florida panthers tested for FeLV and virus genomes sequenced* 
Field sample 
ID 

Laboratory 
sample ID Host species Collection date State 

Full 
genome 

Partial regions (LTR-
gag, gag, and env) 

GenBank 
accession nos. 

FP115 x1755 Puma concolor 
coryi 

2002 Nov 26 FL No Yes MG020270–2 

FP122 x1948 P. concolor coryi 2004 Jan 30 FL Yes  Yes  MF681672 
FP132 x1955 P. concolor coryi 2004 Mar 17 FL No Yes (3,688–8,396 nt) MG020273 
UCFP149 x2004 P. concolor coryi 2013 Dec 10 FL Yes  Yes  MF681665 

x2004R1† Yes  Yes MF681666 
UCFP228 x2271 P. concolor coryi 2014 Dec 28 FL No Yes MF681676–678 
UCFP231 x2270 P. concolor coryi 2015 Jan 20 FL Yes  Yes MF681667 
UCFP241 x2272 P. concolor coryi 2015 Apr 30 FL Yes  Yes MF681668 and 

MF681671 (FeLV-
B) 

UCFP269 x2274 P. concolor coryi 2016 Feb 18 FL No Yes MF681679–682, 2 
env genotypes 
from 1 sample 

UCFP275 x2273 P. concolor coryi 2016 Apr 6 FL Yes  Yes MF681669 
517278 x1608 Felis catus 2011 Nov 10 FL No Yes MF681673–675 
517453 x1613 F. catus 2011 Nov 10 FL Yes Yes MF681664 
BDX387 x2512 F. catus 2015 Jul 3 MD Yes Yes MF681670  

x2653 F. catus 2018 Jan 6 FL Yes Yes MH116004  
x2655 F. catus 2018 Jan 31 FL Yes Yes MH116005 

*FeLV, feline leukemia virus; FP, Florida panther; ID, identification; UCFP, uncollared FP. 
†Recaptured puma. 

 

 
Table 2. Primer sequences used for PCR testing of each species and locus for FeLV* 

Region Sequence, 5′  3′ Species 
Cycling conditions or 

reference 
Full genome (first half)   95°C for 3 min; 30 cycles at 

98°C for 20 s; 60°C for 15 s; 
72°C for 2 min 40 s; 72°C 

for 2 min 40 s 

 Forward TGAAAGACCCCCTACCCCAAAATTTAGCC Puma concolor coryi/Felis 
catus 

 Reverse GCGGGTCCATTATCTGAACCCAATACC P. concolor coryi/F. catus 
Full genome (second half)    
 Forward GAGTTCCTTGGAACTGCAGGTTACTGCC P. concolor coryi/F. catus  
 Reverse TGAAAGACCCCTGAACTAGGTCTTCCTCG P. concolor coryi  
 Reverse 2 GCTGGCAGTGGCCTTGAAACTTCTG F. catus  
FeLV-B env   (28) 
 Forward CAGATCAGGAACCATTCCCAGG P. concolor coryi  
 Reverse CCTCTAACTTCCTTGTATCTCATGG P. concolor coryi 
LTR-gag    
 Forward CGCAACCCTGGAAGACGTTCCA P. concolor coryi/F. catus 95°C for 3 min; 30 cycles at 

98°C for 20 s; 60°C for 15 s; 
72°C for 15 s; 72°C for 30 s 

 Reverse TCGTCTCCGATCAACACCCTGTATTCA P. concolor coryi/F. catus 
gag   
 Forward GGACCTTATGGACACCCCGACCAA P. concolor coryi/F. catus 
 Reverse GGAGGGGGTAGGAACGGACGAA P. concolor coryi/F. catus 
env   
 Forward CCTTTTACGTCTGCCCAGGGCAT P. concolor coryi/F. catus 
 Reverse TTCCACCAAGCTTCTCCTGTGGTCT P. concolor coryi/F. catus 
*The first half-genome primer set for FeLV sequencing (F/5.2R) spanning 5-LTR/3-pol was the same for the FeLV-positive Florida panthers and domestic 
cats. Reverse half-genome primers were designed to avoid amplification of domestic cat enFeLV and therefore differed for Florida panthers and domestic 
cats. FeLV, feline leukemia virus. 
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(iNtRON Biotechnology) and plasmids. Sanger sequencing 
used primer walking (Quintarabio, https://www.quintarabio.
com). Chromatograms were verified visually to ensure that 
bases were scored correctly. Full genomes were assembled 
by using de novo assembly in Geneious version 7.0.6 (https://
www.geneious.com).

Because of sample autolysis, full FeLV genomes from 
4 panthers (2 contemporary, UCFP228 and UCFP269, and 
2 historic, FP115 and FP132) and 1 domestic cat from 
Florida (x1608) were not recoverable. Partial genome se-
quencing was performed by using 3 fragments in the gag 
and env genes (Table 1). We developed forward and re-
verse primers to sequence a 115-bp long terminal repeat 
(LTR)–gag fragment, a 98-bp gag fragment, and a 121-bp 
env fragment (Table 2).

FeLV-B Screening Assay
Sequence analysis of FeLV Florida panther UCFP241 full 
genomes identified FeLV-B. Using FeLV-A, FeLV-B, and 
enFeLV sequences in GenBank (30), we designed a spe-
cific FeLV-B PCR and used it to screen all panther samples 
for FeLV-B (28).

Phylogenetic Analysis
We analyzed full-genome and partial env (1–1,294 nt) se-
quence datasets separately. We compared Florida panther 
FeLV (FeLV-Pco) and domestic cat FeLV (FeLV-Fca) se-
quence identity by using the SDTv1.2 nt pairwise compari-
son tool (31). A partial env tree was drawn to include as 
many GenBank FeLV sequences as possible. We aligned 
the 3 datasets (full genome, concatenated partial genome 
[3 small segments within the LTR-gag, gag, and env re-
gions from FP115, UCFP228, and UCFP269], and x1608 
along with those comparable regions from the FeLV full 
genomes available, and env) by using MUSCLE in MEGA 
version 5.3 (https://www.megasoftware.net) and manually 
checked open-reading frames (32,33).

To investigate phylogeny, we constructed a midpoint-
rooted maximum-likelihood nucleotide tree for the full 
genome and concatenated partial dataset by using 1,000 
bootstrap replicates. We determined best-fit substitution 
models by using jModelTest (34) in MEGA version 5.3 and 
phylogenetic trees constructed in PhyML implemented in 
SeaView4 (35) for the full-genome dataset TN93 + G mod-
el (36) and the concatenated partial sequencing nucleotide 
K2 + G model (37). A neighbor-joining tree constructed 
for the env dataset by using SeaView4 with a Jukes-Cantor 
substitution model was rooted with enFeLV and FeLV-B 
env genetic sequences (38).

Recombination was not removed from env sequences 
before constructing the tree to clearly demonstrate the phy-
logenetic relationship of FeLV-B in relation to enFeLV and 
FeLV-A. For all phylogenetic trees, branches with support 

<60% were collapsed. Full genomes from UCFP149, UCF-
P149R1, UCFP231, UCFP275, x1613, and partial sequenc-
es (LTR-gag, gag, and env) from FP115, FP132 (3,688 to 
8,396 nt), UCFP228, UCFP269, and x1608 are available in 
GenBank (30) (Table 1). Pairwise identity of full genomes 
were compared for FeLV-Pco, FeLV-Fca, and FeLV-B 
(GenBank accession nos. JF957361 and JF957363; isolated 
in the United Kingdom) by using Sequence Demarcation 
Tool version 1.2 (31).

Results

FeLV Diagnosis and Case Attributes
We determined prevalence and 95% CIs for FeLV diagnosed 
in Florida panthers during 3 periods (Table 3). FeLV was 
first detected in the Florida panther in 2001 (19,39). This 
outbreak affected panthers residing mainly in protected ar-
eas in Florida (Figure 1), including Florida Panther National 
Wildlife Refuge, Big Cypress Swamp, and Okaloacoochee 
Slough State Forest (24). During 2001–2004,  ≈131 animals 
were tested for FeLV, and 5 (3.82%) were found to be FeLV 
antigen positive (19). During 2004–2010, ≈125 animals 
were negative. The first FeLV case in Florida panthers after 
the initial outbreak was documented in a road-killed pan-
ther in December 2010. During 2014–2016, five additional 
FeLV-positive free-ranging Florida panthers were identified 
west of the historic outbreak in more populated areas (Fig-
ure 1, panel B). One of these panthers (UCFP231) might 
have died from infection with FeLV. Cause of death for the 
other 5 panthers was collision with a vehicle. Contemporary 
cases identified during 2010–2016 (6 of 184) primarily rep-
resented animals hit by vehicles in human populated areas 
(Figure 1). Prevalence (3.26%) was similar to prevalence 
during 2001–2004 (Table 3). Lymphadenopathy was docu-
mented in 2 of 6 animals (UCFP149, UCFP275). Animal 
UCFP149 had a linear stomach ulcer. The other animals 
were too autolyzed to identify gross abnormalities. Confir-
matory FeLV PCR and antigen ELISAs reestablished posi-
tive and negative diagnoses for the contemporary outbreak.

Identification of Recombinant Subgroup FeLV-B
A clone sequenced from sample UCFP241 was identified 
as the recombinant subgroup FeLV-B. An env alignment 

 
Table 3. Detection of 2 outbreaks of FeLV infection in Florida 
panthers* 

Time frame 
No. positive 

animals/no. tested Prevalence, % (95% CI) 
2001–2004 5/31 3.82 (1.64–8.62) 
2004–2010 0/125 0 (0–2.98) 
2010–2016 6/184 3.26 (1.50–6.93) 
*Values are for historic and contemporary FeLV cases. Animals were 
tested by using a commercially available test that detects FeLV 
antigenemia. Animals tested before 2001 were uniformly negative. FeLV, 
feline leukemia virus. 
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of FeLV-Pco, FeLV-Fca, and enFeLV (Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/25/1/18-1347-
App1.pdf) confirmed an infection of FeLV-B resulting 
from a previously reported recombination event between 
FeLV-A and enFeLV. Multiple clones were sequenced 
to confirm presence of FeLV-B. All other Florida pan-
ther samples were screened for FeLV-B by PCR (28) but  
were negative.

Pairwise Comparison and Phylogenetic Analysis
FeLV-Pco showed  ≈75% identity at the nucleotide level 
with published FeLV-Fca and  ≈94%–98% identity at the 
nucleotide level with FeLV isolated from domestic cats in 
Florida (x1613, x2653, and x2655). The Florida panther 
FeLV-B full genome sequenced from x2272 showed  ≈75% 
identity with sequenced FeLV-B and 95%–97% identity 
with FeLV-Pco subgroup A viruses (Appendix Figure 2).

Full-Genome Phylogeny
The maximum-likelihood tree of full FeLV-Pco and FeLV-
Fca genomes documents 2 monophyletic lineages: a lineage 
composed of FeLV isolates from Florida (FeLV-Fca and 
FeLV-Pco) and a lineage composed of published FeLV-
Fca isolates from other geographically distinct locations in 
the United Kingdom and the United States. FeLV-Fca iso-
late (x2655) from Florida groups basal to the 2 FeLV-Pco 
clades but within the larger Florida FeLV lineage. FeLV-
Fca isolate x1613 is basal to the clade that includes all his-
toric and related contemporary isolates. FeLV-Fca isolate 
x2512 was recovered as part of this study originating from 
Maryland and groups with FeLV-Fca isolate x2653 as part 
of a relatively homogeneous United States/United King-
dom clade (Figure 3, panel A).

FeLV-Pco isolates fall into >2 clades. Two iso-
lates from the contemporary outbreak are monophyletic 
(UCFP231 and UCFP241) and are referred to as contem-
porary FeLV-Pco. The other FeLV-Pco clade contains 
2 FeLV-Pco isolates from the contemporary outbreak 
(UCFP149 and UCFP275) and is most closely related to 
the historic FeLV-Pco isolate FP122; this group is referred 
to here as historic FeLV-Pco.

Partial Genotype Phylogeny
Partial genotyping FeLV-Pco sequences documented 10 
single-nucleotide polymorphisms (SNPs) and a 9-nt inser-
tion in the untranslated LTR-gag region, 3 SNPs in the gag 
region, and 8 SNPs in the env region. Phylogenetic analysis 
of the short concatenated sequence supported similar rela-
tionships established by full-genome nucleotide trees (Fig-
ure 3, panel B). An additional historic FeLV-Pco (FP115) 
is most related to other historic FeLV-Pco isolates. FeLV-
Pco from a contemporary outbreak sample (UCFP228) also 
falls in the historic FeLV-Pco clade. Five clones sequenced 

from the env portion of FeLV-Pco UCFP269 showed 2 gen-
otypes. Concatenated sequences from UCFP269 showed a 
paraphyletic relationship (Figure 3, panel B). Both isolates 
clustered outside the historic and contemporary FeLV-Pco 
strain clades (Figure 3, panel B). FeLV-Fca (x1608) groups 
within the major Florida FeLV clade (Figure 3, panel B).

Phylogeny of env
Phylogenetic relationships established by full-genome 
and concatenated partial sequence trees were supported 
by the env neighbor-joining tree (Figure 4). The env phy-
logeny clearly shows differentiation between FeLV-A/

Figure 3. Maximum-likelihood phylogenetic trees showing 2 distinct 
FeLV-Pco clades in Florida panthers, Florida, USA. A) Full-genome 
phylogeny indicates Florida FeLV-A sequences are monophyletic. 
Historic and contemporary FeLV outbreak sequences reside in 
1 clade, and a second clade consists solely of contemporary 
FeLV outbreak sequences. B) Genotyping sequence phylogeny 
generated from concatenating 3 regions of ≈100 bp (LTR-gag, gag, 
and env) compares full-genome isolates demonstrated in panel 
A in addition to 4 individual sequences. Black text indicates FeLV 
from domestic cats, orange indicates FeLV from panthers during 
the historic outbreak (2002–2004), and red indicates FeLV from 
panthers during the contemporary outbreak (2010–2016). Bold 
indicates isolates sequenced in this study. Scale bar indicates 
nucleotide substitutions per site.GenBank accession numbers are 
provided. FeLV, feline leukemia virus; LTR, long terminal repeat.
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FeLV-B/enFeLV subgroups. FeLV-B and enFeLV sub-
groups clus,ter together, and FeLV-A remained a mono-
phyletic group. All FeLV-Pco sequences detected during 
the historic outbreak are monophyletic (24). Two env se-
quences described in this study are closely related to pre-
vious sequences reported from the same animal. FP132, 
an isolate from a panther sample obtained in 2004, has 2 
SNPs; FP122, also obtained in 2004, has 5 SNPs. FeLV-
Pco sequences clustered into 2 clades, supporting previ-
ously identified relationships. One FeLV-Pco clone (UCF-
P241B) clusters in the FeLV-B clade.

Discussion
Two distinct FeLV outbreaks were recorded in the Flor-
ida panther population during 2001–2016 (Table 3).  

Phylogenetic data from both outbreaks document that 
FeLV-Pco resulted from initial spillover from domestic 
cats, presumably during a predatory event (24,39). Al-
though FeLV prevalence in domestic cats is relatively low 
(≈4%) in Florida (40), it has been reported that domestic 
cats are  ≈5% of the Florida panther diet (M. Cunning-
ham  et al., unpub. data). The relatively high number of 
domestic cats consumed, particularly in panther habitat 
proximal to human development, presents opportunities 
for FeLV spillover from cats to panthers (40).

Genomic analysis of contemporary FeLV-Pco iden-
tified 3 independent isolates (UCFP149, UCFP149R1, 
and UCFP275) that were genetically similar to historic 
FeLV-Pco (FP122; Figure 3, panel A). Analysis also de-
tected FeLV in a paraphyletic clade that is similar to, but  

Figure 4. Env phylogenies support relationships established in the full-genome tree and document the Florida panther FeLV-B relationship to 
other known recombinant viruses in Florida panthers, Florida, USA. The env tree shows FeLV-A, FeLV-B, and enFeLV sequences (neighbor-
joining analysis). One Florida panther sequence (MF681671) can be found in the FeLV-B cluster, identifying it as the recombinant subgroup. 
Black text indicates FeLV from domestic cats, orange indicates FeLV from panthers during the historic outbreak (2002–2004), and red 
indicates FeLV from panthers during the contemporary outbreak (2010–2016). Bold indicates isolates sequenced in this study. Scale bar 
indicates nucleotide substitutions per site. Black dots indicate sequences from domestic cats in Florida. GenBank accession numbers are 
provided. en, endogenous; FeLV, feline leukemia virus.
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distinct from, historic FeLV-Pco (>97% nt identity with 
FP122 (Appendix Figure 2). This genotype was detected 
in 2 panthers sampled in 2015 (UCFP231, UCFP241; Fig-
ure 3, panel A). A third FeLV strain might be present in 
contemporary samples and represented by partial FeLV se-
quences derived from 1 panther (UCFP269; Figure 3, panel 
B). Three Florida FeLV-Fca isolates (x1613, x2655, and 
x1608) clustered with Florida panther genotypes. One Flor-
ida FeLV-Fca (x2653) isolate was strongly divergent from 
other Florida FeLV-Fca isolates and resembled previously 
characterized FeLV-61E and domestic cat FeLV isolates 
from the United States and the United Kingdom. Move-
ment of domestic cats by owners likely results in mixing of 
FeLV strains beyond geographic sites.

Full-genome and concatenated partial genome trees 
demonstrate that domestic cat FeLV strains are situated 
basal to FeLV-Pco, providing evidence of a domestic cat 
origin of the panther FeLV infections. Genetic distances 
between these Florida FeLV-Fca isolates and FeLV-Fca 
isolates from locations other than Florida indicate a more 
distant evolutionary relationship between domestic cat 
strains and Florida FeLV-Fca and FeLV-Pco strains (Fig-
ure 3). These findings suggest that minimal species adapta-
tion is required for cross-species transmission between cats 
and panthers. Additional FeLV full-genome samples would 
enable a Bayesian ancestral reconstruction analysis to fur-
ther resolve FeLV isolate ancestry.

Full-genome phylogenetic analysis supports the com-
bination and hybrid panther FeLV reemergence hypotheses 
(Figure 2, panels C, D). Assuming that the Florida panther 
population was  ≈300 animals during 2004–2010, sampling 
125 of these animals with no FeLV detected provides a 
>95% CI that FeLV prevalence was <3%. Test results dur-
ing both outbreak periods indicated an FeLV prevalence 
of  ≈3%, which indicated that control measures initiated 
during the historic outbreak were successful in at least con-
trolling, if not eliminating, additional panther FeLV infec-
tions for several years. Contemporary FeLV in Florida pan-
thers was identified near human population centers where 
exposure to feral domestic cats would be more likely to 
occur (41). Although it is feasible that each contemporary 
case represented an individual exposure to a different do-
mestic cat, panther-to-panther transmission cannot be ex-
cluded, particularly for cases that occurred around the same 
time and showed similar genotypes (i.e., UCFP231 and 
UCFP241 sampled in 2015; UCFP228 sampled in 2014; 
and UCFP275 sampled in 2016).

In addition to the common horizontally transmissible 
FeLV subgroup (FeLV-A), we recovered and sequenced 
an oncogenic FeLV subgroup (FeLV-B) from tissues from 
a contemporary Florida panther (UCFP241B; Figure 3, 
panel B; Appendix Figure 1). This subgroup is a recom-
binant of FeLV-A and enFeLV, an endogenous retrovirus 

harbored only by members of the genus Felis. Identifica-
tion of FeLV-B infection in a Florida panther is only pos-
sible as a result of horizontal transmission of FeLV from 
a domestic cat because panthers lack enFeLV to support 
recombination (22). FeLV-B is common in domestic cats; 
recombination occurs in ≈33%–68% of cats infected with 
FeLV-A (42), presumably by independent recombination 
events that occur de novo after infection of domestic cats 
with FeLV-A.

FeLV-B horizontal transmission has been described 
only on 3 previous occasions (43). One study reported that 
FeLV-B was detected in a jaguar (Panthera onca); how-
ever, this analysis was based on a sequence amplified from 
a 232-bp region of the LTR (12,21). We have clearly docu-
mented a full FeLV-B genomic sequence in an endangered 
non-Felis cat species. This finding is of concern because 
FeLV-B is oncogenic and associated with increased illness 
and death in domestic cats (6,44,45). Because non-Felis cat 
species lack enFeLV, they might be more vulnerable to an 
adapted FeLV-B that is readily horizontally transmitted be-
tween animals. Thus, spillover of FeLV-B from domestic 
cats co-infected with this recombinant strain could represent 
a greater risk for vulnerable nondomestic cat populations.

Besides individual and population health effects, a po-
tential outcome of FeLV infection in nondomestic felids is 
germline infection leading to endogenization. Early endo-
genization results in an infection in which the virus has yet 
to accumulate mutations rendering the endogenous retro-
virus defective; therefore, at this stage, the virus might be 
passed horizontally to other animals (46). Early endoge-
nization might result in decreased fitness, as exemplified 
by endogenization of koala endogenous retrovirus (46,47). 
Infection with this virus has also led to higher incidence of 
secondary infections, such as chlamydiosis and neoplasias 
(48). Therefore, FeLV infection of panthers and other non-
Felis cat species is a greater concern for long-term popula-
tion effects.

Our study demonstrated that even with efforts to con-
trol FeLV in an intensively managed population, FeLV re-
mains a risk to Florida panthers, particularly for animals 
inhabiting areas near urban centers. Moss et al. reported 
that the proportion of diet consisting of domestic animals 
is increasing for Colorado pumas, which is concurrent with 
puma co-localization in human habitats (49). This trend is 
likely present in Florida.

This report highlights the need for continued 
surveillance of Florida panthers for exposure to FeLV as 
a major risk management strategy (40). Annual sampling 
of a proportion of the Florida panther population that 
is sufficient to detect an FeLV incidence of 3% with 
relative certainty and increased vaccination of panthers 
and domestic cats along sites of potential interaction are 
recommended measures to protect against future outbreaks.
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Antimicrobial drug resistance is a serious health hazard 
driven by overuse. Administration of antimicrobial drugs to 
HIV-exposed, uninfected infants, a population that is grow-
ing and at high risk for infection, is poorly studied. We there-
fore analyzed factors associated with antibacterial drug 
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administration to HIV-exposed, uninfected infants during 
their first year of life. Our study population was 2,152 HIV-
exposed, uninfected infants enrolled in the Breastfeeding, 
Antiretrovirals and Nutrition Study in Lilongwe, Malawi, dur-
ing 2004–2010. All infants were breastfed through 28 weeks 
of age. Antibacterial drugs were prescribed frequently (to 
80% of infants), and most (67%) of the 5,329 prescriptions 
were for respiratory indications. Most commonly prescribed 
were penicillins (43%) and sulfonamides (23%). Factors as-
sociated with lower hazard for antibacterial drug prescrip-
tion included receipt of cotrimoxazole preventive therapy, 
receipt of antiretroviral drugs, and increased age. Thus, co-
trimoxazole preventive therapy may lead to fewer prescrip-
tions for antibacterial drugs for these infants.

The global rise of resistance to antibacterial drugs has 
resulted in longer illnesses, more deaths, and increased 

treatment costs (1–4). Although access to antibacterial 
drugs is more widespread in industrialized countries (5), 
low- and middle-income countries also experience the ef-
fects of antibacterial drug resistance and contribute to its 
spread (6). Because infants are more susceptible than adults 
to infectious diseases, antibacterial drug administration to 
infants is correspondingly higher (7,8). In sub-Saharan Af-
rica, a growing population at especially high risk for infec-
tious diseases is HIV-exposed, uninfected infants, many of 
whom breastfeed (9,10). 

We studied the healthcare needs and the magnitude 
of antibacterial use in such populations in an underre-
sourced setting. We used longitudinal data about anti-
bacterial drug prescribing for HIV-exposed, uninfected 
infants in a large randomized controlled trial of  use of 
maternal and infant antiretroviral therapy (ART) to pre-
vent mother-to-child transmission of HIV during breast-
feeding, conducted in Malawi during 2004–2010. Our 
main objectives were to describe prescriptions for anti-
bacterial drugs for HIV-uninfected infants, in terms of 
frequency of prescriptions, types of drug prescribed, and 
clinical indications for use; and to identify factors associ-
ated with increased hazard for prescription of antibacte-
rial drugs for this population.

Methods

Study Enrollment, Design, and Procedures
Infants were enrolled in the Breastfeeding, Antiretro-
virals and Nutrition (BAN) randomized clinical trial in 
Lilongwe, Malawi, during March 2004–January 2010 
(11,12). The study enrolled 2,369 HIV-infected preg-
nant women >14 years of age with CD4+ counts of >250 
cells/µL (>200 cells/µL before July 24, 2006) and their 
infants. Enrollment was limited to infants who weighed 
>2,000 g at birth and who had no condition precluding 
study interventions.

At the time of labor, all mothers received 1 dose 
(200 mg) of oral nevirapine followed by oral zidovudine 
(300 mg 2×/d) and lamivudine (150 mg 2×/d) for 7 days; 
their newborns received 1 dose of oral nevirapine (2 mg/
kg bodyweight) and twice daily oral zidovudine (2 mg/kg 
bodyweight) and lamivudine (4 mg/kg) for 7 days. Using a 
factorial design, we randomly assigned eligible mother–in-
fant pairs to receive or not receive a nutritional supplement 
while breastfeeding and to 1 of 3 ARV interventions to be 
initiated at birth and continued for 28 weeks or until breast-
feeding cessation, if earlier. The ARV interventions were 
1) daily nevirapine for the infant, 2) triple-drug ARV regi-
men for the mother, or 3) control (no treatment for mother 
or infant). According to a standardized protocol derived 
from the World Health Organization (WHO) Breastfeed-
ing Counseling Training Manual (13), all mothers were in-
dividually counseled to breastfeed exclusively for the first 
24 postpartum weeks and then wean rapidly during weeks 
24–28. Because of overwhelming evidence of the interven-
tion’s effectiveness, we stopped enrolling participants in 
the control group after we had 668 mother–infant pairs in 
this group; those already enrolled were offered the choice 
to switch to either of the interventions.

During the BAN study, WHO and the Malawi Minis-
try of Health released updated guidelines for prophylaxis 
for HIV-infected mothers and HIV-exposed infants. To 
adhere to these guidelines, daily cotrimoxazole preven-
tive therapy (CPT) was implemented for mothers (480 mg 
2×/d) and infants (240 mg 1×/d) enrolled in the study as of 
June 13, 2006, and for all those enrolled afterward. Infants 
began CPT at their first study visit after 6 weeks of age and 
continued through 36 weeks of age or until weaning was 
complete and HIV infection was ruled out.

At 2, 6, 12, 18, 24, 28, 36, and 48 weeks, we collected 
data on anthropometrics, vital signs, illnesses and hospital-
izations since the last visit, current symptoms, and physical 
examination findings. Participants were advised to return 
to the clinic (to which they had unlimited access) between 
visits for treatment if the woman or child was ill. Medi-
cal care was provided according to the standard of care at 
the study clinics, and participants were given insecticide-
treated bed nets. 

Guidelines for medication prescribing in Malawi are 
set by the Malawi Standard Treatment Guidelines, 4th Edi-
tion (14), and are based on the WHO Integrated Manage-
ment of Childhood Illness Guidelines (http://whqlibdoc.
who.int/publications/2005/9241546441.pdf). We collected 
data about prescriptions from the study concomitant medi-
cations log, which was abstracted from pharmacy records. 
If an infant had been examined by an outside healthcare 
provider, the mother was asked to report medications re-
ceived. For hospitalized participating mothers and their 
infants, we obtained medical records when possible and 
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included in our analysis any antibacterial drugs adminis-
tered. At study visits, patients were asked if they had taken 
any medication not prescribed by study physicians, and any 
such medications were recorded. As outcomes, we consid-
ered only prescriptions for antibacterial agents (Table 1); 
other prescriptions, including antimalarial and antiparasitic 
medications, were excluded. Prescription of CPT was not 
considered an outcome.

HIV status of infants at 2, 12, 28, and 48 weeks of age 
was determined by using a Roche Amplicor 1.5 DNA PCR 
(https://diagnostics.roche.com). Positive results were con-
firmed by testing an additional blood specimen. The win-
dow of infection was narrowed by testing dried blood spot 
specimens collected at 4, 6, 8, 18, 24, 32, and 36 weeks. We 
included in our analysis the 2,152 infants who were HIV 
negative at 2 weeks of age; we removed from the study and 
referred for care those who were not. 

Ethics Approval
The BAN study was approved by the Malawi National 
Health Science Research Committee and the institutional 
review boards at the University of North Carolina at Chapel 
Hill and the US Centers for Disease Control and Prevention 
(CDC). All women provided written, informed consent for 
specimen storage and laboratory studies.

Statistical Analyses
For descriptive analyses, we calculated frequencies and 
medians for all exposures and covariables. Total antibac-
terial drug prescriptions are presented as frequencies and 
as medians per infant and per infant-month of follow-up. 
We describe frequencies of prescriptions of antibacterials 
by drug class, indications, indication categories, respiratory 
indication subcategories, and routes of administration. We 
compare the categorical proportions of exposures, covari-
ables, and total antibacterial drug prescriptions by using χ2 

tests and assessed continuous variables by using the Krus-
kal–Wallis test. A Cox proportional hazards model with 
recurrent events modeled as a counting process was used 
to assess the hazards of antibacterial prescription by time-
dependent CPT status; ARV group; malaria season (Octo-
ber–April); nutritional study group; maternal demograph-
ics; maternal CD4+ T-cell count at delivery; log maternal 
HIV viral load during pregnancy; and infant sex, birth-
weight, and categorical age (<1, 1–3, 3–6, or 6–12 mo). To 
assess the proportional hazards assumption and determine 
whether the effects of independent variables on the hazard 
of antibacterial prescription varied with infant age, we in-
cluded interaction terms in Cox models. Infant follow-up 
ended at death, mother’s death, or loss to follow-up. For 
the 71 infants who became HIV infected after 2 weeks of 
age, follow-up ended at the time of their last HIV-nega-
tive test result. The first week of life and the 5 days after  

prescription of an antibacterial drug do not contribute to to-
tal follow-up time, and antibacterial drug prescriptions ad-
ministered during these periods were excluded. Sensitivity 
analyses excluded the 71 infants who became HIV infected 
after 2 weeks of follow-up and excluded prescriptions for 
topical antibacterials.

In analyses considering time-varying CPT exposure, 
infants were considered exposed from the first post-CPT 
implementation (June 13, 2006) study visit at or later than 6 
weeks of age. Study group is modeled as an intent-to-treat 
variable. All analyses were performed by using SAS 9.4 
(https://www.sas.com).

Results
At delivery, the mothers of the 2,152 infants included in 
this analysis had a median CD4+ T-cell count of 440 cells/
µL and a median HIV viral load of ≈16,000 copies/mL 
(Table 2). Median age of the mothers was 26 years (inter-
quartile range [IQR] 22–29 years), and most had been edu-
cated through the primary (53%) or secondary (34%) lev-
els. Among infants, median birthweight was 3,000 g (IQR 
2,700–3,300), and 51% were male. There were fewer in-
fants in the control (28%) than the maternal ARV (35.6%) 
or infant nevirapine (36.7%) groups because of early dis-
continuation of the control group. Half of the mothers from 
all 3 groups received a nutritional supplement.

Overall, 80.3% of infants received >1 prescription for 
an antibacterial drug during the follow-up period. Of the 
5,107 antibacterial drug prescriptions for infants during the 
study, 3,437 (67.3%) were for respiratory indications, 590 
(11.6%) for gastrointestinal indications, and 314 (6.1%) 

 
Table 1. Antibacterial drugs used in the Breastfeeding, 
Antiretrovirals and Nutrition study, Malawi, 2004–2010 
Class Drug 
Aminoglycoside Gentamicin 
Cephalosporins Ceftriaxone 
 Cefuroxime 
 Loracarbef 
Nitroimidazole Metronidazole 
  
Penicillins Amoxicillin 
 Ampicillin 
 Augmentin 
 Benzathine penicillin 
 Benzylpenicillin 
 Cloxacillin 
 Flucloxacillin 
-lactams/-lactamase inhibitor 
combination 

Amoxicillin/clavulanate 

Phenicols Chloramphenicol 
Quinolones Ciprofloxacin 
 Nalidixic acid 
Sulfonamides Cotrimoxazole 
 Sulfadiazine 
Tetracyclines/macrolides Doxycycline 
 Erythromycin 
 Tetracycline 
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for skin-related indications (Figure 1, panel A). Among 
antibacterial drug prescriptions for respiratory indications, 
66.7% were for acute respiratory infections or upper re-
spiratory tract infections, 6.8% were for pneumonia, and 
26.5% were for other conditions (Table 3). The distribu-
tion of respiratory indications among antibacterial drug 
prescriptions did not vary according to timing relative to 
CPT implementation. Most antibacterial drug prescriptions 
were for penicillins (2,132, 41.8%), sulfonamides (1,194, 
23.4%), and tetracyclines or macrolides (863, 16.9%) 
(Figure 1, panel B). Each of the remaining categories 
(phenicols, nitroimidazoles, cephalosporins, β-lactams/ 
β-lactamase inhibitor combinations, aminoglycosides, and 
quinolones) accounted for <10% of prescriptions. In the 
BAN study, prescriptions for amoxicillin accounted for 
1,932 (37.8%) of all antibacterial drug prescriptions for 
HIV-exposed, uninfected infants, followed by cotrimoxa-
zole (23.4%), tetracycline (8.7%), erythromycin (8.2%), 
and chloramphenicol (6.0%). Tetracycline was prescribed 
as an ophthalmic solution to treat conjunctivitis. No other 
individual antibacterial drug accounted for >5% of all pre-
scriptions (data not shown). Most antibacterial drugs were 
administered orally (85.0%); the rest, topically (8.0%) or 
intramuscularly (5.4%) (data not shown).

More infants were enrolled after (1,460) than before 
(692) CPT implementation in Malawi in June 2006 (Table 
2). Median maternal age at delivery was slightly higher af-
ter CPT implementation (26 years) than before (25 years). 
Because of the discontinuation of the control group, infants 
born after CPT implementation were less likely to be in the 
control group (p<0.001 by χ2 test). No other maternal or 
infant characteristics differed according to CPT implemen-
tation or ARV treatment group (Table 2).

Because more participants were enrolled after CPT 
implementation, the post-CPT implementation group con-
tributed more person-time (412,697 vs. 187,865 person-
days). The median length of follow-up for infants was 336 
days (IQR 255–340 days); median follow-up length did not 
vary according to timing of birth relative to CPT imple-
mentation date (p = 0.09 by Kruskal–Wallis test) (Table 4). 
The median number of antibacterial drug prescriptions per 
infant was 2 (IQR 1–3) and was higher before (median 3, 
IQR 1–5) than after (median 2, IQR 1–3) CPT implementa-
tion. The same was true for median total antibacterial drug 
prescriptions per infant-month before (0.3, IQR 0.2–0.5) 
and after (0.2, IQR 0.1–0.3) CPT implementation (Table 
4). Several infants were born before CPT implementation, 
but only 1 was born after and received >10 antibacterial 
drug prescriptions over the follow-up period (Figure 2).

Several factors were significantly associated with an-
tibacterial drug prescription according to the Cox propor-
tional hazards model. The largest reduction in hazards of 
prescription was for time-varying CPT exposure (hazard 
ratio [HR] 0.57, 95% CI 0.52–0.61) (Table 5). Assignment 
to each of the ARV prophylaxis groups was also associated 
with reduced hazard of antibacterial drug prescription (ma-
ternal ARV HR 0.85, 95% CI 0.78–0.93; infant nevirapine 
HR 0.90, 95% CI 0.82–0.98). Although maternal CD4+ 
counts at delivery were not associated with antibacterial 
drug prescriptions, log maternal HIV viral load at delivery 
was; for each 1 unit increase of log maternal viral load, 
hazard of infant antibacterial drug prescriptions increased 
by 2% (HR 1.02, 95% CI 1.003–1.04).

Removing the 71 infants who had become HIV infect-
ed by the 2-week visit reduced the median maternal viral 
load for CPT-exposed and CPT-unexposed infants but did 

 
Table 2. Baseline characteristics of HIV-exposed, uninfected infants in the Breastfeeding, Antiretrovirals and Nutrition study, Malawi, 
2004–2010* 
Characteristic Total Before CPT After CPT p value† 
No. infants 2,152 692 (32.16) 1,460 (67.84) 

 

Maternal education 
   

1.0 
 None 245 (11.4) 81 (11.7) 164 (11.3) 

 

 Primary  1,153 (53.7) 369 (53.3) 784 (53.8) 
 

 Secondary  730 (34.0) 236 (34.1) 494 (33.9) 
 

 Tertiary  21 (1.0) 6 (0.9) 15 (1.0) 
 

Maternal CD4, cells/L‡ 440 (330–582) 437 (328–596.5) 441 (330–578) 0.8 
Maternal HIV viral load during 
pregnancy, copies/mL‡ 

16,045 (4,462–48,857) 17,231 (5,194.5–51,274) 15,281 (4,339–48,192) 0.2 

Maternal age at delivery, y‡ 26 (22, 29) 25 (22–29) 26 (23–29) 0.047 
Male infant 1,088 (50.6) 358 (51.7) 730 (50.0) 0.5 
Infant birthweight, g‡ 3,000 (2,700–3,300) 3,000 (2,700–3,300) 3,000 (2,700–3,300) 0.7 
Treatment group 

   
0.002 

 Control  597 (27.7) 227 (32.8) 370 (25.3) 
 

 Maternal ARV  766 (35.6) 229 (33.1) 537 (36.8) 
 

 Infant nevirapine  789 (36.7) 236 (34.1) 553 (37.9) 
 

Nutrition group  1,076 (50.0) 345 (49.9) 731 (50.1) 0.9 
*Data from 6 wks after birth overall and according to baseline visit timing relative to cotrimoxazole prophylaxis guideline implementation in June 2006. 
Values are no. (%) unless otherwise indicated. ARV, antiretroviral therapy; CPT, cotrimoxazole preventive therapy.  
†p values for continuous variables based on Kruskal-Wallis test; p values for categorical variables based on the Pearson 2 test. 
‡Median (interquartile range). 
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not otherwise notably affect results. Exclusion of topical 
antibacterial drug prescriptions did not alter any associa-
tions in the proportional hazards model (results not shown).

No maternal demographic characteristics were asso-
ciated with hazard of antibacterial drug prescription, but 
infant characteristics were associated. Male sex (HR 1.09, 
95% CI 1.02–1.17) and higher birthweight (HR 1.17, 95% 
CI 1.06–1.28) were each associated with increased hazard 
of antibacterial drug prescriptions; increasing age was as-
sociated with reduced hazard of prescriptions. Compared 
with the period from birth to 1 month of age, each sub-
sequent period was associated with further reduced haz-
ard of antibacterial drug prescription (at 1–3 months of 
age, HR 0.80, 95% CI 0.67, 0.95; at 3–6 months, HR 0.63, 
95% CI 0.53, 0.76; at 6–12 months, HR 0.48, 95% CI 0.40, 
0.58) (Table 5).

Discussion
In this study, HIV-exposed uninfected infants in Lilongwe, 
Malawi, received a median of 2 antibacterial drug prescrip-
tions during the 48 weeks of study follow-up; 80% received 
>1 prescription during their first year of life. The main  

indicator driving these prescriptions was respiratory infec-
tions, followed by gastrointestinal infections. The most 
commonly prescribed drugs were in the penicillin class, 
specifically amoxicillin. Prescriptions became less common 
as study infants aged, and prophylactic CPT was associated 
with a 43% decrease in antibacterial drug prescriptions to 
treat infections; ARV administration to either the mother or 
the infant was associated with smaller decreases (10%–15%).

Studies of recent antibacterial drug prescribing in 
western Europe and Australia show rates of 0.65–0.97 pre-
scriptions/person-year for infants in the first year of life 
(15–19), approximately one third to one half the rate of 
prescriptions for infants in the BAN study. This finding is 
perhaps not surprising, considering the higher rates of ill-
ness and death caused by infectious diseases among infants 
in Malawi compared with rates in higher income countries 
(20) and the even higher illness rates for infants born to 
HIV-infected mothers (9). Previous research has identified 
irrational prescribing of antibacterial drugs in health facili-
ties in Malawi (21), potentially contributing to the higher 
observed rates of antibacterial drug use. To our knowledge, 
studies using person-level data to determine antibacterial 

Figure 1. Numbers of 
prescriptions for antibacterial 
drugs, by clinical indication 
(A) and drug category (B), 
for HIV-exposed, uninfected 
infants in the Breastfeeding, 
Antiretrovirals and Nutrition 
study, Malawi, 2004–2010. 
AG, aminoglycosides; AMX-
CLAV, amoxicillin-clavulanate; 
CEPH, cephalosporins; QUIN, 
quinolones; NIT, nitroimidazole; 
PEN, penicillins; PHEN, 
phenicols; SUL, sulfonamides; 
TET/MAC, tetracycline/
macrolides.
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drug prescription for infants in low- and middle-income 
countries are lacking. Antibacterial drugs were prescribed 
for a larger proportion (80%) of infants in the BAN study 
than in a study in Nigeria (22), although that study was 
based on parent recall, which may have introduced error.

CPT for participants in the BAN study was imple-
mented in June 2006. Several analyses, using data from 
the BAN study and from other studies, have shown CPT 
to be associated with reduced subclinical malaria (23), 
lower rates of illness and death caused by infectious dis-
eases (24–26), and reduced incidence of severe anemia 
(27). The antibacterial properties of cotrimoxazole are 
probably the cause of the observed association between 
CPT and reduced overall antibacterial prescriptions. The 
malaria-preventing activity of cotrimoxazole may also 
contribute to better overall infant health and decreased 
illness rates from infectious diseases, as indicated in an-
other analysis of BAN data (24). The prescriptions in 
this trial were driven mostly by respiratory infections. 
Reductions in antibacterial drug prescriptions associ-
ated with gastrointestinal symptoms and other indica-
tions were also observed; this finding is in agreement 
with previous results from the BAN study showing as-
sociations between CPT and reduced respiratory and di-
arrheal illness (24) and with evidence that CPT prevents 
a variety of infections and resulting illness and death  
(28–30). Another study, however, found that CPT for  

severely malnourished infants in Kenya did not reduce 
respiratory or diarrheal infections, although it did reduce 
malaria incidence (31).

Significant reductions in antibacterial drug prescrip-
tions, although of smaller magnitude, were associated 
with use of ART by mothers during breastfeeding and 
with prophylactic administration of nevirapine to infants 
during 28 weeks of breastfeeding. Factors contributing to 
such increases may include overall improvements in ma-
ternal health, resulting in better ability to care for their 
infants, and perhaps improved immunologic or nutritional 
quality of breastmilk (32,33). The reasons for the effect of 
nevirapine on the infant are less clear but may be associ-
ated with the mother’s perception of her infant’s health 
and need to access care. Since the conclusion of the BAN 
study, Malawi has adopted the Option B+ strategy (http://
www.who.int/hiv/pub/guidelines/arv2013/en) aiming 
to provide all HIV-infected persons with ART for life. 
Guidelines for HIV-infected pregnant women (https://
aidsfree.usaid.gov/sites/default/files/malawi_art_2016.
pdf) have been updated to recommend that mothers con-
tinue breastfeeding for 12–24 months and continue CPT, 
both of which may lead to decreased infectious disease 
incidence for the infants and resultant decreased prescrip-
tion of antibacterial drugs.

Among antibacterial drugs given for respiratory in-
dications, approximately two thirds were for acute respi-
ratory infections or upper respiratory tract infections, for 
which Malawi Ministry of Health guidelines (http://www.
pascar.org/uploads/files/Malawi_STG_Hypertension.
pdf) do not support antibacterial treatment. This pattern 
agrees with research on prescribing practices from Ma-
lawi and other developing countries (21,34,35) but also 
the United States (36,37). After implementation of CPT, 
the prescriptions described and appropriate prescription of  

 
Table 4. Antibacterial prescriptions and person-time of follow-up for HIV-exposed, uninfected infants in the Breastfeeding, 
Antiretrovirals and Nutrition study, Malawi, 2004–2010* 

Variable 

Overall 

 

Before CPT 

 

After CPT 

 

p values† 

Total 
no. 

Per 
person 

Per 
infant-
month 

Total 
no. 

Per 
person 

Per 
infant-
month 

Total 
no. 

Per 
person 

Per 
infant-
month 

Per 
person 

Per 
person-
month 

No.  2,152 
  

 692 
  

 1,460 
  

 
  

Median follow-
up time, d 

600,562 336 
(255–
340) 

 
 187,865 337 

(226–
343) 

 
 412,697 336 

(294–
339) 

 
 0.09 

 

Prescriptions, 
total 

5,107 2 (1–3) 0.2 
(0.1–
0.3) 

 2,269 3 (1–5) 0.3 
(0.2–
0.5) 

 28,38 2 (1–3) 0.2 
(0.1–
0.3) 

 <0.0001 <0.0001 

 For  
 respiratory  
 infections 

3,437 1 (0–2) 0.1 (0–
0.2) 

 1481 2 (1–3) 0.2 
(0.1–
0.3) 

 1956 1 (0–2) 0.1 
(0.0–
0.2) 

 <0.0001 <0.0001 

 For other  
 infections 

1,670 0 (0–1) 0 (0–
0.1) 

 788 1 (0–2) 0.1 (0–
0.2) 

 882 0 (0–1) 0.0 
(0.0–
0.1) 

 <0.0001 <0.0001 

*Overall and according to baseline visit timing relative to CPT guideline implementation (June 2006). Values are range (IQR) except as indicated. CPT, 
cotrimoxazole prophylaxis; IQR, interquartile range. 
†p values based on Kruskal-Wallis test for continuous variables. 

 

 
Table 3. Respiratory indications for antibacterial drugs prescribed 
for HIV-exposed, uninfected infants in the Breastfeeding, 
Antiretrovirals and Nutrition study, Malawi, 2004–2010* 
Condition No. (%) 
Pneumonia 234 (6.81) 
Acute respiratory infection or upper respiratory 
tract infection 

2,291 (66.7) 

Other* 912 (26.5) 
*Otitis media, conjunctivitis, meningitis, sinusitis. 
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antibacterial drugs declined, which could possibly be at-
tributed to reductions of malaria or better overall maternal 
and infant health. In addition, recent research indicates that 
pharmacies in Malawi often do not adhere to rules requir-
ing a prescription for antibacterial drugs (38), although 
there are no data on administration of over-the-counter 
antibacterial drugs for infants. The BAN study attempted 
to record these medications, but the self-reported nature of 
these data could have led to underestimation.

Maternal HIV viral load is an indicator of HIV disease 
status and an indirect marker of immune status; higher 
viral loads indicate more advanced HIV disease, a more 
compromised immune system, and increased susceptibil-
ity to infection (39). Mothers with a higher viral load at 
delivery may have had poorer overall health and increased 
susceptibility to infection, potentially explaining the in-
crease in antibacterial drug prescriptions for infants of 
mothers with higher viral loads. The BAN study excluded 
women with CD4+ counts <250 cells/µL (<200 cells/µL 
early in the study). This restriction may explain why no 
association was found between CD4+ counts and antibac-
terial drug prescriptions.

Our findings also showed an association of increased 
antibacterial drug prescriptions for infants who were male, 
had higher birthweight, and were younger. Research sug-
gests that male infants are more susceptible to most types 
of respiratory infections and that these infections tend to be 
more severe (40). Younger infants also have greater sus-
ceptibility to, and severity of, infectious diseases (8,41,42), 
which could trigger more aggressive treatment of younger 
infants. The reasons for the association of antibacterial 
drug prescriptions with higher birthweight are less clear; 
however, infants with the lowest birthweights (<2,000 g) 
were excluded from the BAN study.

The 13-valent pneumococcal conjugate vaccine was 
introduced in Malawi in November 2011, after the conclu-
sion of the BAN study. Surveillance during implementa-
tion of this immunization program showed fewer cases of 
severe and fatal pneumonia (43). This vaccine can also pre-
vent otitis media caused by pneumococcal infection (44). 
The rotavirus vaccine, introduced in October 2012, also af-
ter the conclusion of the BAN study, has reduced hospital 
admissions of infants for acute rotavirus gastroenteritis in 
Malawi (45). The reduction of severe pneumonia may re-
duce infants’ need for antibacterial drugs, and the reduction 
of rotavirus infections may limit unnecessary antibacterial 
drug prescribing and generally improve infant health.

Our study has some limitations. One limitation is a 
lack of reliable data about the duration of treatment with 
antibacterial drugs and individual adherence. Although the 
study followed Malawi national treatment guidelines, as 
part of a large clinical trial that provided unlimited access 
to medical care, resources may have been available to the 
study clinics that are not available to clinics and persons at 
large in the target population in Malawi, limiting our ability 
to generalize the results. Also, we were not able to indepen-
dently verify the reliability of providers’ diagnoses used to 
guide prescription of antibacterial drugs. Although we re-
quested relevant records when participants reported having 
received outside medical care, some antibacterial drug pre-
scriptions may have been missed. However, because medi-
cal care was provided without charge, participants had an 
incentive to use that provided by the study clinic. 

There may have been unmeasured variables affect-
ing disease incidence or antibacterial drug prescribing 
patterns, confounding the associations we found. Be-
cause of its time-dependent nature, the association be-
tween CPT exposure and antibacterial drug use may be 

Figure 2. Distribution of HIV-exposed, uninfected infants according to total number of prescriptions for antibacterial drugs during follow-
up in the Breastfeeding, Antiretrovirals and Nutrition study, Malawi, 2004–2010. Infants enrolled A) before and B) after implementation of 
cotrimoxazole preventive therapy.
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vulnerable to confounding by overall trends in popula-
tion health. However, baseline characteristics before and 
after CPT implementation were broadly comparable. 
Prescriptions for antibacterial drugs when such treat-
ment was not clearly indicated (e.g., fever, abdominal 
pain, upper respiratory tract infections, asthma) were 
included as outcomes. For these conditions, this study 
lacks sufficient clinical detail on which to base a defi-
nite determination of the appropriateness of antibacte-
rial drug administration, and we thus cannot definitely 
conclude how much of the reduced antibacterial drug 
prescription associated with CPT resulted from preven-
tion of bacterial infections versus other factors, such as 
reduced malaria or influence on clinicians’ antibacterial 
drug prescribing threshold. A proportion of the reduced 
antibacterial drug prescriptions for respiratory indica-
tions associated with CPT may result from a reduction 
in malaria because of overlapping symptoms (46,47). In 
Malawi, because study clinicians commonly do not reg-
ularly test urine without a distinct indication of a urinary 
tract problem, urinary tract infections are probably un-
derrepresented as causes for prescription of antibacterial 
drugs in the study population.

Our study also has several strengths. The study includ-
ed a large sample of a population whose antibacterial drug 
use is underdescribed, it took advantage of the midtrial 
CPT introduction to assess CPT effects on use of antibac-
terial drugs, and it measured the effects of several factors 
on prescribing of antibacterial drugs for HIV-exposed,  
uninfected infants in an urban setting in Malawi. Data on 

independent variables, outcomes, and illness were col-
lected systematically, and participants were followed up 
actively, which is generally not possible with studies that 
use administrative or surveillance data.

In conclusion, our findings indicate that antibacte-
rial drugs were frequently prescribed for HIV-exposed, 
uninfected infants in the BAN study, primarily to treat 
respiratory infections. Antibacterial drugs were more 
likely to be prescribed for infants who were younger, 
whose mothers had higher HIV viral loads, and who 
were not exposed to ART. We found a strong associa-
tion between CPT and lower hazard of antibacterial drug 
prescription. With the expansion of lifelong ART cover-
age in Malawi and other areas of high HIV prevalence 
and the increasing availability of effective vaccines, 
HIV-exposed, uninfected infants in Malawi may experi-
ence fewer infectious diseases and a resulting decrease 
in prescription of antibacterial drugs. Our study provides 
a useful reference point for measuring prescription of 
antibacterial drugs for infants at high risk for infectious 
diseases in a low-income country and for assessing the 
effects of programs to improve the health of those in-
fants in Malawi.
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Table 5. Cox proportional hazard ratio estimates for associations 
between prescriptions for antibacterial drugs and other variables 
in the Breastfeeding, Antiretrovirals and Nutrition study, Malawi 
2004–2010 
Factor Hazard ratio (95% CI) 
Cotrimoxazole preventive therapy 0.57 (0.52–0.61) 
Malaria season (Oct–Apr) 0.98 (0.91–1.05) 
Treatment group 

 

 Maternal antiretrovirals 0.85 (0.78–0.93) 
 Infant nevirapine 0.90 (0.82–0.98) 
Nutritional supplement 1.05 (0.98–1.12) 
Maternal CD4+ T-cell count at delivery, 
cells/L 

1.15 (0.96–1.38) 

Maternal HIV viral load during pregnancy, 
log copies/mL 

1.02 (1.003–1.04) 

Maternal age, y 1.01 (0.998–1.01) 
Maternal education 

 

 None Reference 
 Primary 0.92 (0.83–1.03) 
 Secondary 0.99 (0.89–1.11) 
 Tertiary 0.93 (0.65–1.32) 
Male sex  1.09 (1.02–1.17) 
Infant birthweight, kg 1.17 (1.06–1.28) 
Age category, mo  

 

 Birth–1 mo Reference 
 1–3  0.80 (0.67–0.95) 
 3–6  0.63 (0.53–0.76) 
 6–12  0.48 (0.40–0.58) 
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We developed an IgM-based ELISA that identifies the den-
gue virus serotype of recent infections. Dominant serotypes 
were detectable in 91.1% of samples from travelers and 
86.5% of samples from residents of endemic regions; 97.1% 
corresponded to the serotype identified by PCR. This ELISA 
enables more accurate reporting of epidemiologic findings.

Dengue virus (DENV) is an arthropodborne flavivirus 
that is endemic in tropical and subtropical regions, 

causing hundreds of millions of infections annually (1). 
It is subdivided into 4 serotypes, DENV-1–4. After infec-
tion, patients have lifelong immunity against the homolo-
gous serotype but remain susceptible to infections with 
the others (2). Such secondary infections have been shown 
to be a risk factor for severe dengue with life-threatening 
clinical manifestations, including dengue hemorrhagic 
fever or dengue shock syndrome (3). Thus, monitoring 
the serotype is essential for outbreak management, epi-
demiologic studies, and patient care. Analyses are often 
performed by using direct virus detection methods, such 
as PCR and nonstructural protein 1 (NS1) antigen capture 
(4). Despite the high specificities of these assays, their 
main disadvantages include a rather small diagnostic win-
dow for detection and, for NS1 antigen capture tests, low 

sensitivities during secondary DENV infections (5). Iden-
tification of the infecting serotype by serologic methods 
is hampered by the cross-reactivity of antibodies elicited 
by the immune response against flaviviruses (6). Previ-
ous reports have shown that the insertion of mutations in 
the conserved fusion loop domain of flavivirus envelope 
proteins reduces this cross-reactivity in diagnostic testing 
(7–9). Using this method, we developed a DENV-specific 
ELISA capable of differentiating DENV from other clini-
cally relevant flaviviruses, such as Zika virus, West Nile 
virus, and tick-borne encephalitis virus (10). In this study, 
we evaluated the potential of this technique to distinguish 
the 4 DENV serotypes during the acute phase of infection 
on the basis of IgM detection.

The Study
We acquired DENV PCR–confirmed and, thereby, sero-
type-classified serum samples that we divided into 2 groups: 
those from returning travelers with residence in Italy or 
Germany (n = 45), collected from patients 5–60 days after 
symptom onset during 2013–2016; and those from persons 
residing in the DENV-endemic countries of Sri Lanka (n = 
43), Vietnam (n = 24), Venezuela (n = 5), and Brazil (n = 
2), collected from patients 2–8 days after symptom onset 
during 2013–2018. We also had a set of 14 DENV PCR–
negative but NS1-positive (PLATEILA DENGUE NS1 
AG; Bio-Rad, Hercules, CA, USA) serum samples from 
patients in Vietnam that were collected during the same 
outbreak as the other patients from Vietnam with DENV 
PCR–positive test results. Ethics approvals were obtained 
from the respective local authorities for all samples.

We first tested all serum samples with a DENV-specific 
ELISA that used 4 recombinant DENV envelope proteins 
(1 per serotype) containing 4 point mutations in and near 
the conserved fusion loop (called Equad proteins) (9). All 
samples were positive for DENV IgM (S. Ulbert, unpub. 
data). This Equad-based ELISA was previously shown to 
be capable of discriminating DENV from other flaviviruses  
(9,10). We took the Equad antigens from this ELISA  
and created a DENV serotyping ELISA. In brief, we ti-
trated serum samples (1:100–1:12,800 in serial 2-fold 
dilutions) in duplicate on plates coated with DENV-1–4 
Equad proteins (Appendix, https://wwwnc.cdc.gov/EID/
article/25/1/18-0605-App1.pdf) (10). We defined the end-
point titer for every serotype as the last dilution presenting 
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a signal above the cutoff (Appendix Table), which was cal-
culated as the mean plus 2 times the SD of 15 flavivirus-
negative control serum samples (diluted 1:100) acquired 
from Padova University Hospital, Padova, Italy.

Results showed 1 dominant serotype (Figure 1) 
for 91.1% of serum samples from returning travelers 
and 86.5% of serum samples from residents of DENV-
endemic countries (Appendix Figures 1, 2). Compared 

Figure 1. DENV IgM ELISA 
titers, by serotype, for DENV 
PCR–positive serum samples 
from travelers returning to 
Germany or Italy, 2013–2016. 
A) DENV-1; B) DENV-2; C) 
DENV-3; D) DENV-4. Data 
lines indicate average titers; 
error bars indicate SDs. 
The antigens in this ELISA 
were Equad proteins (i.e., 
envelope protein from each 
DENV serotype with 4 amino 
acid changes T76R, Q77E, 
W101R, and L107R). In 
these examples, the highest 
endpoint titers corresponded 
to the DENV serotype 
identified by PCR analysis. 
DENV, dengue virus.

 
Table 1. Dominant serotype determined by DENV serotype–specific IgM ELISA and ELISA specificity, by cohort and serotype,  
2013–2018* 

Cohort, DENV serotype† No. samples 
Dominant serotype, 

no. (%) samples 
Serotype specificity‡ 

No. samples % Samples (95% CI) 
Returning travelers 
 DENV-1 16 14 (87.50) 14 87.50 (61.65–98.45) 
 DENV-2 11 10 (90.91) 8 72.73 (39.03–93.98) 
 DENV-3 10 9 (90) 9 90.00 (55.50–99.75) 
 DENV-4 8 8 (100.00) 7 87.50 (47.35–99.68) 
 All serotypes 45 41 (91.11) 38 84.44 (70.54–93.51) 
Residents in DENV-endemic countries 
 Sri Lanka 
  DENV-1 23 16 (69.57) 16 69.57 (47.08–86.79) 
  DENV-2 14 13 (92.86) 13 92.86 (66.13–99.82) 
  DENV-4 6 6 (100.00) 6 100.00 (54.07–100.00) 
  All serotypes 43 35 (81.40) 35 81.40 (66.60–91.61) 
 Vietnam 
  DENV-1 20 19 (95.00) 19 95.00 (75.13–99.87) 
  DENV-2 4 4 (100.00) 4 100.00 (39.76–100.00) 
  All serotypes 24 23 (95.83) 23 95.83 (78.88–99.89) 
 Venezuela 
  DENV-4 5 4 (80.00) 4 80.00 (23.36–99.49) 
 Brazil 
  DENV-4 2 2 (100.00) 2 100.00 (15.81–100.00) 
 Total 
  DENV-1 43 35 (81.40) 35 81.40 (66.60–91.61) 
  DENV-2 18 17 (94.44) 17 94.44 (72.71–99.86) 
  DENV-4 13 12 (92.31) 12 92.31 (76.55–99.81) 
  All serotypes 74 64 (86.49) 64 86.49 (76.55–93.32) 
Total, all serotypes 119 105 (88.24) 102 85.71 (77.12–91.45) 
*DENV, dengue virus. 
†Determined by PCR. 
‡Determined by correspondence with PCR results. 
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with samples from Vietnam, 15% fewer samples from 
Sri Lanka had a dominant serotype (Table 1). Serum 
samples from patients in Sri Lanka cross-reacted only 
between serotypes 1 and 2 (Appendix Figure 2); how-
ever, these samples were collected at a time when the 
dominant serotype in circulation was switching from 
DENV-1 to DENV-2 after a DENV-1 outbreak in early 
2016 (W. Kumbukgolla, unpub. data). Therefore, this 
result could be explained by preexisting IgM or, alter-
natively, by co-infections. However, co-infections were 
not evident by PCR.

Overall, for 97.1% (102/105) of samples with a 
dominant serotype, ELISA results corresponded with 
PCR results; for patients residing in endemic regions, 
100% (64/64) of the sample results corresponded, and 
for returning travelers, 92.7% (38/41) of the sample re-
sults corresponded (Table 1). When including the sam-
ples for which no dominant serotype was detectable, the 
overall serotype specificity of the Equad-based ELISA 
was 85.7% (Table 1); specificity of the ELISA for serum 
samples from persons in endemic countries was 86.5% 
and for returning travelers 84.4%. Because of the lower 
number of dominant serotypes detected, the cohort from 
Sri Lanka displayed a lower ELISA specificity (81.4%) 
than did the cohort from Vietnam (95.8%). The serotype 
results for the PCR-negative group from Vietnam were 

consistent with the PCR-positive group from Vietnam: 
≈80% DENV-1 and ≈20% DENV-2 (Tables 1, 2).

Analysis of paired serum samples suggests that the re-
sults of this Equad-based ELISA are consistent over time 
and with different initial antibody concentrations (Figure 
2). The IgM serotype initially identified as the dominant 
serotype remained the dominant serotype for at least 8 days 
(and potentially longer) after symptom onset for both re-
turning travelers and patients residing in DENV-endemic 
countries, many of whom probably had secondary DENV 
infections (Appendix Figure 3).

Conclusions
Early identification of the infecting DENV serotype can be 
a critical component of dengue diagnosis that is also es-
sential to pathologic and epidemiologic monitoring of out-
breaks. Because of its long persistence in serum, IgM is a 
preferred diagnostic marker, especially when viral nucleic 
acids and NS1 are no longer detectable. However, serologic  

 
Table 2. Dominant serotype determined by DENV serotype–
specific IgM ELISA among DENV PCR–negative cohort (n = 14), 
Vietnam, 2013–2018* 
No. (%) samples with dominant 
serotype 

DENV 
serotype 

No. (%) 
samples 

13 (92.86) 1 10/14 (71.43) 
2 3/14 (21.43) 

*DENV, dengue virus. 

 

Figure 2. DENV IgM ELISA endpoint titers, by serotype, of paired patient serum samples acquired at 2–4 time points after symptom 
onset, 2013–2018. A–C) Serum samples from returning travelers with residence in Germany: DENV-1 positive (A, B); DENV-2 positive 
(C). D–F) Serum samples from residents of DENV-endemic country Sri Lanka: DENV-2 positive (D, E); DENV-4 positive (F). Data lines 
indicate average titers; error bars indicate SDs. The antigens in the ELISA were Equad proteins (i.e., envelope protein from each DENV 
serotype with 4 amino acid changes T76R, Q77E, W101R, and L107R). DENV, dengue virus.
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determination of the infecting serotype is challenging. 
Detection of neutralizing antibodies remains the standard 
method for DENV identification, but interpretation is com-
plicated by the antigenic sin phenomenon in secondary in-
fections (11). The possibility of using IgM to determine the 
infecting serotype was attempted previously (12–14), but 
results were complicated by low specificities, especially for 
secondary DENV infections. In this study, we analyzed the 
serotype-specific IgM responses to DENV infections in re-
turning travelers and residents in DENV-endemic regions 
using recombinant mutated envelope proteins with reduced 
cross-reactivity (9,10). The ELISA was able to specifically 
detect the infecting DENV serotype in 84.4% of travel-
ers and 86.5% of residents in DENV-endemic regions. If 
a dominant serotype was detected, it corresponded to the 
PCR result in 100% of cases in DENV-endemic regions. 
The finding that some sample sets did not have a domi-
nant IgM serotype remains to be explained. Factors such 
as a change in the DENV serotype during an outbreak (as 
seen in the Sri Lanka cohort) or differing patient exposure 
histories could be involved. The study included DENV-
3–positive serum samples from returning travelers but not 
from persons residing in endemic regions. However, results 
obtained for the other serotypes indicate that specificities 
were similar for samples from returning travelers and in-
habitants of endemic areas.

In summary, our results suggest that specific IgM 
serotyping can be achieved with an ELISA-based format 
when using as antigens DENV envelope proteins reduced 
in cross-reactivity. The test can be optimized further by, 
for example, varying the serum dilutions tested. By using 
IgM-based serologic tests, which have broad diagnostic 
windows (15), we can more accurately report epidemio-
logic outbreak findings.
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We compared the detection frequency of avian influenza H7 
subtypes at live poultry markets in Guangdong Province, 
China, before and after the introduction of a bivalent H5/H7 
vaccine in poultry. The vaccine was associated with a 92% 
reduction in H7 positivity rates among poultry and a 98% 
reduction in human H7N9 cases.

Human infections with avian influenza A(H7N9) vi-
rus have been documented in China since 2013 (1). 

Among 1,220 confirmed H7N9 case-patients during 2013–
2017, a total of 73% reported poultry exposure, and 57% 
had visited live poultry markets (LPMs) before symptom 
onset (2). Because of the lack of apparent clinical signs in 
poultry infected with low pathogenicity H7N9 influenza 
virus, it has been challenging to rapidly identify and re-
move infected poultry at the LPMs or farms and to jus-
tify implementation of mandatory vaccination of poultry 
against this virus. Interventions such as market closure 
during human epidemics have temporarily reduced human 
exposure to live poultry and decreased zoonotic infection 
risk (3). However, the effect was not sustainable because 
H7N9 viruses continue to circulate within the LPM supply 
chain, leading to recurrent waves of human infections in  
winter months (4). 

During winter 2016–17, the H7N9 virus evolved 
into highly pathogenic avian influenza (HPAI) virus by 
acquiring a polybasic amino acid motif at the hemag-
glutinin cleavage site, rendering the virus capable of 
disseminating systematically and causing high mortal-
ity rates among chickens (5,6). In response to the emer-
gence of HPAI H7N9 virus, the government of China 
amended the mandatory vaccination regimen for avian 
influenza in summer 2017. Specifically, a newly devel-
oped bivalent H5 (Re-8, based on clade 2.3.4.4 H5N1 

virus A/chicken/Guizhou/4/2013) and H7 (Re-1, based 
on H7N9 virus A/pigeon/Shanghai/S1069/2013) vaccine 
replaced the previous bivalent H5 vaccine that targeted 
H5 clades 2.3.4.4 (Re-8) and 2.3.2.1 (Re-6, based on 
H5N1 virus A/duck/Guangdong/S1322/2010). The new 
bivalent H5/H7 vaccine was first introduced in Guang-
dong and Guangxi Provinces in July 2017; other prov-
inces adopted the poultry vaccine by winter 2017–18. 
The vaccine coverage rate reported in November 2017 
in Guangdong was 97.9% (282 million birds) among the 
target poultry population (7), which encompassed chick-
ens, ducks, geese, quail, pigeons, and rare birds in cap-
tivity (8); however, the reported vaccine coverage varied 
in different provinces (8). Layers and breeders received 
2 doses of the H5/H7 vaccine, whereas broilers sold 
within 70 days received 1 dose (8). 

To assess the effect of poultry vaccination on H7N9 
prevalence in poultry and the subsequent effect on human 
zoonotic infection risk, we analyzed the temporal distri-
bution of monthly H7N9 detection rates at LPMs and of 
human H7N9 cases in Guangdong Province during 2013–
2018. We estimated the effect of the bivalent H5/H7 vac-
cine using a Poisson regression model.

The Study
During January 2013–June 2018, a total of 22 collabo-
rating laboratories collected 81,984 environmental sam-
ples from 345 retail LPMs and 24 wholesale LPMs dis-
tributed in 21 cities in Guangdong Province (9). Samples 
included poultry fecal droppings, drinking water, and 
various surface swab specimens from cages, chopping 
boards, display tables, and defeathering machines. Sam-
ples were stored in virus transport media (Zijian Bio-
tech, Shenzhen, Lang Shan, China). Influenza A virus 
RNA segment 7 (M gene) was detected by quantitative 
real-time reverse transcription PCR (RT-PCR); positive 
samples underwent further testing to detect H5, H7, or 
H9 viral RNA using subtype-specific primers and probes 
(10). Human H7N9 infections were reported from 28 
hospitals and 22 collaborating laboratories in Guang-
dong Province and verified by the Guangdong Provincial 
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Center for Disease Control and Prevention by RT-PCR, 
virus isolation, or both (10).

During the 66-month period of the study, influenza A 
viral RNA was detected frequently from LPMs; the median 
monthly positive rate was 22.0% (range 7.4%–48.3%). H9 
was the most frequently detected subtype; the median month-
ly positive rate was 12.1% (range 4.4%–37.6%) (Figure 1). 
H5 subtype was detected every month at low frequency 
(median monthly positive rate 3.1% [range 0.3%–11.9%]), 
whereas H7 subtype was detected at variable frequency (me-
dian monthly positive rate 0.6% [range 0%–12.0%]).

The bivalent H5/H7 vaccine was introduced in 
Guangdong in July 2017. We expected to see its effect on 
H7 prevalence in poultry and the accompanying human 
infections after September 2017 because of the 45-day 
fattening period for broilers before they are traded to the 
LPMs (11). The median H7 positive rate detected at LPMs 
before (January 2013–August 2017) the introduction of 
the bivalent H5/H7 vaccine was 0.8% (range 0%–12%). 
The rate after introduction (September 2017–June 2018) 
was 0.1% (range 0%–0.8%; p<0.001 by t-test). The me-
dian H5 positive rates detected during the same periods 
were 3.1% (range 0.3%–11.9%) before introduction and 

2.7% (range 1.4%–6.3%) after (p = 0.727 by t-test). These 
results suggest that replacing the bivalent H5 vaccine that 
targeted H5 clades 2.3.4.4 and 2.3.2.1 with the bivalent 
H5/H7 vaccine that targeted H5 clade 2.3.4.4 alone did 
not significantly affect the H5 positive rate at LPMs dur-
ing winter 2017–18.

To further evaluate the effect of the bivalent H5/H7 
poultry vaccine, we estimated the expected H7 positive 
rate at LPMs and the number of human H7N9 cases in 
Guangdong Province after September 2017 if the vaccina-
tion had not been implemented. Using baseline data col-
lected before the vaccination period (January 2013–Au-
gust 2017), we fitted separate Poisson regression models 
that described the risk for H7 positive detection in LPMs 
and of identifying human H7N9 cases in Guangdong 
Province, allowing for a long-term time trend, annual 
seasonal patterns, and lower H7N9 virus activity during 
winter 2015–16. This baseline model accounts for the po-
tential effects of other intervention measures, including 
market rest days, which were similarly implemented in 
2017–18. We plotted the predicted values during the vac-
cination period (Figure 2) and fitted another model for the 
full period (July 2013–June 2018) to test the vaccination 

Figure 1. Monthly H5, H7, and H9 positive rates at live poultry markets (LPM) and human H7N9 cases in Guangdong Province, China, 
January 2013–June 2018. Vertical gray line shows the introduction (July 2017) of the bivalent H5/H7 vaccine in poultry.

Figure 2. Observed and predicted monthly H7 positive rates at live poultry markets (LPM) and number of H7N9 human cases in 
Guangdong Province, China, July 2013–June 2018. Vertical gray line shows the introduction (July 2017) of the bivalent H5/H7 vaccine 
in poultry.
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effect by including an indicator variable for the postvacci-
nation period. We estimated relative risks (RRs) and cor-
responding 95% CIs by fitting the model to data. The bi-
valent H5/H7 vaccine was associated with a reduction of 
92% (RR 0.079, 95% CI 0.057–0.106) in the H7 positive 
rates at LPMs and 98% (RR 0.021, 95% CI 0.001–0.096) 
in the number of human H7N9 cases.

Conclusions
Emergence of H7N9 highly pathogenic avian influenza vi-
rus during the fifth epidemic wave during winter 2016–17 
has prompted the mandatory use of a bivalent H5/ H7 inac-
tivated influenza vaccine in domestic poultry in China. Be-
fore then, a bivalent H5 poultry vaccine was used. Our re-
sults provided quantitative confirmation for the significant 
impact of the vaccine in reducing H7 detection frequency 
at LPMs and the corresponding reduction in human H7N9 
infections in Guangdong Province, 1 year after implemen-
tation of the vaccine. The focus should be on achieving a 
high vaccine coverage rate in domestic poultry in which 
the H7N9 virus has been detected, recognizing that anti-
genic drift variants that escape vaccine-induced immunity 
may emerge. A second concern is whether H7N9, which 
predominantly infected chickens, may adapt to aquatic 
poultry, such as ducks. Such an event would prove a major 
challenge for the control strategy.

In conclusion, our analyses of longitudinal surveil-
lance data support the association between the introduction 
of the bivalent H5/H7 vaccine for poultry and the reduc-
tion in zoonotic H7N9 disease. These results illustrate an 
example of combating zoonotic avian influenza virus at its 
source in a One Health approach.
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We compared viral load of emerging recombinant norovirus 
GII.P16-GII.2 with those for pandemic GII.Pe-GII.4 and epi-
demic GII.P17-GII.17 genotypes among inpatients in Hong 
Kong. Viral load of GII.P16-GII.2 was higher than those for 
other genotypes in different age groups. GII.P16-GII.2 is as 
replication competent as the pandemic genotype, explain-
ing its high transmissibility and widespread circulation.

Norovirus, the leading cause of acute gastroenteritis, 
evolves through mutation and recombination (1). Nor-

oviruses are named by dual nomenclature using the geno-
type of RNA-dependent RNA-polymerase (RdRp) and 
major capsid protein (VP1) (2). Recently, 2 recombinant 
noroviruses carrying RdRp genotype GII.P16 with 2 other 
VP1 genotypes emerged and spread worldwide: GII.P16-
GII.4 in the United States and Europe and GII.P16-GII.2 
in Europe and Asia in 2016 (3–5). GII.P16 actively recom-
bined with >8 capsid genotypes (6–8) and may have pan-
demic potential and lead to a change in norovirus epidemi-
ology. Phylogenetic and sequence analyses indicated that 
recent GII.P16-GII.2 had no remarkable change on capsid 
protein compared with earlier GII.2 strains, suggesting that 
factors other than immune escape or change in affinity for 
histo–blood group antigens (i.e., host susceptibility) may 
play a role in the recent reemergence (6). We compared 
the viral load of norovirus GII.P16-GII.2 with pandemic  
GII.Pe-GII.4 and epidemic GII.P17-GII.17 in a cohort of 
hospitalized patients in Hong Kong over a 5-year period. 
Our findings may explain, at least in part, the high trans-
missibility and widespread circulation of GII.P16-GII.2.

The Study
This study was part of an ongoing molecular surveillance 
study of norovirus genotype in hospitalized cases in Prince 

of Wales Hospital, Hong Kong, during August 2012–June 
2017. Norovirus genotype distribution has been detailed in 
earlier reports (9,10). The fecal norovirus load was deter-
mined by a genogroup-specific quantitative real-time re-
verse transcription PCR (qRT-PCR) assay (11) (Appendix, 
http://wwwnc.cdc.gov/EID/article/25/1/18-0395-App1.
pdf) and was expressed as cycle threshold (Ct) value that 
has been demonstrated in a large-scale analysis of Calici-
Net data to associate with host and virologic factors (12). 
A lower Ct value represents a higher norovirus load (Ap-
pendix Figure 1). In the data analysis, we stratified cases 
by 3 patient age groups: <5 years, 5–65 years, and >65 
years. Continuous variables between 2 and 3 groups were 
compared by the Mann-Whitney U test and the Kruskal-
Wallis test with Dunn’s multiple comparison correction, 
respectively, by Prism 7 for Mac (GraphPad, https://www.
graphpad.com/scientific-software/prism). A 2-tailed p val-
ue <0.05 was considered statistically significant.

During the 5-year period, we collected fecal samples at 
admission from 1,465 hospitalized patients with laboratory- 
confirmed norovirus gastroenteritis. The median age of pa-
tients was 3 years (interquartile range [IQR] 1–50 years); 
male:female ratio was 1:1.1. Norovirus genotype was suc-
cessfully determined for 1,269 (86.6%) samples. We ex-
cluded 8 (0.6%) patients co-infected with >1 norovirus 
genotype from viral load analysis. The top 3 circulating 
norovirus genotypes were GII.Pe-GII.4 (n = 657; 51.8%), 
GII.P17-GII.17 (n = 191; 15.1%), and GII.P16-GII.2 (n = 
136; 10.7%).

We found that the viral load was higher for emerg-
ing GII.P16-GII.2 norovirus than for pandemic GII.Pe-
GII.4 and epidemic GII.P17-GII.17 (Figure, panel A). In 
young children <5 years of age, the median viral load of  
GII.P16-GII.2 was as high as that of GII.Pe-GII.4 (median 
Ct [IQR]: GII.P16-GII.2, 15.2 [12.9–18.8]; GII.Pe-GII.4, 
16.7 [14.8–19.0]; p = 0.200). In patients 5–65 years of age, 
the median viral load of GII.P16-GII.2 was 28-fold higher 
than that of GII.Pe-GII.4 and 42-fold higher than that of  
GII.P17-GII.17. In patients >65 years of age, the me-
dian viral load of GII.P16-GII.2 was 45-fold higher than 
that of GII.Pe-GII.4 and 274-fold higher than that of  
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GII.P17-GII.17. The median viral load of GII.Pe-GII.4 de-
clined with age, whereas that of GII.P16-GII.2 remained at 
the same high level among different age groups. GII.P17-
GII.17 had the lowest viral load in most comparisons.

We did 2 additional subgroup analyses (sensitivity 
tests) to validate the robustness of the high viral load obser-
vation of GII.P16-GII.2. First, we compared the viral load 
of cases only during their first season of emergence (i.e., 
in an immune naive population): for GII.Pe-GII.4, August 
2012–June 2013; for GII.P17-GII.17, July 2014–June 2015; 

and for GII.P16–GII.2, July 2016–June 2017. We observed 
a trend similar to that of all cases in which viral load of  
GII.P16-GII.2 was as high as GII.Pe-GII.4 in young children 
<5 years of age and higher than those of GII.Pe-GII.4 and  
GII.P17-GII.17 in older children, adults, and the elderly (Fig-
ure, panel B). Second, we compared co-circulating GII.P16-
GII.2 and GII.Pe-GII.4 in the last season, July 2016–June 
2017, to minimize sample processing variation over time. 
Again, we observed a trend similar to that of all cases and 
those during first season of emergence (Appendix Figure 2).

Figure. Higher fecal viral load of recombinant norovirus genotype GII.P16-GII.2 compared with pandemic GII.Pe-GII.4 and epidemic 
GII.P17-GII.17 among patients in Hong Kong, August 2012–June 2017. A) Results for the whole study period; B) results for the first 
season of emergence for each genotype: GII.Pe-GII.4, August 2012–June 2013; GII.P16-GII.2, July 2016–June 2017; and GII.P17-
GII.17, July 2014–June 2015. Data shown are stratified by age group of patients. Each dot represents a patient; box tops and bottoms 
indicate interquartile range; horizontal lines within boxes indicate medians; error bars indicate maxima and minima. Ct values were 
determined by qRT-PCR and used as proxies for norovirus load. A lower Ct value indicates a higher norovirus load. p values were 
calculated by the Kruskal-Wallis test, with Dunn’s multiple comparison corrections. Ct, cycle threshold; NS, not significant; qRT-PCR, 
quantitative reverse transcription PCR. 
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To validate the robustness of Ct values, we random-
ly selected 80 samples (16 samples/season) according to 
quality control sampling scheme ANSI/ASQ Standard 
Z1.4 (https://asq.org) for repeat qRT-PCR measurement 
and inhibition study. We found a strong association be-
tween initial and repeat measurements (Spearman r = 0.82; 
p<0.0001) (Appendix Figure 3). Most samples gave an 
ideal Ct difference of ≈1 between undiluted and 2-fold di-
luted templates (median Ct difference [IQR] 1.0 [0.9–1.1]), 
indicating minimal to mild inhibition (Appendix Figure 4). 
To exclude the possibility of genotype-specific quantifica-
tion artifacts, we inspected the amplification efficiency of 
the assay by testing on 5-fold serial dilution of 3 strains 
for each virus genotype. The qRT-PCR efficiency in  
GII.Pe-GII.4 (100.8 ± 5.3%) and GII.P17-GII.17 (99.1 
± 2.6%) was equivalent to that of GII.P16-GII.2 (95.0 ± 
4.3%) (p = 0.296 by 1-way ANOVA). We randomly se-
lected 13 of 72 samples with low viral load (Ct

 >25.0) for 
primers/probe sequence mismatch analysis; mismatch was 
noted in only 1 case, indicating that >96% samples with 
low viral load were free of primers/probe mismatch.

Conclusions
We found that GII.P16-GII.2 shed in higher amounts than 
pandemic GII.Pe-GII.4 in different age groups. This new 
strain, which is as replication competent as pandemic  
GII.Pe-GII.4, may cause severe gastroenteritis and lead to 
poor clinical outcomes (13). Our findings imply that the 
absence of prior exposure to this newly emerged strain may 
result in the delayed immune response and viral clearance 
in most populations. Immune naivety may be attributed to 
equally high viral loads of GII.P16-GII.2 and GII.Pe-GII.4 
in children (1), providing a virologic explanation for the 
recent upsurge in the number of outbreaks caused by GII.
P16-GII.2 in nursery schools, kindergartens, and elementa-
ry schools in Japan in the winter of 2016–17 (14). That re-
port found a higher reproductive number of GII.P16-GII.2 
compared with the previous 4 seasons, during which other 
norovirus genotypes, such as GII.Pe-GII.4, predominated, 
a result consistent with our findings of prominent viral load 
of GII.P16-GII.2 in children.

Our findings agree with a previous phylogenetic anal-
ysis, which showed that the capsid of GII.P16-GII.2 was 
closely related to earlier GII.2 strains, when it was specu-
lated that its recent emergence may be attributable to high 
replication efficiency (6). Furthermore, recombinants car-
rying GII.P16, including GII.P16-GII.4 and GII.P16-GII.2, 
have caused >60% of norovirus outbreaks in 2016 and 
2017 in the United States (CaliciNet,  https://www.cdc.
gov/norovirus/reporting/calicinet/data.html). We propose 
that this time, rather than acquiring a new capsid variant, 
a new polymerase variant GII.P16 may be affecting noro-
virus epidemiology worldwide. This emerging and actively 

recombining norovirus polymerase genotype GII.P16 is 
highly transmissible, with pandemic risk. The mechanism 
behind replication difference among norovirus genotypes 
needs to be further studied by a virus cultivation system 
such as human intestinal enteroids (15).

Our study has limitations. First, we did not evaluate 
the viral load of GII.P16-GII.4 because this recombinant 
was sporadically (n = 21; 1.7%) observed. Second, we did 
not perform multivariate analysis to control for other con-
founding factors such as time from symptom onset to sam-
ple collection (viral load decreases over time) because of 
incomplete information, which may have introduced bias.

In summary, our results show that the emerging recom-
binant norovirus GII.P16-GII.2 is as replication competent 
as pandemic genotypes, which explains its high transmissi-
bility and widespread circulation. Norovirus GII.P16-GII.2 
has pandemic potential.
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We report 5 cases of coccidioidomycosis in animals that 
were acquired within Washington, USA, and provide further 
evidence for the environmental endemicity of Coccidioides 
immitis within the state. Veterinarians should consider coc-
cidioidomycosis in animals with compatible clinical signs 
that reside in, or have traveled to, south central Washington.

Since 2010, a total of 13 human cases of coccidioido-
mycosis have been reported in Washington, USA, that 

were acquired within the state (1). Soil samples from south 
central Washington were also found to harbor viable Coc-
cidioides immitis, and whole-genome sequencing verified 
that the genotype obtained from soil matched that of the 
clinical isolate in 1 patient (2,3). This evidence strongly 
supports that the organism is endemic in Washington, well 
north of the previously defined geographic range. 

We undertook a thorough search of the Washington 
Animal Disease Diagnostic Laboratory (WADDL) da-
tabase to identify all animal coccidioidomycosis cases in 
which autochthonous transmission was likely to occur. We 
confirm and report the 3 probable cases that were previ-
ously known to WADDL diagnosticians (4), as well as 2 
newly identified cases. Of the 5 animal cases that have his-
tories compatible with local transmission in Washington, 4 
preceded known human cases.

Case Reports
We searched the WADDL database for diagnoses of 
“coccidioidomycosis,” “mycosis, Coccidioides spp.,” 
and“osteomyelitis, coccidioidomycosis.” All records 
with owner addresses in Washington were further inves-
tigated for a history of travel. We identified 16 animal 
cases with a diagnosis of coccidioidomycosis since 1990 
for which the animal’s primary residence was in Wash-
ington. We then excluded any cases in animals that had 
an unknown or unclear travel history or those that trav-
eled outside of Washington, Oregon, Idaho, and Mon-
tana, regardless of the amount of time between travel 
and onset of disease. Thereafter, 5 animals remained that 

were highly likely to have been exposed to the disease 
within Washington.

The first case, in a 6-year-old female Labrador retriev-
er, was reported in 1997. Five months before diagnosis, 
the dog developed a draining abscess caudal to the stifle 
that recurred after antimicrobial drug and steroid treatment. 
Subsequent skin biopsy and histopathology examination 
revealed a pyogranulomatous cellulitis. Fungal culture of 
the lesion ultimately identified Coccidioides, and the diag-
nosis was confirmed with a fungal DNA probe-hybridiza-
tion assay (Mayo Clinic, Rochester, MN, USA). The dog 
resided in Seattle but had a history of only intrastate travel 
to Yakima, Washington, before the onset of disease. Travel 
history was obtained from the dog’s owner at the time of 
diagnosis and documented in the WADDL record (Figure, 
orange diamonds).

The next case was in a 14-year-old female quarter 
horse that was brought to the Washington State University 
Veterinary Teaching Hospital (WSU–VTH) in 1999 for a 
painful swelling in the region of the withers that was unre-
sponsive to antimicrobial drugs. Ultrasound of the lesion 
revealed a large fluid-filled mass that released purulent 
fluid when drained. An aspirate of the abscess was sub-
mitted for aerobic culture and revealed Coccidioides spp. 
According to documented conversations among WADDL 
diagnosticians, the owner, and the referring veterinarian, 
this mare lived in Clarkston, Washington, and had traveled 
out of state to Prineville and Rufus, Oregon, and Missoula, 
Montana. Intrastate travel history included Wenatchee and 
Spokane (Figure, blue circles).

In 2000, a 6-year-old male German wirehaired point-
er dog was referred to WSU–VTH for a 4-week history 
of lameness, diffuse swelling of the right hindlimb, and 
a draining abscess near the right popliteal lymph node. 
The lesion had been unresponsive to debridement and an-
timicrobial drugs. WSU clinicians submitted tissue biop-
sies for histopathology examination, which revealed pyo-
granulomatous lymphadenitis and cellulitis. Subsequent 
fungal culture of the lymph node identified Coccidioides. 
PCR and sequencing using previously published meth-
ods confirmed the diagnosis, although this protocol can-
not discriminate C. immitis from C. posadasii (5).  This 
animal resided in Prosser, Washington, and was never 
taken outside the Yakima Valley. Travel history was re-
ported by the owner and documented in WADDL records  
(Figure, green triangle).
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A 7-year-old female quarter horse that developed 
progressively worsening paraparesis over the course of 
2 weeks was identified in 2006 after admission to WSU–
VTH. A mass over the thoracic spinal vertebrae was noted. 
Despite aggressive treatment with antimicrobial drugs, the 
animal’s condition rapidly deteriorated. The horse was eu-
thanized; subsequent necropsy revealed a large, locally in-
vasive paravertebral abscess that extended from T5 to T11. 
Histopathology examination revealed that the abscess was 
pyogranulomatous, with visible fungal spherules morpho-
logically consistent with Coccidioides spp. The diagnosis 
was confirmed by DNA extraction from paraffin-embed-
ded tissue blocks, followed by PCR and sequencing using 
methods that do not discriminate Coccidioides species (5). 
This horse lived in Othello, Washington, and had no out-of-
state travel history according to the owner and documented 
in the WSU–VTH record (Figure, purple square).

The last case, a 2-year-old German shorthair pointer 
dog, was brought to WSU–VTH in late 2017 for persistent 
fever, weight loss, and severe progressive pneumonia that 
was refractory to multiple antimicrobial drugs. Histopatho-
logical findings from a right caudal lung lobectomy revealed 
severe pyogranulomatous pneumonia with rare fungal spher-
ules. DNA was extracted from tissue samples for PCR and 
sequence analysis using published primers (6). In this case, 
sequencing confirmed the infection as C. immitis with 100% 
sequence identity to GenBank accession no. KF539899 and 
others and only 97.3% identity with C. posadasii. The pri-
mary residence for this dog was in College Place, Washing-
ton, although the dog frequently traveled to the Yakima area. 
The dog had occasionally traveled to Oregon, with multiple 
visits to Milton-Freewater and a visit to Eugene earlier in 
2017 (Figure, yellow inverted triangles).

Conclusions
In Washington, in contrast to other areas endemic for Coc-
cidioides spp., animal cases are reported infrequently. Our 
analysis of the WADDL database has confirmed 5 cases 
highly likely to have been acquired in Washington, 4 of 
which were verified using molecular methods. Because we 
excluded animals with a history of travel to geographic ar-
eas traditionally endemic for coccidioidomycosis, regard-
less of time before clinical signs, it is possible that other 
animals in the WADDL database acquired the disease lo-
cally. Although unlikely, it should also be noted that for the 
2 cases with a travel history to Oregon, out-of-state trans-
mission cannot be dismissed.

As with humans, pulmonary disease is the most com-
mon clinical finding for coccidioidomycosis in animals, 
whereas bone and skin lesions are relatively uncommon 
(7,8). Of the 5 cases that we identified, 4 initially had extra-
pulmonary abscesses that were refractory to antimicrobial 
drugs. Except in rare instances, human and animal infec-
tions are acquired from inhalation of the highly infectious 
environmental form of Coccidioides, the arthroconidia (9). 
A few human cases have been reported after exposure to 
live or dead animals (10,11). In these cases, the spherule/
endospore form has been implicated in human disease after 
exposure to infected tissues or fluids.

The Washington State Department of Health has 
worked to increase awareness of coccidioidomycosis with 
human and animal health providers by hosting community 
workshops and disseminating informational brochures (R. 
Wohrle, W. Clifford, D. Kangiser, Washington State De-
partment of Health, pers. comm., 2018 Mar 7). Even so, 
it is likely that animal cases in Washington are being un-
derdiagnosed and underreported. Canine serologic surveys 

Figure. Locations of primary 
residence and travel of animals 
with apparently autochthonous 
coccidioidomycosis, Washington, 
USA. Five animals are depicted, 
each represented by a unique 
shape/color: orange diamonds, 
6-year-old female Labrador 
retriever; blue circles, 14-year- 
old female quarter horse; green 
triangle, 6-year-old male German 
wirehaired pointer dog; purple 
square, 7-year-old female quarter 
horse; yellow inverted triangles, 
2-year-old German shorthair 
pointer dog. Solid shapes depict 
the animal’s primary residence; 
hollow shapes indicate all travel 
locations of the 3 animals with 
local travel history.
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would be valuable to determine the extent of exposure 
within the state and help to elucidate the geographic bound-
aries of the fungus in the region.
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We compared extended-spectrum β-lactamase–producing 
Escherichia coli isolates from meat and fish, gut-colonized 
women, and infected patients in Cambodia. Nearly half of 
isolates from women were phylogenetically related to food-
origin isolates; a subset had identical multilocus sequence 
types, extended-spectrum β-lactamase types, and antimi-
crobial resistance patterns. Eating sun-dried poultry may be 
an exposure route.

In Europe, evidence for the spread of extended-spectrum 
β-lactamase (ESBL)–producing Escherichia coli from ani-

mals to humans via food is unclear (1). Few studies have been 
conducted in low- and middle-income countries, where coloni-
zation rates can exceed 60% (2). High ESBL colonization rates 
in low- and middle-income countries such as Cambodia are 
usually attributed to unrestricted consumer access to and hos-
pital overuse of third-generation cephalosporins (3,4). How-

ever, antimicrobial drugs in classes critical for human health 
(e.g., β-lactams, macrolides, aminoglycosides, polymyxins) 
are increasingly being used in food animals (5). In Cambo-
dia, weak public health protections and consumption of under-
cooked animal products could exacerbate the spread of ESBL-
producing E. coli or ESBL genes from animals to humans.

We had 2 goals with this study. First, we assessed the 
prevalence of ESBL-producing or carbapenemase-produc-
ing E. coli from fish, pork, and chicken from markets in 
Phnom Penh, Cambodia. Second, we examined the contri-
bution of food-origin isolates to locally disseminated ESBL 
E. coli by comparing isolates from food with isolates from 
healthy, colonized persons and infected patients. 

The Study
During September–November 2016, we purchased 60 fish, 
60 pork, and 30 chicken samples from 150 vendors at 2 
markets in Steung Meanchey district, Phnom Penh (Appen-
dix Table 2, https://wwwnc.cdc.gov/EID/article/25/1/18-
0534-App1.pdf) and tested them at the Institut Pasteur du 
Cambodge for third-generation cephalosporin- and car-
bapenem-resistant E. coli (Appendix sections 1.1–1.3). We 
detected ESBL-producing E. coli (all CTX-M-type) among 
93 (62%) of 150 food samples, including 32 (53%) of 60 
fish, 45 (75%) of 60 pork, and 16 (53%) of 30 chicken sam-
ples. We identified carbapenem-resistant E. coli (OXA-
type) from 1 pork and 1 fish sample.

We also selected ESBL-producing E. coli from 88 re-
cently pregnant healthy women living in Steung Meanchey 
and participating in the Bacterial Infections and antibiotic 
Resistant Diseases among Young children in low-income 
countries (BIRDY) program, a surveillance program of bac-
terial infections among young children in low- and middle-
income countries (6). During September 2015–December 
2016, ESBL-producing E. coli isolates were cultured from 
rectal swabs or fecal samples collected at or just after deliv-
ery (Appendix Table 3).

We further included ESBL-producing E. coli from 15 
Phnom Penh–based patients who sought care at the Siha-
nouk Hospital Center of Hope during November 2015– 
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Figure 1. Distribution of 105 multilocus sequence types (MLSTs) among predominant extended-spectrum β-lactamase (ESBL) and 
carbapenemase gene types encoded by 196 ESBL-producing Escherichia coli from humans and food, Cambodia, 2015–2016.  
A) CTX-M-55; B) CTX-M15; C) CTX-M-27; D) CTX-M-14; E) carbapenemases. Vertical axes depict MLSTs. Horizontal axes depict the 
frequency of each observed MLST. CTX-M-3, CTX-M-24, and CTX-M-65 are not shown because these ESBL gene types were rare (<2%). 
One human colonization isolate (ST394, clan I/B2&D) encoded CTX-M-3, 1 food-origin isolate (ST10, clan II/A) encoded CTX-M-24, and 2 
food-origin isolates (ST2207, clan II/A and ST7586, clan III/B1) encoded CTX-M-65.
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December 2016. ESBL-producing E. coli were cultured 
from blood (12 patients), urine (2 patients), and peritoneal 
fluid (1 patient) (Appendix Table 4).

We performed whole-genome sequencing for 1  
ESBL -producing E. coli isolate from each food sample and 
all human-origin ESBL-producing E. coli isolates (Appen-
dix sections 1.4–1.6) and compiled genetic and phenotypic 
characteristics of these 196 isolates (Appendix Tables 6, 7). 
We also determined the distribution of multilocus sequence 
types (MLSTs) encoding predominant ESBL- or carbapen-
emase-gene types (Figure 1). 

Phylogenetic analysis of ESBL-producing E. coli ge-
nomes revealed 3 distinct clans (Figure 2, panel A). Clan I/
B2&D (n = 53) comprised mostly human-origin isolates, in-
cluding isolates from colonized persons and most infected pa-
tients. Clans II/A (n = 69) and III/B1 (n = 47) included isolates 
from colonized persons and from food but not from infected 
patients. Each clan comprised an exclusive subset of sequence 
types (STs); clan I/B2&D included ST131 and clonal complex 
(CC) 38, clan II/A included CC10, and clan III/B1 included 
CC58 and CC156. Approximately half (21/39) of isolates in 
clans II/A and III/B1 from colonized patients belonged to STs 
detected in both humans and meat (Appendix Table 8).

We determined the distributions of ESBL-encoding 
genes and resistance patterns among isolates from colonized 
persons by clan (Figure 2, panels B and C). The blaCTX-M-55  
gene was more common among colonization isolates be-
longing to clan II/A than to clan I/B2&D (p<0.05). Am-
phenicol resistance was more common among colonization 
isolates belonging to clan II/A than clan I/B2&D (p<0.05) 
and was most often encoded by floR (Appendix Table 7).

Women colonized with amphenicol-resistant (vs. am-
phenicol-susceptible) ESBL-producing E. coli were more 
likely to report having ever eaten dried poultry (adjusted 
odds ratio 9.0, 95% CI 1.8–45.2) (Table). Women colo-
nized with CTX-M-55–producing E. coli (vs. other ESBL 
types) were more likely to have handled live poultry (ad-
justed odds ratio 4.6, 95% CI 1.1–19.3), but this exposure 
was uncommon (11/88).

Our genomic and epidemiologic findings suggest that 
ESBL-producing E. coli that contaminates meat and fish 
in Phnom Penh may be disseminating to the community. 
ESBL-producing E. coli were highly prevalent among the 
meat and fish we sampled. More than 80% of food-origin 
isolates were amphenicol resistant, and two thirds produced 
CTX-M-55. When food-origin isolates were compared 

Figure 2. Genomic comparisons of extended-spectrum β-lactamase (ESBL)–producing Escherichia coli from humans, fish, pork, and 
chicken from Cambodia and differences in human colonization isolates by phylogenetic clan. All isolates were phenotypically resistant 
to third-generation cephalosporins (data not shown). A) Whole-genome sequence-based phylogenetic tree of 195 ESBL-producing E. 
coli genomes comprising 87 human colonization isolates, 15 human clinical isolates, and 93 isolates from fish, pork, and chicken meat 
and resulting phylogenetic clans I/B2&D (n = 53), II/A (n = 69), and III/B1 (n = 47). B) ESBL-encoding genes of human colonization E. 
coli isolates, by phylogenetic clan. C) Phenotypic resistance of human colonization ESBL-producing E. coli isolates to antimicrobial 
drugs of 8 classes, by phylogenetic clan. Clinical isolates are not included in panels B or C. Of 87 human colonization genomes, 13 did 
not group into a phylogenetic clan and thus are excluded from panels B and C. Prevalence of outcome differed significantly (p<0.05, 
indicated by *) between 2 indicated clans by post hoc Tukey test. Only statistically significant differences are depicted. 1, quinolone; 2, 
co-trimoxazole; 3, tetracycline; 4, aminoglycoside; 5, macrolide; 6, amphenicol; 7, carbapenem; 8, colistin.
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with human-origin isolates, ≈40% of ESBL-producing 
E.coli from healthy persons grouped into the same phylo-
genetic clans that comprised most food-origin isolates. Ap-
proximately half of these colonization isolates had MLSTs 
detected among food, and a substantial portion were more 
likely to produce CTX-M-55 and be amphenicol resistant 
than colonization isolates that grouped separately. The fact 
that chloramphenicol has not been used in human medi-
cine for almost 20 years in Cambodia, yet chloramphenicol 
analogs (e.g., florfenicol, thiamphenicol) are administered 
to food animals (5,7), suggests a food origin for these colo-
nizing isolates.

Healthy women colonized with amphenicol-resistant 
ESBL-producing E. coli were more likely to eat poultry meat 
prepared by sun drying, a process that may not eliminate 

bacteria (8). Although we did not test dried meat samples 
for ESBL-producing E. coli contamination, our finding is  
consistent with those of other studies (8,9). Women reported 
having prepared dried poultry at home. Especially in low-
resource households, sun-dried meat may become cross-
contaminated by raw meat, dust, animals, and flies (8).

Our findings are concerning because of growing 
interest in using chloramphenicol as a drug of last re-
sort for panresistant strains of bacteria (10). In the early 
2000s, the Cambodia government stopped purchasing 
chloramphenicol because of concerns about side effects. 
Since restriction of this drug, infections in the hospital 
setting have reverted to a chloramphenicol-susceptible 
phenotype (11). Nevertheless, our findings suggest 
that amphenicol resistance genes are circulating in the  

 
Table. Environmental exposures and colonization with chloramphenicol-resistant and CTX-M-55–encoding ESBL-producing 
Escherichia coli among healthy women, Phnom Penh, Cambodia, 2015–2016* 

Variable 

CHL resistance 

 

ESBL type 
Resistant, 
no. (%),  
n = 29 

Susceptible, 
no. (%),  
n = 59 

OR  
(95% CI) 

aOR (95% 
CI) 

CTX-M-55, 
no. (%),  
n = 26 

Other,  
no. (%),  
n = 62 

OR  
(95% CI) 

aOR  
(95% CI) 

Persons living in home          
 >8 5 (17) 10 (17) 1.1 

(0.3–3.7) 
  3 (12) 12 (19) 0.6 

(0.1–2.5) 
 

 6–8 9 (31) 19 (32) 1.1 
(0.3–3.7) 

  10 (38) 18 (29) 1.4 
(0.5–3.7) 

 

 <5 15 (52) 30 (51) Referent   13 (50) 32 (52) Referent  
Place of delivery          
 Private clinic 5 (17) 17 (29) 0.4 

(0.1–1.4) 
  4 (15) 18 (29) 0.4 

(0.1–1.4) 
 

 Hospital 11 (38) 20 (34) 0.8 
(0.3–2.2) 

  9 (35) 22 (35) 0.7 
(0.2–1.9) 

 

 Health center 13 (45) 22 (37) Referent   13 (50) 22 (35) Referent  
Received antimicrobial 
drugs at delivery† 

2 (7) 11 (19) 0.3 
(0.1–1.3) 

0.2 
(0.0–1.1) 

 1 (4) 12 (19) 0.2 
(0–1.3) 

0.2 
(0.0–1.4) 

Untreated drinking water 5 (17) 7 (12) 1.5 
(0.4–5.3) 

  4 (15) 8 (13) 1.2 
(0.3–4.5) 

 

Toilet shared‡ 11 (38) 16 (27) 1.6 
(0.6–4.2) 

  5 (19) 22 (35) 0.4 
(0.1–1.3) 

 

Nonflush toilet 26 (90) 47 (80) 2.2 
(0.6–8.5) 

  24 (92) 49 (79) 3.2 
(0.7–15.3) 

 

Pet contact 6 (21) 13 (22) 0.9 
(0.3–2.7) 

  6 (23) 13 (21) 1.1 
(0.4–3.4) 

 

Live poultry contact 4 (14) 7 (12) 1.2 
(0.3–4.4) 

  6 (23) 5 (8) 3.4 
(0.9–12.4) 

4.6 
(1.1–19.3) 

Consumption habits          
 Dried pork >1/wk 15 (52) 32 (54) 0.9 

(0.4–2.2) 
  11 (42) 36 (58) 0.5 

(0.2–1.3) 
 

Dried beef 17 (59) 38 (64) 0.8 
(0.3–2.1) 

  20 (77) 35 (56) 2.6 
(0.9–7.3) 

 

Dried poultry 27 (93) 39 (66) 7.9 
(1.7–36.4) 

9.0 
(1.8–45.2) 

 22 (85) 44 (71) 2.3 
(0.7–7.5) 

 

Pork >3/wk 22 (76) 53 (90) 0.4 
(0.1–1.2) 

0.2 
(0.1–1.1) 

 23 (88) 52 (84) 1.5 
(0.4–5.9) 

 

Insects 21 (72) 33 (56) 2.2 
(0.8–5.7) 

  16 (62) 38 (61) 1 
(0.4–2.6) 

 

Raw vegetables >1/wk 5 (17) 8 (14) 1.3 
(0.4–4.5) 

  3 (12) 10 (16) 0.7 
(0.2–2.7) 

 

*Blank cells indicate variable not included in multivariate models. aOR, adjusted (for age) OR; CHL, chloramphenicol; ESBL, extended-spectrum -
lactamase; OR, odds ratio.  
†Not reported for 4 women (missing data). All 4 were colonized with CHL-susceptible ESBL-producing Escherichia coli. One woman was colonized with 
CTX-M-55–type E. coli, whereas the other 3 were colonized with other CTX-M–encoded isolates. 
‡With persons in other households. 
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community, potentially because amphenicol use in food  
animals has selected for resistant bacteria that can 
spread to humans (12). This possibility is concerning 
because physicians in Cambodia are often unable to as-
sess the resistance of infectious agents before prescrib-
ing antimicrobial drugs (4).

Our study had several limitations. First, for logistical 
reasons, we sampled meat and fish during only 1 season. 
Contamination rates may have differed had we sampled 
across seasons (13). Second, although we included colo-
nization samples from healthy women, all women had re-
cently given birth in healthcare settings. However, more 
than half were colonized with ESBL-producing E. coli 
phylotypes A and B1, supporting community-associated, 
rather than healthcare-associated, acquisition. Third, we 
were unable to include clinical isolates from the same 
population that contributed colonization isolates. Thus, 
differences in colonization and clinical isolates could 
have resulted from population differences. Fourth, we did 
not sample food animals, which could have helped con-
firm that CTX-M-55–type and amphenicol-resistant ES-
BL-producing E. coli circulate among them. Last, we did 
not investigate additional potential pathways for ESBL-
producing E. coli transmission to colonized women, such 
as contact with persons employed at farms or slaughter-
houses or proximity to such operations.

Conclusions
This study, which integrated epidemiologic and genomic 
methods to characterize community, clinical, and environ-
mental data, supports concerns that the dissemination of 
antimicrobial drug–resistant bacteria from food animals 
to humans may be more likely in low- and middle-income 
countries (14,15). This finding is concerning because 
meat consumption is projected to drastically increase in 
these countries, and animal production that relies on rou-
tine antimicrobial drug use is being promoted to meet this 
demand (14). Particularly for low- and middle-income 
countries such as Cambodia, implementation of multisec-
toral strategies to combat antimicrobial resistance from 
a One Health perspective must be supported, and food 
safety should be prioritized.
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In the Brazilian Amazon, the suspected source of infection 
in an outbreak of acute Chagas disease involving 10 pa-
tients was Euterpe oleracea (açaí berry) juice. Patient blood 
and juice samples contained Trypanosoma cruzi TcIV, indi-
cating oral transmission of the Chagas disease agent.

In Latin America, Chagas disease is prevalent in 21 coun-
tries and is one of the most worrisome public health 

problems on the subcontinent. The social and economic ef-
fects among poor and neglected populations are high (1). 
Increasing reports of outbreaks of acute Chagas disease 
have come to the attention of public health authorities, who 
regard the disease as emerging in the Amazon (2). For most 
reported outbreaks, epidemiologic investigation points to 
nonvectored transmission, implicating juices from local 
fruits (3). A major suspected source of infection is Euterpe 
oleracea, the açaí berry, consumed widely as a drink made 
from a blended pulp (4).

The Study
On December 29, 2017, a 51-year-old woman with acute 
febrile syndrome visited a tertiary care center for infectious 
diseases (Fundação de Medicina Tropical Dr Heitor Vieira 
Dourado; FMT-HVD) in Manaus, the capital of Amazo-
nas state, Brazil, where malaria is endemic. A routine thick 
blood smear was negative for Plasmodium spp. but positive 
for Trypanosoma cruzi trypomastigotes. The patient men-
tioned 3 sick relatives in Manaus and 6 more in Lábrea, a 
municipality 850 km south of Manaus, where she visited 
often (Table). A common exposure factor among them was 
ingestion of açaí berry juice, produced by local dealers in 
the outskirts of Lábrea and sent to Manaus for consump-
tion. Thick blood smears from the other 9 patients, all with 
acute febrile syndrome, were positive for T. cruzi. Of these 
10 patients, 8 were clinically assessed at FMT-HVD and 
submitted samples for direct xenodiagnosis and peripheral 
blood for T. cruzi culture and PCR. A sample of the same 
juice drunk by all the patients, maintained at –20°C in the 
family refrigerator in Lábrea, was collected by local health 
authorities and sent to the reference laboratory in Manaus. 
All patients with a diagnosis of acute Chagas disease were 
prescribed benznidazole for 60 days (5).

Blood samples were obtained by venipuncture from 
8 of the 10 patients, and ≈10 mL of blood was collected 
into heparin-containing tubes. Next, 100 µL whole blood 
was distributed into 3 mL liver infusion tryptose medium 
containing 20% inactivated fetal calf serum and 40 mg/mL 
gentamycin sulfate and then incubated at 27°C. Inverted 
optical microscopy was used daily to search for flagellate 
forms. Xenodiagnosis was conducted by using 20 stage 3 
nymphs of Rhodnius robustus and R. prolixus bugs. We 
centrifuged 5 µL blood at 4,000 rpm for 10 min and collect-
ed the buffy coat for DNA extraction by using the PureLink 
Kit (Invitrogen, https://www.thermofisher.com).

On December 11, a sample of the açaí juice was trans-
ported on ice to FMT-HVD, where it was immediately 
thawed and centrifuged in 50-mL tubes at 3,000 rpm for 
5 minutes. After centrifugation, 3 layers were observed: 
pulp, an intermediate layer containing fat, and superna-
tant (Figure 1, panels A and B). From each phase, we sus-
pended 300 µL into 1 mL liver infusion tryptose medium 
containing 20% inactivated fetal calf serum and 40 mg/
mL gentamycin sulfate and incubated it at 27°C. We made 
triplicate cultures and used inverted optical microscopy to 
search daily for flagellate forms.
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We placed 200 µL of the açaí culture in 1.5-mL mi-
crotubes with 500 µL of phosphate-buffered saline at pH 
7.2, incubated the sample in a water bath for 15 minutes 
at 98°C, and centrifuged it at 3,500 rpm for 3 minutes. We 
removed 200 µL of supernatant for genotyping.

The nontranscribed spacer of the mini-exon gene 
was amplified according to the multiplex protocol de-
scribed elsewhere (6). The 150-bp product is character-
istic of T. cruzi zymodeme Z3 of discrete typing units 
(DTUs) TcIII or TcIV; 100 bp is characteristic of T. 
rangeli, 200 bp of T. cruzi TcI, and 250 bp of T. cruzi 
TcII. Mini-exon gene analysis cannot distinguish be-
tween TcIII and TcIV.

All samples were also subjected to mitochondrial 
and nuclear DNA typing by analyzing polymorphisms 
in the cytochrome oxidase subunit II (COII) (7) and the 
glucose-phosphate isomerase (GPI) (8) genes, respec-
tively. The amplified PCR products were purified by us-
ing the Wizard SV Gel and PCR Clean-up System kit 
(Promega, https://www.promega.com.br) and sequenced. 
Sequencing was performed with an ABI 3130 DNA se-
quencer (Applied Biosystems, https://www.thermofisher.
com). We followed the BigDye Terminator v3.1 Cycle 
Sequencing Kit protocol (Applied Biosystems) by us-
ing 10–40 ng of purified PCR product in the sequenc-
ing reaction and the same primers used for COII and 
GPI gene amplification by PCR. We used sequences 
from standard strains: TcI (Silvio X10 cl1), TcII (Es-
meraldo cl3), TcIII (M6241 cl6), TcIV (CANIII cl1),  

TcV (Mn cl2), and TcVI (CL Brener). Maximum-
likelihood phylogenetic trees were inferred by using  
W-IQ-TREE (9).

During the outbreak, 8 patients who had drunk the 
açaí juice were clinically assessed at FMT-HVD. Parasite 
culture was successful for 6 and xenodiagnoses for 7. A 
total of 5 T. cruzi strains were isolated by blood culture 
and xenodiagnosis. All 8 patients were T. cruzi positive by 
PCR. Blood culture, xenodiagnoses, and PCR were not per-
formed for 2 patients because they did not attend follow-up 
at FMT-HVD; their diagnoses were based only on thick 
blood smears.

After 24 h of incubation, we observed flagellated mo-
tile forms in the intermediate layer of fat of centrifuged 
açaí juice (Figure 1, panel C). T. cruzi from human samples 
and açaí juice showed an identical 150-bp band of mini-
exon compatible with T. cruzi zymodeme Z3 (6), consistent 
with COII and GPI sequencing results. Parasites differed in 
position 507 (G/C) of the GPI sequence (Figure 2, panel 
A). COII sequences were compatible with T. cruzi III mi-
tochondrial ancestral lineage (7). This set of samples and 
the reference strains TcIII, TcIV, TcV, and TcVI formed 
a single cluster that shared a characteristic mitochondrial 
genome distinct from both TcI and TcII (Figure 2, panel 
B). GPI sequence analysis showed that the human blood 
and açaí juice T. cruzi samples could be consistently clas-
sified as TcIV DTU (8) (Figure 2, panel C). Alignments of 
sequences from COII and GPI T. cruzi genes showed that 
the parasites in the açaí juice were the same.

 
Table. Basic demographics and diagnostic methods used to confirm acute Chagas disease in 10 patients, Brazilian Amazon* 

Patient  
Patient age, 

y/sex Date of diagnosis Blood smear Xenodiagnosis Culture 
1 51/F 2017 Dec 29 + + + 
2 19/F 2017 Dec 29 + + + 
3 22/M 2017 Dec 29 + + + 
4 35/F 2018 Jan 5 + + + 
5 1/F 2018 Jan 5 + NP + 
6 21/F 2018 Dec 1 + + – 
7 65/F 2018 Dec 1 + + + 
8  16/F 2018 Dec 1 – + NP 
9 11/M 2018 Dec 1 + NP NP 
10 51/F 2018 Dec 1 + NP NP 
*NP, not performed; +, positive for Trypanosoma cruzi; –, negative for T. cruzi.  

 

Figure 1. Açaí berry juice 
sample from Brazilian 
Amazon. A) A 50 mL-tube after 
centrifugation shows 3 layers: 1, 
pulp, 2, intermediate fat (box); 
and 3: supernatant. B) Top view 
of layer 2 (arrow). C) Fresh 
preparation of layer 2 showing 
Trypanosoma cruzi flagellated 
form (arrow).

Oral Transmission of Trypanosoma cruzi, Brazilian Amazon
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Conclusions
All patients who simultaneously exhibited febrile syn-
drome had consumed açaí juice from the same source in 
the previous weeks. They were all infected with the same 
T. cruzi DTU as that in the juice, strongly suggestive that in 
the Brazilian Amazon, contaminated açaí juice is a source 
of oral contamination with T. cruzi. Circumstantial asso-
ciation between outbreaks and contaminated açaí juice has 
been suggested by previous studies from South America 
(10–12), but our evidence of an acute Chagas disease out-
break in which oral transmission could be implicated is ro-
bust because patients and a sample of the juice consumed 
were analyzed in a paired manner.

The most probable hypothesis for contamination of the 
juice is based on the attraction of contaminated triatomines 
by the light used during nighttime açaí pulp extraction. 
Another hypothesis is that contamination occurred during 
collection and manipulation of açaí berries without use of 
proper hygiene before mashing (1). Triatomine infestation 
of Amazonian palm trees also supports the potential for 
oral T. cruzi contamination of humans (13).

Experimental contamination of food with T. cruzi 
shows that parasite survival varies with the type of food 
and presence or absence of refrigeration (14,15). In this 
study, we hypothesized that the long survival of the para-
site is associated with freezing the sample in the presence 
of cryoprotectants probably present in the fatty content of 

the açaí juice. On the basis of our demonstration of this 
route of contamination, legislation should be revised to 
possibly require pasteurization of açaí juice (14).
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etymologia revisited
Trypanosoma
[tri-pan′′o-so′mə]
From the Greek trypanon, “borer,” plus sŌma, “body,”  
Trypanosoma is a genus of hemoflagellate protozoa, 
several species of which are pathogenic in humans.  
Trypanosoma cruzi, the etiologic agent of Chagas disease, 
is transmitted from its vector to humans in the insect’s 
feces, not its saliva, as is the case with most other 
arthropodborne organisms, including Trypanosoma  
brucei, the etiologic agent of sleeping sickness.

Sources: Dorland’s illustrated medical dictionary. 30th ed. 
Philadelphia: Saunders; 2003 and wikipedia.org
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Avian influenza A(H9N2) virus isolated from a poultry worker 
in Pakistan in 2015 was closely related to viruses detected 
in poultry farms. Observed mutations in the hemagglutinin 
related to receptor-binding affinity and antigenicity could af-
fect cross-reactivity with prepandemic H9N2 vaccine strains.

Influenza A(H9N2) virus circulates in domestic poultry, 
and outbreaks have been recorded since the early 1990s 

in China (1). In Pakistan, H9N2 virus was first detected 
in a poultry outbreak in 1998; subsequent outbreaks have 
led to increased genetic diversifications of distinct viral 
lineages descended from H9N2 G1 lineage viruses (2). 
Serologic studies of H9 virus among persons of different 
occupations in Pakistan who had direct exposure to poul-
try (e.g., poultry workers, vaccinators, veterinarians) have 
shown high rates of seropositivity (30%–85%) (3–5). Al-
though no human infection with H9N2 virus has been 
reported from Pakistan, sporadic clinical cases of H9N2 
virus infection in humans have been reported in China (6), 
Hong Kong (7), and Bangladesh (8). We report the isola-
tion of H9N2 virus from a poultry worker during avian 
influenza virus surveillance in Pakistan.

The Study
During January 2015–June 2016, avian influenza vi-
rus (AIV) surveillance was conducted in poultry farms 
throughout 19 districts of Punjab Province, Pakistan (9). 
In addition, after obtaining written informed consent, 
we collected 117 nasal swab specimens from male poul-
try workers 25–35 years of age. The Institutional Ethical  

Review Board at the Institute of Public Health (Lahore, 
Pakistan) reviewed and approved the study protocol.

Sterile swabs were used to take nasal swab samples from 
humans; the swabs were placed in sterile tubes containing 2 
mL of viral transport media. To prevent cross-contamination 
between samples, human and chicken samples were collect-
ed in different zip-sealable plastic bags and transported on 
ice to the laboratory. Human and chicken samples were also 
processed and cultured separately on different dates. Indi-
vidual human samples were inoculated in 9-day-old embryo-
nated chicken eggs and amnio-allantoic fluid (AAF) harvest-
ed after 48 h incubation. Harvested AAF was first tested by 
hemagglutination assay, and positive AAF screened for H5, 
H7, H9, and Newcastle disease virus (NDV) using hemag-
glutination inhibition (HI) assay as previously described (9).

We detected 1 H9-positive sample collected from a poul-
try worker in Narowal District, Punjab, where only 1 (1.1%) 
of 88 chicken samples was H9N2-positive (9), and the flock 
from the same farm was H9 negative. The 36-year-old worker 
did not display major signs of influenza-like illness, which is 
typical of the mild to no symptoms shown in H9N2 virus in-
fection (10). No human samples were positive for H5 or H7 
virus. The virus isolate was confirmed as H9N2 by reverse 
transcription PCR, and the hemagglutinin (HA) and neur-
aminidase (NA) genes were sequenced as described (9). We 
sequenced the HA and NA genes of 8 additional viruses iso-
lated from chickens in different districts of Punjab (Table 1).

We analyzed 2,751 H9NX and 8,059 HXN2 avian and 
human virus sequences (collected during 1963–2017) ob-
tained from GenBank and the GISAID database (https://plat-
form.gisaid.org) and reconstructed large H9-HA and N2-NA 
phylogenies using maximum-likelihood (ML) analysis. We 
then subsampled the datasets to a final dataset of 145 sequenc-
es for each H9-HA and N2-NA. Reconstruction of temporal 
phylogenies was performed as previously described (11). H9-
HA (Figure; Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/25/1/18-0618-App1.pdf) and N2-NA (Appendix Fig-
ure 2) phylogenies show that, within the G1 lineage, the hu-
man H9N2 isolate (A/Pakistan/486/2015) formed a strongly 
supported monophyletic group with chicken H9N2 viruses 
collected in Pakistan from 2015 to 2016. The HA and NA 
genes of A/Pakistan/486/2015 (H9N2) showed close genetic 
resemblance (99.8%–99.9% nt identity) with 2015–2016 Pak-
istan chicken viruses, most likely indicating direct cross-spe-
cies transmission from poultry to human. These 2015–2016 

Avian Influenza A(H9N2) Virus in  
Poultry Worker, Pakistan, 2015
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Pakistan viruses are further grouped within sublineage B2 (2), 
which also includes viruses isolated during 2008–2014 from 
Afghanistan, Iran, and Pakistan. The mean times to the most 
recent common ancestor (tMRCAs) of the HA and NA genes 
for the 2015–2016 Pakistan strains were both estimated as 
late 2010 (Table 2), and sublineage B2 mean tMRCAs were 
estimated as 2005–2006. Together, these results indicate the 
circulation of unsampled virus diversity in poultry during the 
past decade, hindering our ability to investigate virus trans-
mission and evolution of H9N2 virus in Pakistan and high-
lighting the need for systematic surveillance.

All 2015–2016 Pakistan lineage viruses possessed 
a leucine (L) residue at position 226 (H3 numbering) in 
the HA receptor-binding site (RBS), which is associated 
with greater affinity for α-2,6 binding. However, HA resi-
due 228 (H3 numbering) in the RBS was glutamine (G), 
known for avian-like receptor specificity. All 2015–2016 
Pakistan lineage viruses possessed a low pathogenic motif 
(KSSR/G) in the HA cleavage site. To further character-
ize the recent evolution of H9N2 viruses in Pakistan, we 
mapped the HA and NA amino acid substitutions onto the 
phylogenetic trees and used Mixed Effects Model of Evo-
lution (MEME) analysis to detect amino acids under posi-
tive selection, as previously described (11). Three amino 
acid substitutions were present at the ancestral node of the 
HA of the 2015–2016 Pakistan lineage, T103I, L150N, and 
V393I (mature H9 protein numbering), although only resi-
due 150 (H3 numbering 160) was under positive selection. 
One additional substitution, T186A (H3 numbering 196), 
was present in the human isolate A/Pakistan/486/2015 
(H9N2). Both of these mutations are situated in the anti-
genic region of the H9-HA globular head and correspond 
to H3N2 epitope B (12). The biologic function of mutations 
at the remaining residues is not known. In addition, the HA 
phylogeny also indicated that 2015–2016 Pakistan viruses 
had diverged from lineages containing the 3 H9N2 G1 lin-
eage candidate vaccine viruses (A/Hong Kong/1073/99, 
A/Hong Kong/33982/2009, and A/Bangladesh/994/2011) 
(Appendix Figure 1). These vaccine candidates may there-
fore not provide efficient protection against the avian 
2015–2016 Pakistan lineage, although this assumption 
must be confirmed by antigenic assays.

No deletion in the NA gene, associated with aquatic 
to terrestrial host adaptation and increased replication 
in ferrets (13), was observed in the 2015–2016 Pakistan 
lineage viruses. Numerous substitutions were observed 
in the 2015–2016 Pakistan lineage viruses (Appendix 
Figure 2). Of these, the Q39R, K47E, and I62T muta-
tions are functionally key residues in the NA stalk that 
may be associated with host adaptation and virus viru-
lence (13). The mutations at 372 and 401 residues may 
be responsible for hemadsorption activity of the NA 
(14). The functional importance of the remaining muta-
tions is unknown, including V263I that was under posi-
tive selection.

Conclusions
Our detection and isolation of H9N2 virus from a poultry 
worker in Pakistan highlights the potential for cross-species 
transmission of H9 viruses in the country. The World Health 
Organization considers avian H9N2 viruses a consistent 
pandemic threat because they are widespread in poultry and 
cause sporadic infection in humans. H9N2 viruses have been 
central to the generation of other viruses of pandemic con-
cern and have contributed the internal genes to both H5 and 
H7 viruses in China (15). Although the subtype is relatively 
well studied in China, investigation in other countries is gen-
erally limited in scope. Within Pakistan, H9N2 viruses in 
chickens have circulated endemically for at least a decade, 
yet systematic surveillance is lacking.

Our results show continued diversification of H9N2 vi-
ruses in Pakistan; viruses isolated during 2015–2016 formed 
a distinct clade to earlier viruses from Afghanistan, Iran, and 
Pakistan isolated during 2008–2014. Dating analysis further 
estimated the tMRCA of the 2015–2016 Pakistan viruses 
as late 2010, indicating at least 5 years of unsampled virus 
diversity that circulated in poultry. We also observed muta-
tions in HA related to changes in receptor-binding affinity 
and antigenicity that could affect cross-reactivity with the 
World Health Organization–recommended prepandemic 
H9N2 vaccine strains. None of the 3 G1 candidate vaccine 
viruses are closely related to strains from Pakistan.

Phylogenetic relationships indicate H9N2 virus 
transmission across South Asia and the Middle East, 

 
Table 1. H9-HA and N2-NA influenza virus sequences isolated from poultry and a human, Punjab, Pakistan, 2015–2016* 

Virus isolate Collection date Host District 
GenBank accession no. 
HA NA 

A/chicken/Pakistan/12CF/2015 2015 May 19 Commercial chicken Lahore MH930826 MH930508 
A/chicken/Pakistan/540CF/2015 2015 Jun 8 Commercial chicken Gujranwala MH930827 MH930509 
A/chicken/Pakistan/740CF/2015 2015 May 29 Commercial chicken Layyah MH930828 MH930510 
A/chicken/Pakistan/870CF/2015 2015 Jul 11 Commercial chicken Sharqpur MH930829 MH930511 
A/chicken/Pakistan/1108CF/2016 2016 Apr 30 Commercial chicken Rawalpindi MH930830 MH930512 
A/chicken/Pakistan/401BYP/2015 2015 Jun 30 Backyard chicken Narowal MH930831 MH930513 
A/chicken/Pakistan/654BYP/2015 2015 Dec 12 Backyard chicken Rawalpindi MH930832 MH930514 
A/chicken/Pakistan/800BYP/2016 2016 Jun 26 Backyard chicken Sharqur MH930833 MH930515 
A/Pakistan/486/2015 2015 Nov 19 Human Narowal MH930834 MF280171 
*HA, hemagglutinin; NA, neuraminidase. 

 

 Avian Influenza A(H9N2) Virus, Pakistan



DISPATCHES

138 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

Figure. Evolutionary relationships 
of the influenza A virus H9-HA gene 
isolated from avian and human 
hosts, Pakistan, 1998–2016. 
The phylogeny was generated 
using the uncorrelated lognormal 
relaxed molecular clock, the 
SRD06 codon position model, 
HKY85 plus gamma substitution 
model, and a Gaussian Markov 
random field (GMRF) Bayesian 
skyride in BEAST version 1.8.4. 
Two independent runs of 100 
million Markov chain Monte Carlo 
generations were performed. 
Horizontal node bars represent 
the 95% highest posterior density 
intervals. Red branches indicate 
new sequences generated from 
this study, and the new human 
isolate is marked by a red star. 
Black arrows indicate the amino 
acid mutations (H9 numbering) for 
the 2015–2016 Pakistan lineage, 
and asterisk indicates site under 
positive selection.
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where the persistence and circulation of AIV are poorly 
understood. Increased surveillance in wild bird popu-
lations, poultry farms and markets, and occupationally 
exposed workers is needed in these regions to identify 
the emergence of antigenic variants and to maintain up-
to-date H9 vaccine candidates.
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Table 2. Estimated tMRCA of influenza A(H9N2) virus sublineages, Pakistan* 

Gene and lineage 
tMRCA (date) 

Mean Upper 95% HPD Lower 95% HPD 
H9-HA    
 Sublineage B1 2003.27 (2003 Apr 10) 2003.86 (2003 Nov 11) 2002.62 (2002 Aug 16) 
 Sublineage B2 2005.81 (2005 Oct 24) 2006.70 (2006 Sep 14) 2004.74 (2004 Sep 29) 
 2015–2016 (Pakistan) 2010.95 (2010 Dec 14) 2012.49 (2012 Jun 29) 2009.32 (2009 Apr 28) 
N2-NA    
 Sublineage B2 2006.84 (2006 Nov 4) 2007.89 (2007 Nov 22) 2005.74 (2005 Sep 29) 
 2015–2016 (Pakistan) 2010.71 (2010 Sep 18) 2012.23 (2012 Mar 26) 2009.29 (2009 Apr 17) 
*HA, hemagglutinin; HPD, highest posterior density; NA, neuraminidase; tMRCA, time to the most recent common ancestor. 
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The analysis of the nucleoprotein gene of 77 Puumala 
hantavirus strains detected in human samples in France 
during 2012–2016 showed that all belonged to the Central 
European lineage. We observed 2 main clusters, geograph-
ically structured; one included strains with the Q64 signa-
ture and the other strains with the R64 signature.

Puumala virus (PUUV) is the main hantavirus detected 
in Europe. Several variants of this enveloped triseg-

mented RNA virus species have been reported, compris-
ing PUUV stricto sensu, detected in humans, and the Asian 
Hokkaido and Muju viruses, not yet detected in humans. 
PUUV variant, hosted in the wild by the bank vole (Myodes 
glaerolus), is responsible for a mild hemorrhagic fever with 
renal syndrome called nephropathia epidemica (1,2). With-
in the variant PUUV, 8 lineages have been described, ac-
cording to phylogenetic analysis of the small (S) RNA seg-
ment coding domain sequence (CDS) of the strains. Each 
lineage is constituted by well-supported and geographical-
ly structured clusters of variants, supporting the hypothesis 
of a hantavirus/host co-evolution (3,4). Furthermore, it has 
been shown that this genetic diversity may affect the mo-
lecular detection of PUUV in humans (5). Consequently, 
the genotyping of local PUUV strains is also essential for 
laboratory diagnostics.

PUUV is also the main hantavirus detected in France. 
Approximately 100 human hospitalized cases are detected 
annually, all of them located in the northeastern part of the 
country (6). Sequences of 7 PUUV strains have been stud-
ied so far, and all were detected in bank voles (7,8). We 
report the analysis of the S segment CDS for the nucleopro-
tein N from 77 additional strains detected in human cases in 
France during 2012–2016.

The Study
As part of our surveillance assignment, using serologic and 
molecular assays, we detected 470 laboratory-confirmed 

human hantavirus cases from 2012–2016 in France, in-
cluding Tula virus (n = 1), Seoul virus (n = 6), and PUUV 
(n = 228) infections (6). We did not obtain strains from all 
samples for several reasons, including the absence of mo-
lecular testing because of lack of samples, samples being 
taken too long after the date of onset, and inadequate sam-
ple storage temperature before reception in our laboratory. 
We detected 162 PUUV strains using both real-time PCR 
and nested reverse transcription PCR (RT-PCR) (9,10), 33 
using real-time PCR, and 33 using nested RT-PCR. The 
discordance of results between the 2 techniques could be 
explained by a viral load in the sample close to our limit 
of detection. We identified these 228 PUUV strains in 28 
of the 34 hantavirus-endemic departments (administrative 
divisions) in France (6). We used 3 overlapping heminest-
ed RT-PCRs to obtain the S segment sequences. After se-
quencing by Sanger method, we obtained the entire S CDS 
from 77 strains coming from 17 departments (Appendix 
Tables 1,2, https://wwwnc.cdc.gov/EID/article/25/1/18-
0270-App1.pdf). We deposited PUUV sequences in 
GenBank (accession nos. MG923598–MG923674). We 
mapped strains according to the municipality of exposure. 
We used ClustalW and Muscle implemented in MEGA7 
(https://www.megasoftware.net) (8) to align the S seg-
ment CDS and to deduce aa sequences from these strains 
and from 115 other PUUV strains published and available 
in GenBank (as of December 1, 2017). We then ordered 
the sequences according to aa similarity. We conducted 
maximum-likelihood phylogenetic analysis with 1,000 
bootstrap replicates by using PhyML version 3.0 (http://
www.atgc-montpellier.fr/phyml) implemented in Seaview 
version 4.6.1 (8), on the basis of the S segment CDS using 
a representative sample in which sequences were identi-
cal at the aa level, to reduce the size of the tree. We also 
performed phylogenetic analysis on the generalized time-
reversible model with a gamma distribution (GTR+Γ) 
with 4 rate categories, with the assumption that a certain 
fraction of sites are evolutionarily invariable according to 
the best-fit substitution model proposed by SMS version 
1.8.2, available online on the ATGC bioinformatics plat-
form (http://www.atgc-montpellier.fr/sms).
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The phylogenetic analysis showed that the PUUV S 
CDS were grouped into the 8 lineages as previously de-
scribed (3,4). All of the PUUV sequences from France de-
tected in humans belonged to the Central European lineage 
(Figure 1). We distinguished 2 main sublineages, the first 
harboring the aa signature Q64 and including strains from 
Belgium and Germany (3), and the second with strains har-
boring an arginine (R) amino acid at position 64. Within 
this cluster, strains isolated from bank voles in the Loiret 
department (coded 45) cluster together with branch support 
of 100; they share the K258 signature (8) with the human 

strain 2012.00086 isolated in the Nièvre department (coded 
58), neighbor of the Loiret department (Figure 1). Of note, 
strains from the Q64 cluster were from the northeast part of 
the endemic region, whereas the strains from the R64 clus-
ters were detected in the south of the endemic area, except 
for strains carrying the I276 residue; those came from the 
northwest part of the endemic region in the Oise depart-
ment (coded 60), where the Q64 cluster was co-circulating 
(Figure 2).

Several real-time RT-PCRs targeting the PUUV S seg-
ment have been implemented to diagnose PUUV infection  

Figure 1. Phylogenetic 
tree constructed using the 
maximum-likelihood approach 
based on the complete small-
segment RNA nucleotide coding 
sequences of representative 
Puumala virus (PUUV) strains 
detected in human cases in 
France, 2012–2016 (circles), 
and on those published and 
representative of PUUV 
strains detected in Europe. 
Diamonds indicate sequences 
of strains detected in rodents 
as reported elsewhere (7,8). 
Bootstrap percentages >70% 
(from 1,000 resamplings) 
are indicated at each node; 
GenBank accession numbers 
are indicated for reference 
strains. Scale bar indicates 
nucleotide substitutions per 
site. ALAD, Alpe-Adrian lineage; 
CE, Central European lineage; 
DAN, Danish lineage; FIN, 
Finnish lineage; LAT, Latvian 
lineage; N-SCA, north-
Scandinavian lineage; 
S-SCA; south-Scandinavian 
lineage; RUS, Russian 
lineage; MUJV, Muju virus; 
HOKV, Hokkaido virus.
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in humans (5,9,11–14). We detected some mismatches 
between the sequences of the France strains and those of 
the primers and probes (for example, at the 3′ end of the 
forward primer designed by Garin D et al. [12]), which 
could jeopardize the detection of some PUUV strains from 
France (Appendix Figure). However, we did not perform 
assays to evaluate this hypothesis.

Conclusions
Genomic findings from this study revealed that the 77 
PUUV strains studied and detected in humans in France 
during 2012–2016 all belonged to the Central European 
lineage. Within this lineage, the strains were clustered 
within 2 sublineages, with marked geographical pat-
terns: the first included strains with the Q64 signature, 
a hallmark of strains from Belgium, and the second car-
ried an arginine (R) at position 64. These results confirm 
the clustering observed within the 7 PUUV strains from 
France so far studied and obtained from rodents (7,8) and 
highlight the geographic diversity of strains from France 
within this lineage.

We were unable to obtain the S segment CDS from 
all strains, especially from the few strains detected in the 
departments (e.g., 10, 52, 67, 89) located between the 
northeastern part and the southeastern part of the hanta-
virus-endemic area; these 2 parts, reported as main en-
demic areas in Reynes et al. (6), were overrepresented in 

our dataset. The lack of amplification could be a result 
of improper storage of the specimens for several days at 
4°C by peripheral laboratories for serologic diagnostic 
testing before sending to the National Reference Center; 
the low viral load observed in the specimens at reception 
(crossing point >35); the limit of detection of our S CDS 
overlapping heminested RT-PCR (reduced 10-fold, com-
pared with detection limit using our molecular diagnostic 
methods); or mismatch between the sequences of PUUV 
strains and those of our primers used for S segment CDS 
amplification. Therefore, other clusters may be present in 
France, and we cannot clearly determine the geographic 
overlap of the clusters we described. Furthermore, our 
study was limited to the S segment CDS, whereas it has 
been shown that intercluster reassortment of the small, 
medium, and large segments in PUUV strains can occur, 
which could be the case in the area in which the 2 sublin-
eages co-circulate (15).

Future efforts will be focused on more efficient se-
quencing of PUUV S segment CDS and also M and L seg-
ment CDS, using next-generation sequencing and amplicon 
approaches for samples with low viral load. We hope to 
identify more sequences from more geographic areas for 
use in molecular diagnostic development and in imple-
menting a comprehensive phylogeographic analysis, per-
mitting a better molecular description of PUUV strains in 
France and further investigation of their evolution.

Figure 2. Location of the 
Puumala virus small segment 
RNA coding domain sequence 
sublineages Q64 and R64 
detected in human cases, 
by municipality of exposure, 
France, 2012–2016. Gray 
shading indicates the 
hantavirus-endemic area; red 
circles indicate Q64 sequences, 
by size; blue diamonds indicate  
R64 sequences.
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In 2011, a Salmonella enterica serovar Anatum clone 
emerged in Taiwan. During 2016–2017, infections in-
creased dramatically, strongly associated with emergence 
and spread of multidrug-resistant strains with a plasmid car-
rying 11 resistance genes, including blaDHA-1. Because these 
resistant strains infect humans and food animals, control 
measures are urgently needed.

Salmonella, a prevalent foodborne pathogen that causes 
zoonoses worldwide, comprises 2 species, Salmonel-

la enterica and S. bongori, and ≈2,600 serovars (1). In 
Taiwan, salmonellosis has been primarily caused by the 
S. enterica serovars Enteritidis, Typhimurium, Stanley, 
Newport, and Albany, which together caused 70% of sal-
monellosis infections during 2004–2012 (2). During this 
period, Salmonella Anatum was not prevalent, causing 
only 0.4% of the infections. However, since 2015, Salmo-
nella Anatum infections have increased, and most isolates 
are multidrug resistant (MDR). We report the epidemio-
logic trend of Salmonella Anatum infection of humans, 
the clonal relationships among strains recovered during 
2004–2017, and the resistance mechanism of the newly 
emerging MDR strains.

The Study
To investigate the epidemiologic trend, we analyzed the 
data in the Salmonella fingerprint database constructed 
by the Taiwan Centers for Disease Control. The database 
comprises demographic and experimental data, includ-
ing pulsed-field gel electrophoresis (PFGE) fingerprints 
obtained by using the PulseNet standardized PFGE pro-
tocol (3), serotypes obtained using PFGE pattern com-
parison and conventional methods (4), and antimicrobial 
drug susceptibility testing results for isolates collected 
from hospitals nationwide. We conducted whole-genome 
sequencing for 68 Salmonella Anatum isolates from hu-
mans and animals and 9 isolates from chicken carcasses 
and abbatoir environments by using the Illumina MiSeq 

platform (https://www.illumina.com) and identified re-
sistance genes, incompatibility groups of plasmids, and 
sequence types by using the whole-genome sequencing 
data. To investigate clonal relationships and locations 
of resistance genes, we constructed a dendrogram for 
Salmonella Anatum strains with whole-genome single-
nucleotide polymorphism profiles to assess genetic relat-
edness among strains and determined the complete ge-
nomic sequence of Salmonella Anatum strain R16.0676 
with whole-genome sequencing data generated by using 
a MinION nanopore sequencer (https://nanoporetech.
com/products/minion) and an Illumina MiSeq sequencer. 
To investigate mobility of resistance plasmids, we con-
ducted conjugation experiments to transfer the resistance 
genes–carrying (R) plasmid from Salmonella Anatum 
strain R16.0676 into recipient Escherichia coli C600 and 
transferred an R plasmid from an E. coli transconjugant 
back to a rifampin-resistant mutant of Salmonella Anatum 
strain R13.0957 (Appendix, https://wwwnc.cdc.gov/EID/
article/25/1/18-1103-App1.pdf).

The Salmonella fingerprint database of the Taiwan 
Centers for Disease Control contained PFGE fingerprints 
for 34,160 Salmonella isolates recovered during 2004–
2017, of which antimicrobial drug sensitivity test results 
were available for 23,018. Salmonella Anatum was not 
a prevalent serovar among those collected during 2004–
2014 (Figure 1). However, the number of Salmonella 
Anatum infections increased in 2015 and subsequently 
underwent another sharp increase in 2016 and 2017. In 
2017, Salmonella Anatum accounted for 14.2% of Salmo-
nella infections in Taiwan and ranked as the third most 
frequently identified serovar. 

Whole-genome single-nucleotide polymorphism anal-
ysis of Salmonella Anatum recovered from humans during 
2004–2017 revealed 3 distinct lineages (Figure 2). Strains 
of lineage (L) 1 were either pansusceptible or MDR; they 
mostly appeared during 2004–2009 (Appendix Table 2). 
L2 comprised only 2 isolates, which emerged in 2005 and 
were pansusceptible. L3 comprised 2 sublineages; sublin-
eage (SL) 3_1, first detected in 2011, was mostly pansus-
ceptible, whereas SL3_2, which first emerged in 2013, was 
mostly MDR. The MDR strains of SL3_2 first appeared 
in 2015 and were resistant or of reduced susceptibility to 
10 of the 14 antimicrobial drugs tested. SMX.642 was the 
predominant MDR strain, but the first 2 isolates recovered  
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in 2013 were pansusceptible. Of the 9 isolates from chicken 
carcasses and abattoir environments, 5 belonged to SL3_1 
and 4 to SL3_2. The new clone (L3) accounted for 91.9% of 
the total Salmonella Anatum infections during 2004–2017 
and 99.6% in 2017. MDR strains accounted for 90.3% of 
the new clone recovered during 2011–2017 and 94.1% in 
2017. All Salmonella Anatum isolates sequenced belonged 
to sequence type 64.

The chromosomal sequence of strain R16.0676 was 
4,674,190 bp (GenBank accession no. CP029800) and 
was not noted to carry any horizontally transferable re-
sistance gene. R16.0676 harbored 2 plasmids, which were 
designated pR16.0676_90k (90,137 bp; IncC; accession 
no. CP029802) and pR16.0676_34k (34,063 bp; IncN3; 
accession no. CP029801). pR16.0676_90k harbored 11 
resistance genes, aadA2, blaDHA-1, dfrA23, floR, lnu(F), 
qnrB4, strA, strB, sul1, sul2, and tet(A), which were dis-
tributed in 2 antimicrobial resistance islands, ARI1 and 
ARI2 (Appendix Figure, panel A). ARI1 carried 5 resis-
tance genes, floR, strA, strB, sul2, and tet(A), and was 
found in many IncC plasmids in the National Center for 
Biotechnology Information database (5). ARI2 carried the 
other 6 resistance genes, aadA2, blaDHA-1, dfrA23, lnu(F), 
qnrB4, and sul1. The resistance genes could confer re-
sistance to cefoxitin, cefotaxime, ceftazidime, ampicil-
lin, chloramphenicol, streptomycin, sulfonamide, tetra-
cycline, and trimethoprim and reduced susceptibility to 
ciprofloxacin as shown by antimicrobial susceptibility 
testing (Figure 2). pR16.0676_90k shared 79% sequence 
identity with a 272-kb plasmid, pECAZ155_KPC (Gen-
Bank accession no. CP019001.1), which harbored only 
the sequence of ARI1 but not ARI2. pR16.0676_34k did 
not carry any resistance gene (Appendix Figure, panel 
B), but it shared 98% sequence identity with a 34.8-kb 
plasmid, pN-Cit (GenBank accession no. JQ996149.1). 

All MDR SL3_2 isolates, including the 4 isolates recov-
ered from the abattoirs, harbored an IncC plasmid and the 
same 11 resistance genes identified in strain R16.0676. 
Strain R17.0132 acquired an additional mcr-1 gene 
and was resistant to colistin (Figure 2). We did not ob-
tain any transconjugants with pR16.0676_90k, but we 
did obtain a transconjugant with a composite plasmid, 
which had the same sequences as pR16.0676_90k and 
pR16.0676_34k (Appendix Figure, panel C). This 125-
kb composite plasmid probably resulted from insertion 
of pR16.0676_90k into pR16.0676_34k through an in-
sertion sequence 26–mediated transposition process. The 
resulting plasmid acquired an additional copy of insertion 
sequence 26 and an 8-bp tandem repeat in the insertion 
site. More than a dozen genes are typically required for 
conjugation (6). pR16.0676_90k harbored only 3 genes, 
and pR16.0676_34k contained at least 12 genes related 
to conjugation. Fusion of the 2 plasmids caused the com-
posite plasmid to become self-transmissible. When the 
composite plasmid was transferred back into a rifampin-
resistant mutant of Salmonella Anatum strain R13.0957, 
we obtained transconjugants harboring only a 58-kb or 
83-kb R plasmid, which were derived from the 125-kb 
plasmid through deletions (Appendix Figure, panel C). 
Accordingly, the composite plasmid was unstable in Sal-
monella Anatum.

Conclusions
We identified a new Salmonella Anatum clone that 
emerged in Taiwan in 2011. During 2011–2014, strains 
of the new clone were not resistant and caused few infec-
tions. The dramatic increase in Salmonella Anatum infec-
tions that occurred during 2016–2017 was strongly asso-
ciated with the emergence of MDR strains in 2015. The 
most crucial concern regarding emergence of the MDR 

Figure 1. Distribution of the 6 most 
frequently identified Salmonella 
enterica serovars in Taiwan, 2004–
2017. Numbers indicate increasing 
frequency of Salmonella Anatum. 
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Salmonella Anatum clone was that all MDR strains carry 
blaDHA-1, which encodes AmpC β-lactamase and confers 
resistance to β-lactam drugs, including third-generation 
cephalosporins. This resistance cannot be overcome by 
using β-lactam inhibitors. Because these MDR strains 
can cause numerous infections in humans and are prev-
alent in animals used for food, urgent control measures  
are needed.
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Figure 2. Dendrogram of 36 representative Salmonella enterica serovar Anatum strains from Taiwan, 2004–2017, constructed with whole-
genome SNP profiles with 883 SNPs. The complete genomic sequence of Salmonella Anatum strain GT-38 (GenBank accession no. 
CP013226) was used as the reference for SNP calling. Red, resistant; yellow, intermediate; green, susceptible. Lanes: 1, cefoxitin; 2, 
cefotaxime; 3, ceftazidime; 4, ertapenem; 5, nalidixic acid; 6, ciprofloxacin; 7, gentamicin; 8, ampicillin; 9, chloramphenicol; 10, streptomycin; 
11, sulfamethoxazole; 12, tetracycline; 13, sulfamethoxazole/trimethoprim; 14, colistin. L, lineage; PFGE, pulsed-field gel electrophoresis; SNP, 
single-nucleotide polymorphism. A color version of this figure is available online (http://wwwnc.cdc.gov/EID/article/25/1/18-1103-F2.htm).



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019 147

New Salmonella enterica Serovar Anatum Clone

About the Author
Dr. Chiou is a principal investigator at the Centers for Disease 
Control, Ministry of Health and Welfare, Taiwan. His research 
interests include genotyping, molecular epidemiology, and  
antimicrobial resistance of foodborne bacterial pathogens.

References
  1. Guibourdenche M, Roggentin P, Mikoleit M, Fields PI,  

Bockemühl J, Grimont PA, et al. Supplement 2003-2007  
(no. 47) to the White-Kauffmann-Le Minor scheme. Res  
Microbiol. 2010;161:26–9. http://dx.doi.org/10.1016/ 
j.resmic.2009.10.002

  2. Kuo HC, Lauderdale TL, Lo DY, Chen CL, Chen PC, Liang SY,  
et al. An association of genotypes and antimicrobial resistance  
patterns among Salmonella isolates from pigs and humans in  
Taiwan. PLoS One. 2014;9:e95772. http://dx.doi.org/10.1371/ 
journal.pone.0095772

  3. Ribot EM, Fair MA, Gautom R, Cameron DN, Hunter SB,  
Swaminathan B, et al. Standardization of pulsed-field gel  

electrophoresis protocols for the subtyping of Escherichia coli 
O157:H7, Salmonella, and Shigella for PulseNet. Foodborne  
Pathog Dis. 2006;3:59–67. http://dx.doi.org/10.1089/fpd.2006.3.59

4. Chiou CS, Torpdahl M, Liao YS, Liao CH, Tsao CS, Liang SY, 
et al. Usefulness of pulsed-field gel electrophoresis profiles for 
the determination of Salmonella serovars. Int J Food Microbiol. 
2015;214:1–3. http://dx.doi.org/10.1016/j.ijfoodmicro.2015.07.016

5. Fernández-Alarcón C, Singer RS, Johnson TJ. Comparative 
genomics of multidrug resistance-encoding IncA/C plasmids from 
commensal and pathogenic Escherichia coli from multiple animal 
sources. PLoS One. 2011;6:e23415. http://dx.doi.org/10.1371/ 
journal.pone.0023415

6. Cabezón E, Ripoll-Rozada J, Peña A, de la Cruz F, Arechaga I. 
Towards an integrated model of bacterial conjugation. FEMS 
Microbiol Rev. 2015;39:81–95.

Address for correspondence: Chien-Shun Chiou, Centers for  
Disease Control, Center for Diagnostics and Vaccine Development, 
5F No. 20, Wen-Sin South Third Rd, Taichung 40855, Taiwan; email: 
nipmcsc@cdc.gov.tw

http://wwwnc.cdc.gov/eid/page/resistance-spotlight

Antimicrobial Resistance
Antibiotics and similar drugs, together called antimicrobial agents, have been used for the past 70 years to treat patients 
who have infectious diseases. Since the 1940s, these drugs have greatly reduced illness and death from infectious dis-
eases. However, these drugs have been used so widely and for so long that the infectious organisms 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 resistant to antibiotics and 
at least 23,000 people die each year as a direct result of these infections.
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Recent parechovirus A3 (PeV-A3) outbreaks in Australia 
suggest lower population immunity compared with regions 
that have endemic PeV-A3 circulation. A serosurvey among 
populations in the Netherlands, the United States, and Aus-
tralia before and after the 2013 Australia outbreak showed 
high PeV-A3 neutralizing antibody prevalence across all re-
gions and time periods, indicating widespread circulation.

Parechovirus A3 (PeV-A3), belonging to the Picornavi-
rus family, can cause respiratory and gastrointestinal 

symptoms, as well as meningitis and sepsis-like disease 
in infants (1). PeV-A3 was isolated from a fecal specimen 
collected in 1999 from a child with fever, diarrhea, and 
transient paralysis; it has been gaining increasing interest 
because of reported outbreaks of severe illness in neonates 
(2–4). To date the largest outbreaks have been caused by 
a recombinant PeV-A3 strain in Australia: in New South 
Wales in 2013, and in Victoria in 2015 (4). Humoral im-
munity is essential in protection against PeV-A3 disease, 
yet seroepidemiological data on population immunity are 

limited (5,6). We describe the findings of a cross-sectional 
study on serum PeV-A3 neutralizing antibody (nAb) levels 
among children and adults from Victoria and New South 
Wales, Australia; Missouri, USA; and the Netherlands, 
where PeVs circulate every 2 years during summer and 
fall months (3,7).

The Study
We screened 1,288 anonymized serum samples from per-
sons 0–91 years of age. From each geographic location, 
2 independent sets of samples collected before and after 
the 2013 Australia PeV-A3 outbreak were used (Table 1). 
No ethics approval is required for anonymous use of bio-
bank specimens in the Netherlands. Serum samples from 
the Netherlands in 2006–2007 came from a serum bank 
approved by the Medical Ethics Testing Committee of the 
Foundation of Therapeutic Evaluation of Medicines (IS-
RCTN 20164309). The institutional review board at the 
Children’s Mercy Hospital (Kansas City, Missouri, USA) 
determined that anonymous use of the Missouri samples 
was exempt from ethics approval. The human research 
ethics committee at Melbourne Health approved the use 
of Victoria serum samples and the human research eth-
ics committee at Western Sydney Local Health District 
approved the use of New South Wales serum samples 
(LNR/17/WMEAD/279).

We tested the serum samples with a previously de-
scribed neutralization assay (8). We serially diluted heat-
inactivated serum samples and incubated them with chlo-
roform-treated PeV-A3 strain isolated during the 2013 
outbreak in Australia (GenBank accession no. KY930881) 
(4). We subsequently added LLCMK2 cells and incubated 
them for 7 days. We calculated neutralizing titers based on 
cytopathogenic effect using the Reed and Muench method 
and reported them as the reciprocal titers of serum dilutions 
exhibiting 50% neutralization (9). We considered an nAb 
titer of >1:8 to be positive; we used >1:32 as a second-
ary cutoff (5). We compared PeV-A3 nAb seroprevalence 
between the timepoints within each location using χ2 tests. 
We performed logistic regression to examine the associa-
tion between seropositivity and location–timepoint (8 cat-
egories), gender (2 categories), and age (3 categories). We 
present 3 univariable models and 1 multivariable model 
including all 3 variables. We used the Kruskal-Wallis 
test with post hoc analysis and Bonferroni correction to  
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compare the median nAb titers. In the statistical analyses, 
we excluded children <1 year of age because of the pres-
ence of maternal antibodies; we merged the remaining age 
categories into 3 groups.

Overall PeV-A3 nAb seropositivity was similar across 
3 locations: 71.1% (2006–2007) and 69.2% (2015–2016) in 
the Netherlands, 63.3% (2012–2013) and 66.5% (2017) in 
Missouri, and 58.5% (2011–2012) and 66.4% (2015–2016) 
in Victoria (Figure 1, panel A). In New South Wales, nAb 
seroprevalence was 82.9% in 2011–2012, whereas it was 
significantly less (68.6%) in 2015–2016 (p = 0.005; Figure 
1, panel A). 

Age was a significant determinant of PeV-A3 nAb se-
ropositivity, which increased from 32.7% in children 1–2 
years of age to 65.0% in those 5–9 years of age and peaked 
at 77.7% in adults 20–30 years of age (Figure 1, panel B). 
nAb seropositivity decreased to 42.1% in persons >30 
years of age when a titer cutoff >1:32, the level necessary 
for protection against disease (5), was used. Furthermore, 
we observed that only 33.8% of infants <1 year of age had 
an nAb titer >1:32 and were thus sufficiently protected by 
maternal antibodies (Figure 1, panel B). 

We compiled age-stratified seroprevalences for each 
location and timepoint (Figure 1, panels C–F). The vari-
ables location–timepoint and age were significantly asso-
ciated with seroprevalence in both univariable and mul-
tivariable regression models (p<0.002; Table 2). We did 

not detect sex-dependent differences (p = 0.309; Table 2). 
In line with the age-stratified seropositivity, the geomet-
ric mean titers (GMTs) declined steadily with age (Figure 
2). Overall GMT peaked at 1:53 (SD 8.5) in the 10–19-
year age group and decreased thereafter. Both children 
1–5 years of age (p = 0.001) and adults >30 years of age 
(p<0.001) had significantly lower median titers than per-
sons 6–29 years of age.

Conclusions
In this large seroepidemiological PeV-A3 study, we com-
pared the nAb prevalence in populations from 4 distinct 
geographic regions. We report high and comparable PeV-
A3 nAb seropositivity across all these regions. In agree-
ment with the reports from Japan, the overall seropreva-
lence was 68.9%, suggesting widespread global circulation 
of PeV-A3 (10,11). Unexpectedly, the level of PeV-A3 
humoral immunity in NSW was higher before the 2013 
outbreak compared with 2–3 years after the outbreak. This 
suggests that PeV-A3 was already endemic in Australia be-
fore or during 2011–2012. Localized smaller PeV-A3 up-
surges or variations in the proportion of samples originat-
ing from hospitalized patients versus the community may 
explain the observed difference between the earlier and 
later time periods.

Age-stratified PeV-A3 nAb seropositivity and GMTs 
suggest that the infection generally occurs in children <10 
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Table 1. Demographic information for study of parechovirus A3 neutralizing antibodies, Australia, the Netherlands, and United States* 

Sample group Institute Sample type No. (%) patients 
Patient age, y 

Mean SD 
Country (state) and years   

   

 NL 2006–2007 RIVM P 140 (11) 27.8 21.9 
 NL 2015–2016 AMC R, S 140 (11) 27.8 21.5 
 USA (MO) 2012–2013 CMH R 120 (9) 30.8 18.3 
 USA (MO) 2017 CMH, TMC R 171 (13) 25.5 18.8 
 AUS (VIC) 2011–2012 VIDRL R 138 (11) 26.5 19.9 
 AUS (VIC) 2015–2016 VIDRL R 138 (11) 26.4 19.6 
 AUS (NSW) 2011–2012 WH, POW R 185 (14) 26.1 23.2 
 AUS (NSW) 2015–2016 WH, POW R 257 (20) 23.9 20.6 
Sex†   

   

 M   598 (46) 25.7 21.3 
 F   580 (45) 25.5 20.5 
Age, y   

   

 <1   148 (11) 0.4 0.3 
 1–2   52 (4) 1.8 0.6 
 3–4   41 (3) 3.8 0.6 
 5–9   120 (9) 7.2 1.5 
 10–19   220 (17) 15.8 2.7 
 20–29   184 (14) 24.8 2.9 
 30–39   172 (13) 34.2 2.8 
 40–49   162 (13) 44.6 2.8 
 50–59   89 (7) 54.8 3.2 
 60–69   62 (5) 64.3 2.8 
 >69   38 (3) 76.4 5.3 
Total   1,288   
*AMC, Academic Medical Center; AUS, Australia; CMH, Children’s Mercy Hospital; NL, the Netherlands; P, population-based sampling; POW, Prince of 
Wales Hospital; R, residual serum from hospitalized patients and community; RIVM, National Institute for Public Health and the Environment; S, AMC 
staff; SD, standard deviation; TMC, Truman Medical Center; VIC, Victoria; NSW, New South Wales; VIDRL, Victorian Infectious Diseases Reference 
Laboratory; WH, Westmead Hospital. 
†Information on sex not available for US 2017 adult samples. 
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years of age, although nAb titers continued to increase in 
adolescent children. nAb titers decreased below the proposed 
level of protection in adults >30 years of age. Similar obser-
vations have been reported previously (5,10,12). This result 
is in contrast to results for PeV-A1, against which high nAb 
seropositivity rates are maintained in adults (11). The large 
proportion of seronegative persons and gradually declining 
GMTs in older age categories may indicate that widespread 
circulation of PeV-A3 has emerged fairly recently, as previ-
ously proposed (13), or that the immunity elicited in child-
hood is waning. Because the mean age of women at first birth 

in developed countries is high, we hypothesize that low nAb 
titers in women of childbearing age, and therefore the lack of 
adequate maternal antibody protection, contribute to the oc-
currence of PeV-A3 outbreaks in infants. Moreover, the 2013 
Australia outbreak strain was recently described as a novel 
recombinant with the capsid-encoding region of the genome 
originating from a PeV-A3 strain collected in Japan in 2011 
and the nonstructural region from an unknown origin (4). Pre-
existing serum antibodies recognizing epitopes in the PeV-
A3 capsid maintain their ability to neutralize this strain, but 
this factor may represent a more virulent variant of PeV-A3.
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Figure 1. Parechovirus A3 (PeV-A3) neutralizing antibody (nAb) seropositivity, Australia, the Netherlands, and United States. A) Overall nAb 
seropositivity with associated 95% CIs. Infants <1 year of age were excluded from the analysis. Seropositivity rates between the timepoints 
within each location were compared by using χ2 tests. B) Overall age-stratified PeV-A3 nAb seropositivity, including infants <1 year of age. 
Seropositivity was determined as a nAb titer of ≥1:8 or ≥1:32. C–F) Age-stratified PeV-A3 nAb seropositivity in C) the Netherlands;  
D) Missouri, USA; E) Victoria, Australia; and F) New South Wales, Australia. Complete data used in this figure can be found in the Appendix 
(http://wwwnc.cdc.gov/EID/article/25/1/18-0352-App1.pdf). AUS, Australia; NL, the Netherlands; NSW, New South Wales; VIC, Victoria.
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This study has limitations. Cross-neutralizing anti-
bodies resulting from exposure to other PeV genotypes 
may confound our findings. However, we have previously 
observed no evidence of PeV-A3 cross-neutralization by 
polyclonal and monoclonal antibodies elicited against 
PeV-A1 to 5 (14,15). Because we used anonymous serum 
samples from population-based sampling and residual se-
rum collections, we could not relate the seroprevalence to 
cohort exposure history or etiologic information, and the 
varying sampling time periods prohibit us from making di-
rect temporal comparisons between the locations.

Taken together, our results suggest that PeV-A3 circu-
lation is widespread and that infection takes place in early 
childhood and adolescence. Nonetheless, PeV-A3 out-
breaks occur regularly in young infants, and case numbers 

remain elevated in Australia (L. Caly, Doherty Institute, 
Melbourne, VIC, Australia, pers. comm. 2017 Oct 15). 
Why humoral immunity against PeV-A3 declines with age 
and what factors predispose neonates to severe PeV-A3 ill-
ness remain to be elucidated. Implementation of molecular 
PeV detection in routine diagnostics and continuous sur-
veillance are warranted.
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Table 2. Association between seropositivity and location–timepoint, gender, and age by univariate and multivariate logistic regression 
models in study of parechovirus A3 neutralizing antibodies, Australia, the Netherlands, and United States* 

Parameter 
Univariate model 

 
Multivariate model 

Odds ratio (95% CI) p value Odds ratio (95% CI) p value 
Location, years 0.002 

  
<0.001 

 Netherlands, 2006–2007 1.124 (0.693–1.824) 
  

1.078 (0.658–1.764) 
 

 Netherlands, 2015–2016 1.026 (0.635–1.658) 
  

0.963 (0.591–1.568) 
 

 Missouri, USA, 2011–2012 0.790 (0.496–1.260) 
  

0.725 (0.451–1.166) 
 

 Missouri, USA, 2017 0.906 (0.585–1.403) 
  

0.376 (0.189–0.748) 
 

 Victoria, Australia, 2011–2012 0.644 (0.406–1.023) 
  

0.642 (0.400–1.030) 
 

 Victoria, Australia, 2015–2016 0.904 (0.563–1.451) 
  

0.868 (0.536–1.406) 
 

 New South Wales, Australia, 2011–2012 2.222 (1.354–3.647) 
  

2.247 (1.358–3.718) 
 

 New South Wales, Australia, 2015–2016† 1 
  

1 
 

Sex‡ 
 

0.193 
  

0.309 
 F 0.840 (0.646–1.092) 

  
0.868 (0.661–1.140) 

 

 M† 1 
  

1 
 

Age, y  
 

<0.001 
  

<0.001 
 1–5† 1 

  
1 

 

 6–29 2.938 (1.954–4.419) 
  

2.782 (1.821–4.251) 
 

 ≥30 3.248 (2.160–4.883) 
  

3.081 (2.004–4.738) 
 

*Boldface indicates a statistically significant result. Seropositivity was determined as a neutralizing antibody titer ≥1:8. Children <1 years of age were 
excluded. 
†Reference category. 
‡Information on sex not available for US 2017 adult samples. 

 
Figure 2. Age-associated 
GMTs of parechovirus A3 
neutralizing antibodies, Australia, 
the Netherlands, and United 
States. Bars indicate overall 
GMTs (timepoints and locations 
merged); error bars indicate SDs. 
Lines represent GMTs in each 
location (timepoints merged). 
AUS, Australia; GMT, geometric 
mean titer; NL, Netherlands; VIC, 
Victoria; NSW, New South Wales.
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We report 3 cases of koala bite wound infection with Lonepi-
nella koalarum–like bacteria requiring antimicrobial and sur-
gical management. The pathogens could not be identified 
by standard tests. Phylogenetic analysis of 16S rRNA and 
housekeeping genes identified the genus. Clinicians should 
isolate bacteria and determine antimicrobial susceptibilities 
when managing these infections.

Lonepinella koalarum, a species present in koala (Phasco-
larctos cinereus) feces, is a gram-negative bacterium that 

can degrade tannin protein complexes (1). This bacterium 
is the only species of the genus Lonepinella, a member of 
the family Pasteurellaceae. L. koalarum–related strains have 
been identified in koala gingiva (2). We report 3 cases of hu-
man wound infection involving Lonepinella-like organisms 
occurring after koala bites in Queensland, Australia.

The Study
In 2014, case-patient 1, a 69-year-old female wildlife 
worker from the Sunshine Coast region of Queensland, 
Australia, sought treatment for left wrist puncture wounds 
and a 2-cm laceration to the dorsum of her left hand after 
a koala bite. The wound was cleaned, and oral amoxicil-
lin/clavulanic acid was administered. Increased erythema 
and edema developed after 48 hours. Surgical debridement 
was required, and intravenous piperacillin/tazobactam was 
given for 6 days, followed by oral trimethoprim and sul-
famethoxazole; full recovery was achieved. A Gram stain 
revealed gram-positive and -negative organisms. After 48 

hours of culturing, we identified Staphylococcus sciuri and 
2 gram-negative coccobacilli (MS14434 and MS14435).

After this case, we reviewed records and found a simi-
lar previous incident. In 2012, case-patient 2, a 62-year-old 
male wildlife worker from Toowoomba, Queensland, Aus-
tralia, went to a general practitioner for treatment of a koala 
crush-bite injury to the thumb. After increased pain, swell-
ing, fever, and malaise developed, he sought hospital care. 
He had an open wound (2-mm long, 5–8-mm wide, 20-mm 
deep) with purulent discharge. Surgical debridement was 
required, and intravenous ticarcillin/clavulanic acid was 
administered for 4 days, followed by oral amoxicillin/cla-
vulanic acid for 7 days; clinical improvement occurred. 
We cultured specimens obtained during the operation and 
found Fusobacterium nucleatum, Staphylococcus aureus, 
and an unidentifiable gram-negative bacillus (MS14436).

In 2015, case-patient 3, a 66-year-old woman from 
Brisbane, Queensland, Australia, sought hospital treatment 
for a koala bite wound on her right hand. Surgical debride-
ment and washout revealed pus within the thenar muscle 
compartment and metacarpophalangeal joint. Intravenous 
piperacillin/tazobactam was given, and the patient’s condi-
tion improved. We cultured swabs of specimens acquired 
before and during surgery and isolated an unidentified 
gram-negative bacillus (MS14437).

We cultured all isolates on chocolate agar in 5% CO2 
for 48 h and recorded growth in different culture condi-
tions (Table 1). We performed biochemical reactions, 
sugar utilization, and cultures using in-house methods and 
commercial identification products API 20NE Microbial 
Identification Kit (bioMérieux, https://www.biomerieux.
com), RapID NH System (Remel, http://www.remel.com/
Clinical/Microbiology.aspx), RapID ANA II System (Re-
mel), and VITEK 2 GN and NH ID cards (bioMérieux). We 
performed matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry using the VITEK MS IVD da-
tabase (bioMérieux) and performed antimicrobial suscepti-
bility tests per the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) guidelines (http://www.
eucast.org/clinical_breakpoints) for Pasteurella multocida 
(3). We used Etest (bioMérieux) to determine MICs.

We performed DNA amplification and sequencing 
of 16S rRNA (4), rpoB (5), recN (6), and infB (7) genes 
as previously published and deposited sequences in Gen-
Bank (Appendix Table 3, https://wwwnc.cdc.gov/EID/
article/25/1/17-1359-App1.pdf). We used Geneious 10.0.6 

Identification of Lonepinella sp. in Koala Bite 
Wound Infections, Queensland, Australia

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019 153

Author affiliations: Pathology Queensland, Herston, Queensland, 
Australia (H.A. Sinclair, H. Bergh, G.R. Nimmo); Caboolture 
Hospital, Caboolture, Queensland, Australia (P. Chapman); 
Queensland Institute of Medical Research Berghofer, Herston  
(P. Chapman); The University of Queensland, Brisbane, 
Queensland, Australia (L. Omaleki, C. Turni, P. Blackall);  
Sunshine Coast University Hospital, Birtinya, Queensland,  
Australia (L. Papacostas, D. Sowden); University of New England, 
Armidale, New South Wales, Australia (P. Braslins); Griffith  
University, Gold Coast, Queensland, Australia (G.R. Nimmo)

DOI: https://doi.org/10.3201/eid2501.171359



DISPATCHES

(https://www.geneious.com) to align and analyze sequenc-
es. We performed a neighbor-joining analysis of 16S rRNA 
sequences by using Jukes-Cantor corrections and calcu-
lated bootstrap support in MEGA version 6 (https://www.
megasoftware.net). We calculated the similarity matrix us-
ing MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle) 
and predicted genome relatedness using a previously pub-
lished formula using the recN gene (8,9).

The colony morphology of the 2 isolates from case-pa-
tient 1 were distinctly different from each other; MS14434 
was morphologically similar to MS14437, and MS14435 

was similar to MS14436. Optimal colony growth was seen 
on chocolate agar with 5% CO2 and under microaerophilic 
conditions (Table 1). Results from commercial identifica-
tion systems were mostly inconsistent (Appendix Table 1); 
note that L. koalarum is not included within the commer-
cial databases used.

The MICs of all the antimicrobial drugs tested for 
MS14434 and MS14435 were low (Appendix Table 2); 
MICs for MS14436 and MS14437 were higher. MS14436 
and MS14437 were resistant to benzylpenicillin when ap-
plying P. multocida breakpoints (3).
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Table 1. Phenotypic characteristics of 4 clinical isolates obtained from koala bite wound infections, Queensland, Australia, and 
Lonepinella koalarum ACM 3666 
Growth characteristic or condition MS14434 MS14435 MS14436 MS14437 ACM 3666 
Growth requirement       
 X factor – – – – – 
 V factor – – – – – 
Biochemical reaction      
 Acetoin, Voges-Proskauer test – + + – + 
 Arginine arylamidase + – – + – 
 β-galactosidase – – – + – 
 β-glucosidase – + + + + 
 β-xylosidase + – – – + 
 Catalase – – – – – 
 H2S – – – – – 
 Indole – – – – – 
 Leucine arylamidase + + + + + 
 Ornithine decarboxylase – – – – – 
 Oxidase +* +* +* +* +* 
 Phenylalanine arylaminidase + + + – + 
 Urease – – – – – 
 Courmarate – + – + – 
 Maltotriose + + + + + 
 N-acetyl-D-glucosamine + + + – + 
 Phenylphosphonate + – – – + 
 Phosphatase + + + + + 
 Nitrate reduction – – – – + 
 Hydrolyzed esculin – + + + + 
Sugar utilization      
 Glucose + + + + + 
 Sucrose + – – + + 
 Lactose – – – – – 
 Maltose – – – – + 
 Mannose + + + + + 
 Xylose – – – – +* 
 Mannitol – – – – – 
 Malate + + + + + 
 D-cellobiose – – – + + 
Media type      
 Horse blood agar + + + + + 
 Chocolate agar + + + + + 
 Bacitracin agar + + + + + 
 Brain Heart yeast + + + + + 
 MacConkey with crystal violet – – – – – 
 Hemolysis on horse blood agar – – – – – 
Temperature and atmospheric conditions      
 Room temperature + + + + + 
 28°C Aerobic + + + + + 
 35°C Aerobic + + + + + 
 35°C in 5% CO2 + + + + + 
 35°C Microaerophilic + + + + + 
 35°C Anaerobic + + + + + 
 42°C Aerobic – – – + – 
*Weak positive. 
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We compared 16S rRNA and rpoB gene sequences 
from our isolates with those available in public databases, 
including GenBank, but confident organism identification 
was not possible. The 16S rRNA phylogenetic analysis 

clustered all 4 isolates distantly from L. koalarum (ACM 
3666), albeit within the same group (Figure).

For the rpoB gene sequence, an identity of 85%–88% 
for genera and 95% for species has been suggested for 
Pasteurellaceae (2,10,11). All isolates of this study had an 
identity of >95% for the rpoB gene of ACM 3666 (Table 
2), indicating a close genetic relationship with L. koalarum. 
A minimum level of 83%–85% identity of the partial infB 
gene has been shown between members of the Pasteurel-
laceae family at the genus level (12). The partial infB gene 
sequence of MS14434 had a high similarity (99.78%) to 
the corresponding sequence in ACM 3666, and the partial 
infB genes of the other 3 isolates are at the lower limit of 
the 83%–85% threshold. These 3 isolates also shared <85% 
similarity with the recN gene of ACM 3666 and >99% sim-
ilarity with the recN gene of each other. The recN gene of 
MS14434 had 97.17% similarity with that of ACM 3666. 
Using the recN similarity index (8), we are 95% confident 
that these 3 isolates are a species other than L. koalarum 
within the genus Lonepinella, and MS14434 is most likely 
L. koalarum.

Each case manifested with purulent skin and soft tis-
sue infection requiring surgical washout and debridement, 
similar to infections linked to Pasteurella in dog and cat 
bite wounds (13). MICs of amoxicillin and clavulanic acid, 
third-generation cephalosporins, and ciprofloxacin were 
low for all isolates. MIC determination should be sought 
because 2 isolates were nonsusceptible to benzylpenicillin 
on the basis of P. multocida interpretation criteria (3). For 
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Table 2. Similarity matrix of 16S rRNA, rpoB, infB, and recN gene 
sequences of 4 clinical isolates obtained from koala bite wound 
infections, Queensland, Australia, and Lonepinella koalarum  
ACM 3666* 
Gene and 
isolate MS14434 MS14435 MS14436 MS14437 

ACM 
3666 

16SrRNA 
MS14434 100  
MS14435 96.52 100  
MS14436 96.50 98.45 100  
MS14437 97.48 98.16 98.00 100  
ACM 3666 94.82 95.26 96.00 95.45 100 

rpoB 
MS14434 100  
MS14435 95.77 100  
MS14436 96.54 97.69 100  
MS14437 95.96 99.42 97.88 100  
ACM 3666 95.96 95.96 95.00 96.35 100 

infB 
MS14434 100  
MS14435 84.34 100  
MS14436 83.89 98.66 100  
MS14437 84.34 96.20 95.75 100  
ACM 3666 99.78 84.12 83.67 84.12 100 

recN 
MS14434 100  
MS14435 83.90 100  
MS14436 84.13 99.06 100  
MS14437 83.97 99.53 99.37 100  
ACM 3666 97.17 83.97 84.21 84.05 100 

*Values are percentage identity. 

 

Figure. Neighbor-joining 
phylogenetic analysis of 16S 
rRNA gene sequences of 4 
clinical isolates obtained from 
koala bite wound infections 
in 3 persons (MS14434–7), 
Queensland, Australia, 3 
Lonepinella koalarum ACM 
isolates, and members of the 
Pasteurellaceae family. Scale 
bar represents nucleotide 
substitutions per site.
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resolution of infection, surgical drainage might be required 
in addition to antimicrobial drug therapy.

In the original study of L. koalarum (1), 7 isolates were 
grouped into 4 biovars (a–d), and 16S rRNA sequencing 
demonstrated high similarity (97.6%–99.8%). A threshold 
of 93%–94% identity between 16S rRNA gene sequences 
has been described for differentiating members of Pasteurel-
laceae at the genus level (5) and >97% at the species level 
(10). Although all 4 isolates in our study showed >93% 
similarity to L. koalarum ACM 3666 in their 16S rRNA 
genes, none of them reached 97% similarity. Both infB and 
recN gene sequences indicated a close relationship between 
MS14434 and ACM 3666; however, 16S rRNA and rpoB 
gene sequences showed the same level of similarity between 
all 4 isolates and the reference L. koalarum strain. This dis-
agreement between genes could be a result of lateral gene 
transfer; lateral gene transfer of housekeeping genes has 
been described as a reason for incongruence between 16S 
rRNA and housekeeping gene phylogeny (14).

Conclusions
Clinical and microbiological suspicion is required when as-
sessing bacteria from koala bite wounds. Phenotypic and 
biochemical colony characteristics are often unreliable at 
assigning isolates to a genus and species within the Pas-
teurellaceae family, and identification with commercial 
kits is not always possible. Pasteurellaceae spp., including 
L. koalarum, can be identified by using matrix-assisted la-
ser desorption/ionization time-of-flight mass spectrometry 
with updated spectra (15). Clinical laboratory identifica-
tion methods involve sequencing the 16S rRNA gene and 
searching nucleotide databases. As seen in this investiga-
tion, this approach can be inconclusive, and phylogenetic 
analysis of sequences including housekeeping genes might 
be required.

In summary, Lonepinella infections acquired after 
koala bites can cause clinically significant human skin and 
soft tissue disease. In this report, we identified possibly 
novel Lonepinella-like organisms with a combination of 
genetic analyses.
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We identified 2 methicillin-resistant Staphylococcus aureus 
strains of sequence type 398 from surgical site infections in 
China. Genetic analysis and clinical data from these strains 
suggested that they were human-related but sporadic. He-
molysis analysis and mouse-skin infection models indicated 
a high virulence potential for these strains.

Methicillin-resistant Staphylococcus aureus (MRSA) 
can cause a variety of infections, such as skin and 

soft tissue infection (SSTI), pneumonia, and sepsis. MRSA 
can also cause surgical site infections (SSI), which are the 
most common type of healthcare-associated infections in 
hospitals (1). In addition, MRSA infection has been report-
ed in animals, including pigs, veal calves, and poultry (2). 
Livestock-associated MRSA (LA-MRSA) was first report-
ed in humans in the Netherlands in 2003 (3), and numerous 
countries have subsequently reported the presence of this 
MRSA variant. Although LA-MRSA belongs to several 
clone complexes, the major clone of LA-MRSA belongs to 
sequence type (ST) 398 (4).

Several infections caused by MRSA ST398 have 
been reported in the community, ranging from mild skin 
infections to serious invasive infections, both with and 
without livestock contact. Fatal cases of septicemia were 
also reported in Japan and Denmark (5,6). MRSA ST398 
isolates from human postoperative surgical site infec-
tions were presented with complete genome sequenc-
ing in Canada and in a long-term MRSA surveillance 
study in the United Kingdom (7,8). The virulence po-
tential of MRSA ST398 isolated from SSI has not been  
reported to date.

We studied 2 MRSA ST398 strains from surgical site 
infections, focusing on their clinical characteristics, ge-
netic features, and virulence potential. The study was ap-
proved by the local ethics committees in Sir Run Run Shaw 
Hospital with a waiver of informed consent (approval no. 
20150115-1). Mouse experiments were performed with ap-
proval from the Institutional Animal Ethics Committee of 
Zhejiang University (approval no. ZJU2015-141-01).

The Study
From January 2013 through December 2014, we collected 
a total of 147 Staphylococcus aureus isolates at Fuyang 
Hospital of Traumatology and Orthopedics of Traditional 
Chinese Medicine, a tertiary hospital in Hangzhou, China, 
with ≈500 beds. We performed multilocus sequence type 
(MLST) analysis on 18 SSI MRSA isolates from patients 
who underwent orthopedic surgery. We detected 2 MRSA 
strains, FY20 and FY22, which belong to ST398.

We characterized these strains by antimicrobial drug 
susceptibility testing, whole-genome sequencing and com-
parison, hemolysis analysis, and a mouse skin infection 
model. We included 2 community-acquired MRSA (CA-
MRSA) strains isolated from patients in 2015 at Sir Run Run 
Shaw Hospital for comparison; SR389 was isolated from a 
32-year-old female outpatient with a left neck mass, and 
SR411 was isolated from a 21-year-old female outpatient 
with lower extremity nodules and an ulcer. We sequenced 
the genomes on an Illumina HiSeq2000 platform (Illumina, 
http://www.illumina.com). We deposited the draft genome 
of FY20 as GenBank accession no. NTMC00000000, for 
FY22 as NXFU00000000, for SR389 as PDFA00000000, 
and for SR411 as PDFB00000000. We imported FASTA 
files into SeqSphere+ software version 4.1 (Ridom GmbH, 
http://www.ridom.de/seqsphere) for analysis (9). We de-
tected virulence and resistance genes using the Center for 
Genomic Epidemiology website (http://www.genomicepi-
demiology.org).

We collected supernatants from bacterial cultures 
grown at 37°C for 24 h with shaking at 180 rpm. We de-
termined hemolytic activities by incubating samples with 
human red blood cells (2% vol/vol in Dulbecco’s phos-
phate-buffered saline) for 1 h at 37°C and subsequently by 
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measuring the optical density at 540 nm using an ELISA 
reader. We performed the mouse skin infection model 
using BALB/c female nude mice, 4–6 weeks of age. We 
injected anesthetized mice subcutaneously with ≈1 × 107 
bacterial cells in 50 μL phosphate-buffered saline in the 
back. We measured length and width of the abscess or le-
sion for 6 days with calipers, and calculated abscess size by 
length × width. We euthanized all mice 6 days after injec-
tion. We used South Korea CA-MRSA strain HL1 (ST72) 
and its mutant HL1Δagr in the skin infection model and the  

hemolysis study for comparison (10). We performed statis-
tical analysis using GraphPad Prism version 7.01 (Graph-
Pad Software, https://www.graphpad.com).

We isolated both MRSA strains from SSIs, FY20 and 
FY22. FY20 was isolated from a 42-year-old female pa-
tient who had undergone steel plate–screw internal fixa-
tion after a right tibial plateau comminuted fracture in May 
2014. She was discharged in June 2014 and admitted to 
the hospital again because of swelling and pain in her right 
knee 71 days after surgery. The abscess was surgically  
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Table. Characteristics of methicillin-resistant Staphylococcus aureus sequence type 398 isolates from 4 patients, China* 

Characteristic 
Isolate 

FY20 FY22 SR389 SR411 
Patient age, y/sex 42/F 52/M 32/F 21/F 
Admission diagnosis Right tibial plateau 

comminuted fracture 
Right tibial plateau 

comminuted fracture 
Left neck mass Lower extremity nodules 

with ulceration 
Infection type SSI SSI SSTI SSTI 
SCCmec type V V V V 
spa type t034 t034 t034 t1255 
Panton–Valentine leukocidin  – – – – 
Resistance phenotype PEN, OXA, CLI, ERY PEN, OXA PEN, OXA PEN, OXA, CLI, ERY 
Resistance genes mecA, blaZ, ermC mecA, blaZ mecA, blaZ mecA, blaZ, ermC 
Virulence factors aur, sak, scn, hlb, hlgA, 

hlgB, hlgC 
aur, sak, scn, hlb, hlgA, 

hlgB, hlgC 
aur, sak, scn, hlb, hlgA, 

hlgB, hlgC 
aur, sak, scn, hlb, hlgA, 

hlgB, hlgC 
*aur, aureolysin; CLI, clindamycin; ERY, erythromycin; hlb, β-hemolysin; hlgA, gamma-hemolysin component; OXA, oxacillin; PEN, penicillin; 
sak, staphylokinase; scn, staphylococcal complement inhibitor; SCC, staphylococcal cassette chromosome; SSI, surgical site infection; SSTI, skin and 
soft tissue infection; –, negative.  

 

Figure 1. Minimum-spanning tree 
built from the core genome multilocus 
sequence type allelic profiles of MRSA 
ST398 strains from 4 patients in China 
(gray circles) and other ST398 strains. 
Each circle represents a single strain 
and is named with the sample and the 
origin. The 12 strains are based on 1,807 
columns with the pairwise ignoring missing 
values option in Ridom SeqSphere+ 
software (Ridom GmbH, http://www.
ridom.de/seqsphere). The numbers on 
the connecting lines indicate the number 
of allelic differences between 2 strains. S. 
aureus strain COL (GenBank accession 
no. NC_002951) is used as a reference. 
S0385 (human, MRSA, NC_017333.1), 
08BA02176 (human, MRSA, 
CP003808.1), 55488 (human, MRSA, 
NZ_LAWV00000000), 4_ST398 (human, 
MRSA, He L et al, 2018), S94 (human, 
MSSA, AUPW00000000), S100 (human, 
MSSA, AUPV00000000), 08S00974 
(animal, MRSA, NZ_CP020019.1), and 
E154 (animal, MRSA, CP013218.1), are 
used for comparison. MRSA, methicillin-
resistant Staphylococcus aureus; ST, 
sequence type.
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debrided, and she was treated with levofloxacin. We isolat-
ed FY22 from a 52-year-old male patient. This patient also 
underwent steel plate–screw internal fixation after a right 
tibial plateau comminuted fracture in August 2014. He was 
discharged in September 2014 and was admitted to the hos-
pital again for pus and exudate from the incision site in the 
right knee 21 days after surgery. The wound was surgically 
debrided, and he was treated with cefuroxime and levoflox-
acin. These 2 patients were admitted to different wards and 
were treated by different teams during hospitalization. 

Antimicrobial susceptibility testing results showed 
that the 4 ST398 strains in our study had a similar resis-
tance phenotype; they displayed resistance to β-lactam 
antimicrobial drugs but were susceptible to most other 
antimicrobial drugs. FY20 and SR411 were resistant to 
clindamycin and erythromycin. Resistance genes detected 
using the Center for Genomic Epidemiology site matched 
the resistance phenotypes (Table). The 4 ST398 strains 
were negative for tetM and czrC, were positive for φSa3, 
and displayed susceptibility to tetracycline. We classified 
FY20, FY22, and SR389 into SCCmec V and spa-type 
t034, and SR411 into SCCmec V and spa-type t1255. We 
built a minimum-spanning tree based on the core genome 
MLST (cgMLST) allelic profiles (Figure 1). There were 27 
allelic differences by cgMLST analysis between FY20 and 
SR411; for 5 pairs of other strains from our study (FY20 
and FY22, FY20 and SR389, FY22 and SR389, FY22 and 
SR411, and SR389 and SR411), there were >30 allelic dif-
ferences. From a previous study, 9–29 allelic differences 
can be considered possibly related, whereas >30 are con-
sidered unrelated (11). When we compared the strains in 
our study to MRSA ST398 strain 4_ST398 from a hospital 

in Shanghai (12), we found 30–40 allelic differences be-
tween each of our 4 strains and the reference strain. There 
were >150 allelic differences between the SSI strains in 
our study and other ST398 strains, including animal- and 
human-related strains, from other studies (7,13,14).

All 4 strains in our study contained the same virulence 
factors (Table). We analyzed the lysis of human erythro-
cytes, which is a key determinant of S. aureus virulence. 
Erythrocyte lysis by SR389, FY20, and FY22 was stron-
ger than for CA-MRSA HL1 (p<0.05) (Figure 2, panel A), 
whereas SR411 showed a relatively weaker lytic capac-
ity. We used a mouse skin infection model to evaluate the 
virulence potential of ST398 strains in vivo. In this model, 
abscesses caused by SSI strains (FY20 and FY22) were sig-
nificantly larger than those caused by SR411 and the HL1 
agr mutant (p<0.05) and were similar to those caused by 
SR389 and HL1 (p>0.05) (Figure 2, panel B). These find-
ings demonstrated the pronounced virulence potential of 
SSI ST398 strains to cause invasive skin infections similar 
to those associated with HL1, which was a predominant 
CA-MRSA clone in South Korea.

Conclusions
We reported 2 ST398 MRSA strains causing SSI, which 
were classified into hospital-acquired MRSA according to 
the Centers for Disease Control and Prevention definition 
(15). The clinical data and cgMLST results indicated no 
clonal transmission in these 2 cases. These 2 patients de-
nied livestock contact, and further genetic analysis showed 
characteristics of human-associated isolates. It is possible 
that the 2 patients were colonized with ST398 MRSA in 
the community and their infections developed later, after 
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Figure 2. Virulence phenotype of MRSA ST398 isolates. A) Hemolysis analysis. The hemolytic activity of culture filtrates grown for 24 
h was measured in triplicate at given dilutions. The mean and SE are shown. The statistical analysis used a 2-way analysis of variance 
between multiple groups. FY20 and FY22 were significantly stronger than other strains in dilution 1:4, 1:8, 1:16, and 1:32 (p<0.05). 
B) Abscess sizes in the mouse skin infection model. There were 4 mice per strain, and the mean and SE are shown. The statistical 
analysis used a 2-way analysis of variance to compare data for multiple groups. The abscess sizes of FY20 and FY22 were significantly 
larger than SR411 and the HL1 agr mutant (p<0.05) but were similar to SR389 and HL1 (p>0.05) at day 1, day 2, and day 3. MRSA, 
methicillin-resistant Staphylococcus aureus; OD, optical density; ST, sequence type.
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surgery. A limitation of this study is that we detected only 
2 ST398 HA-MRSA strains, which means that it is difficult 
to evaluate the spreading trend and the threat of this lineage 
in the healthcare setting. However, our results revealed the 
emergence and transmission pattern of ST398 MRSA in 
the surgical department of a hospital in China.
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During 2012–2017, we collected throat swabs from dogs in 
China to characterize canine influenza virus (CIV) A(H3N2) 
isolates. A new antigenically and genetically distinct CIV H3N2 
clade possessing mutations associated with mammalian ad-
aptation emerged in 2016 and replaced previously circulating 
strains. This clade probably poses a risk for zoonotic infection.

Canine influenza can be caused by a variety of influenza A 
viruses, including equine-origin H3N8 and avian-origin 

H3N2 viruses, which are both established lineages in dogs 
worldwide. Canine influenza virus (CIV) A(H3N8) has pre-
dominantly circulated in the United States since 2004 (1,2), 
and CIV A(H3N2) mainly prevails in China and South Korea 
(3,4). CIV H3N2 was first isolated in 2006 from Guangdong 
Province, China, and found to be genetically most closely 
related to H3N2 avian influenza viruses prevalent in aquatic 
birds in South Korea (5). Since 2006, H3N2 CIV has rapidly 
become prevalent in China and South Korea (6,7) and has 
also been isolated in Thailand and the United States (8,9).

CIV usually causes mild respiratory symptoms, and 
CIV-infected dogs often recover without treatment. As a 
consequence, animal owners and veterinarians often ne-
glect treating CIV infections, creating an opportunity for 
CIVs to circulate and further adapt in dogs. Mutations lead-
ing to better growth in dogs could enhance infectiousness 
in other mammals (e.g., humans). Also, CIVs are antigeni-
cally novel to the human immune system and, thus, might 
pose a threat to public health. Therefore, we set out to char-
acterize CIV H3N2 in dogs in China to assess the potential 
risk to the public.

The Study
During October 2012–July 2017, we collected 399 throat 
swabs from dogs with respiratory symptoms in pet hospitals  

and kennels in China to monitor for CIV H3N2 epidemics 
and virus evolution. We amplified the matrix gene by real-
time reverse transcription PCR using Influenza A Virus V8 
Rapid Real-Time RT-PCR Detection Kit (Beijing Anheal 
Laboratories Co. Ltd., http://anheal.company.weiku.com) 
and isolated and identified virus isolates using methods 
previously described (6). Of 399 samples, 54 (13.5%) con-
tained CIV H3N2 isolates. Of these 54 isolates, 43 were 
from Beijing, 6 from Nanjing, 3 from Shanghai, and 2 
from Xi’an.

To characterize the evolution of CIV H3N2, we se-
quenced the full genome of the 54 isolates (GenBank acces-
sion nos. MK212398–829) and performed genetic analyses 
using available sequences of related viruses from GenBank 
and the GISAID database (https://www.gisaid.org). Phyloge-
netic analysis of worldwide CIV H3N2 isolates indicated that 
each genome segment of the H3N2 isolates after 2016 formed 
a separate clade, distinct from other isolates from China, 
which grouped with isolates from South Korea and the Unit-
ed States (Figure 1; Appendix Figure, https://wwwnc.cdc.
gov/EID/article/25/1/17-1878-App1.pdf). Each genome seg-
ment of the 41 H3N2 CIVs isolated after 2016 shared high 
nucleotide sequence identities (99.62% ± 0.09% to 99.88% ± 
0.10%). Among these isolates, the time to most recent com-
mon ancestor computed by molecular clock analysis (10,11) 
was similar for each genome segment; all ancestors dated 
back to early to mid-2016 (Appendix Figure). Therefore, the 
introduction of this CIV H3N2 clade into China most likely 
occurred in 2016 as either a single event or multiple events 
involving genetically similar viruses. This clade was more 
closely related to earlier H3N2 CIVs than the ancestral H3N2 
avian influenza viruses from South Korea (Figure 1), and vi-
ruses of this clade could have originated from H3N2 CIVs 
circulating in South Korea or the United States.

We then investigated the molecular characteristics of 
these viruses. Although all the CIV H3N2 isolates from this 
clade still possessed 226Q and 228G (which confer speci-
ficity to cell entry receptors in birds) in hemagglutinin, they 
also possessed the 4 amino acid substitutions 251R and 
590S in polymerase basic 2 and 146S and 242I in hemag-
glutinin, which have frequently been identified in human 
influenza viruses. Of note, 251R and 590S in polymerase 
basic 2 are known determinants of adaptation to growth in 
mammals (Table 1) (12,13).

Canine Influenza Virus A(H3N2) Clade with  
Antigenic Variation, China, 2016–2017
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Figure 1. Maximum-likelihood phylogenetic 
tree of hemagglutinin genomic segment of 
H3N2 canine influenza viruses (CIVs). The 
phylogeny of 97 H3N2 CIVs available in public 
databases and the 8 hemagglutinin genomic 
segments sequenced in this study were 
inferred by using MEGA version 6  
(https://www.megasoftware.net) under the 
general time-reversible plus gamma distribution 
model with 1,000 bootstrap replicates. Avian 
isolates of ancestral strain (triangles) and 
canine isolates from South Korea (squares), 
Thailand (diamonds), and the United States 
(circles) are indicated. Shading indicates 
isolates sequenced in this study. Scale bar 
indicates substitutions per nucleotide.
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Antigenic analysis with ferret antiserum against repre-
sentative viruses of different clades demonstrated a diver-
sity of reaction patterns that generally corresponded with 
phylogenetic relationships (Table 2). H3N2 CIVs isolated 
during 2016–2017 reacted well with antiserum against 
viruses of the same lineage and less well with antiserum 
against viruses of other lineages. Numeric analysis of these 
hemagglutinin inhibition (HI) titers with AntigenMap 
(http://sysbio.cvm.msstate.edu/software/AntigenMap) re-
vealed that H3N2 CIVs isolated after 2016 had a distin-
guishable antigenic reaction pattern (Figure 2).

The CIV H3N2–positive dogs in this study gener-
ally had only respiratory symptoms and recovered within 
10 days. However, the virus spread rapidly. Among dogs 
in a cohort, 1 displayed mild disease (cough, runny nose, 
lethargy) soon after being introduced into a kennel. Within 

3 days, similar symptoms were observed in 16 more dogs 
within that kennel. Real-time reverse transcription PCR 
confirmed that all 17 dogs were CIV positive. We obtained 
2 CIV H3N2 isolates (A/canine/Beijing/0512-133/2017 
and A/canine/Beijing/0512-137/2017) from 2 German 
shepherd dogs in this kennel.

To determine the prevalence of CIV H3N2 in dogs, we 
randomly performed serologic surveillance for H3N2 vi-
rus among dogs visiting the Veterinary Teaching Hospital 
of China Agricultural University (Beijing, China) in 2017. 
Of 240 serum samples, 15 (6.3%) were positive for CIV 
H3N2 (HI titers against A/canine/Beijing/0512-137/2017 
of ≥40). To evaluate whether humans can be infected by 
CIV H3N2, we collected serum samples from pet owners 
(n = 50), veterinarians (n = 5), and animal hospital staff (n 
= 23) who had contact with CIV-positive dogs. Serum from 
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Table 1. Possible mammalian adaptation related to amino acid substitutions in CIV H3N2, China, 2016–2017* 

Category 

Virus protein, amino acid position, amino acid (frequency, %) 
Polymerase basic 2 

 
Hemagglutinin 

251 590 146 242 
CIV H3N2, 2006–2015 K (89.19), R† 

(8.11), G (2.70) 
G (100)  G (91.89), S (8.11) V (100) 

CIV H3N2, 2016–2017 R† (100) S† (100)  S (100) I (100) 
Influenza virus A(H3N2) in humans R† (99.82), K 

(0.14), G (0.04) 
S† (89.76), G (10.06), N 
(0.14), T (0.04), R (0.01) 

 S (99.57), G (0.42), 
F (0.01) 

I (99.29), V (0.39), M (0.20), 
T (0.08), L (0.03), K (0.02) 

Influenza A(H1N1)pdm09 virus R† (98.99), K 
(0.99), I (0.02) 

S† (99.43), N (0.35), G 
(0.22) 

 K (99.64), N (0.23), 
R (0.07), E (0.06) 

F (99.99), L (0.01) 

*CIV, canine influenza virus. 
†Known determinant for adaptation to mammals. 

 

 
Table 2. Antigenic analysis of H3N2 subtype canine influenza viruses, China, 2009–2017* 

Antigenic group and 
virus 

HI titer, by antigenic group and antiserum 
A, 

814/2009 
A, 

362/2009 
B, 0110-
2/2014 

B, 0118-
256/2015 

B, 0120-
265/2015 

C, 1228-
9/2016 

C, 0512-
13720/17 

C, 0527-
147/2017 

A         
 814/2009 1,280† 1,280 1,280 160 320 320 320 160 
 1527/2009 640 1,280 2,560 320 160 320 320 320 
 1579/2009 640 2,560 1,280 160 160 320 320 320 
 362/2009 640 1,280† 1,280 320 160 320 160 160 
B         
 1215-34/2012 160 640 1,280 160 640 1,280 640 1,280 
 0203-342/2013 320 640 640 640 640 640 1,280 320 
 1207-365/2013 320 640 1,280 640 1,280 640 1,280 640 
 0110-2/2014 640 2,560 1,280† 640 320 1,280 640 640 
 0118-256/2015 320 640 1,280 1,280† 640 640 320 320 
 0120-265/2015 640 640 1,280 640 1,280† 640 320 640 
 0124-300/2015 320 1280 1280 640 640 160 640 640 
C         
 1228-9/2016 80 80 80 160 1,280 1,280† 640 640 
 0424-102/2017 80 80 320 80 160 640 640 1,280 
 0512-120/2017 80 80 320 160 320 640 1,280 1,280 
 0512-133/2017 80 40 320 40 160 640 640 1,280 
 0512-137/2017 160 80 320 160 320 1,280 1,280† 640 
 0527-148/2017 80 80 320 80 320 640 2,560 1,280 
 0527-146/2017 80 40 320 80 320 640 640 640 
 0527-147/2017 80 320 320 160 160 2,560 1,280 1,280† 
 0601-159/2017 80 40 320 80 160 640 640 640 
 0610-173/2017 40 40 320 80 160 640 640 640 
 0721-36/2017 80 40 320 80 160 640 640 640 
*Virus names are abbreviated as serial number and year. HI titers are the inverse of the highest dilution that inhibited hemagglutination. Cells containing 
moderate HI titers (160, 320) are shaded gray and high titers (>640) black. Low HI titers (40, 80) were not shaded. HI, hemagglutinin inhibition. 
†Homologous titers. 
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1 pet owner tested positive for CIV H3N2 (HI titer 80), re-
vealing that this virus is a potential threat to public health.

Conclusions
CIV H3N2 originated from avian influenza viruses in aquat-
ic birds. We found that H3N2 viruses of a novel genetic 
clade and antigenicity have prevailed in dogs in some ar-
eas of China since 2016, completely replacing the previous 
strains; this H3N2 clade might have originated from CIVs 
in South Korea or the United States. However, the sparse 
sequence data for isolates from South Korea and the United 
States and the absence of CIV H3N2 sequences from these 
countries after 2016 prevent identification of the ancestor of 
this clade. Unlike the geographic clustering of isolates ob-
served during the spread of H3N2 CIVs in the United States 
(8), the H3N2 CIVs isolated during 2016–2017 in Beijing 
(northern China), Shanghai and Nanjing (southeastern Chi-
na), and Xi’an (western China) have high genetic identities.

In 2017, the percentage of dogs treated at the Veteri-
nary Teaching Hospital of China Agricultural University 
that were seropositive for CIV H3N2 was 6.3%, higher than 
the percentage during 2012–2013 (3.5%) (14). The wide 
prevalence and increased seropositivity of H3N2 variants 
suggest the lineage that emerged in 2016 might possess 
greater infectivity in dogs than earlier viruses, which might 
have resulted in clade replacement. The possibility of sto-
chastic events leading to the disappearance of the previous 
clade should not be excluded. Considering that preadapta-
tion of influenza A(H1N1)pdm09 virus genes to mamma-
lian hosts through prior circulation for several decades in 
swine might have contributed to the emergence of viruses 
containing these genes in humans, the potential adaptation 
of this CIV H3N2 clade to mammals and its public health 
threat should be further evaluated.

Because dog competitions and trade involving differ-
ent countries are frequent and the surveillance of CIV is 

limited, further studies should focus on determining wheth-
er viruses of this CIV H3N2 lineage are prevalent in other 
countries. Global active surveillance to monitor the spread 
of these viruses among dogs should also be enhanced. Such 
efforts could prevent further CIV spread and adaptation 
and will be critical for identifying public health threats that 
could emerge at the animal–human interface.
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Despite molecular and serologic evidence of Nipah virus 
in bats from various locations, attempts to isolate live virus 
have been largely unsuccessful. We report isolation and 
full-genome characterization of 10 Nipah virus isolates 
from Pteropus medius bats sampled in Bangladesh during 
2013 and 2014.

Nipah virus (NiV) is an emerging zoonotic virus car-
ried by bats. It is considered a global health prior-

ity by the World Health Organization and has pandemic 
potential because of its zoonotic nature, human-to-hu-
man transmissibility, wide geographic distribution of 
bat reservoir species, high case-fatality rate in humans, 
and lack of available vaccine or therapeutic agents (1). 
Although NiV or NiV-related infections have been dem-
onstrated by serologic surveillance or PCR detection 
in several bat species across extensive areas, attempts 
to isolate live NiV have been unsuccessful; there have 
been only 3 successful reports: Pteropus hypomelanus 
bats (2) and P. vapmyrus bats (3) in Malaysia and P. lylei 
bats in Cambodia (4).

Bangladesh has reported seasonal outbreaks of infec-
tious NiV almost annually since 2001, and India has re-
ported 2 outbreaks in neighboring West Bengal, the last 
in 2007 (5,6). In May 2018, India reported an outbreak in 
Kerala State, which is >1,800 km southwest of West Bengal 

(https://www.searo.who.int/entity/emerging_diseases/links/
nipah_virus_outbreaks_sear/en).

Despite sustained efforts to detect NiV in bats in this 
region, current infection data are largely from serologic and 
limited PCR detection of virus RNA from potential bat reser-
voirs, such as P. medius from Bangladesh and India (7–10). 
NiV genomic data from the region have come primarily 
from human cases (11,12). Spillover might not be limited 
to humans in Bangladesh; nonneutralizing antibodies against 
NiV in cattle, goats, and pigs (13) underscore the urgency of 
characterizing diversity of henipaviruses in P. medius bats 
and other possible animal reservoirs in the region.

We report isolation of NiVs from P. medius bats in 
Bangladesh. We performed full-genome characterization 
of these viruses by using enrichment-based next-generation 
sequencing (NGS).

The Study
During January 2011–April 2014, we collected 2,749 bat 
samples from various ongoing projects in the region. We 
collected samples nondestructively from individual bats as 
described (7) and collected environmental urine samples 
from underneath roosts by using polyethylene sheets. In 
early 2013, an outbreak of infection with NiV occurred in 
13 districts of Bangladesh (Gaibandha, Jhinaidaha, Kuri-
gram, Kushtia, Magura, Manikganj, Mymenshingh, Naog-
aon, Natore, Nilphamari, Pabna, Rajbari, and Rajshahi). In 
April 2013, we collected only urine samples during an out-
break investigation in Raipur, Manikganj. We also tested 
944 underroost urine samples, 829 throat swab specimens, 
and 976 urine samples from 2 confirmed bat species (P. 
medius and Rousettus leschenaultia) for NiV. Samples 
were collected with permission from the Government of 
Bangladesh Forestry Office and under Institutional Animal 
Care and Use Committees  (Tufts University no. G2011-12 
and University of California at Davis no. 19300).

We also collected bat samples from 5 sites in Rai-
pur that showed NiV spillover and 1 district (Sylhet) that 
had no reported cases (Figure 1). Samples were tested 
at the CSIRO Australian Animal Health Laboratory un-
der BioSafety Level 4 containment. Individual samples 
were pooled into groups of 4 for initial extraction and PCR  
analysis. Of 688 pooled samples tested, 20 pools were positive 
by a nucleoprotein gene–specific 1-step reverse transcription 
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quantitative PCR. The 80 individual samples from positive 
pools were thawed for virus isolation and RNA reextracted for 
PCR. Of 80 samples (urine and throat swab specimens) tested 
by nucleoprotein gene–gene specific 1-step reverse transcrip-
tion quantitative PCR, only 20 urine samples were positive. 
We used these 20 urine samples for virus isolation.

We performed virus isolation under BioSafety Level 
4 containment. For virus isolation from PCR-positive 
samples, we prepared Vero cells in 96-well plates in Ea-
gle minimum essential medium (EMEM) containing 10% 
fetal bovine serum and 1× antibiotic–antimycotic mixture 
(GIBCO, http://www.biosciences.ie/gibco). We added 50 
µL of each sample to 2 wells, incubated each sample for 
90 min, remove the inoculum, and added 200 µL EMEM 
to each well. Plates were incubated at 37°C, checked at 7 

days postinfection for a cytopathic effect (CPE), and fro-
zen at –80°C.

A total of 11 wells showed CPE, and putative virus 
culture from these wells was passaged a second time by in-
oculation of a 24-well plate containing 80% confluent Vero 
cells in EMEM with 80 µL of culture supernatant from each 
positive well. Plates were incubated at 37°C for 90 min; in-
oculum was removed and 1 mL EMEM added. Plates were 
then incubated at 37°C for 5 days. All 11 samples remained 
CPE positive after this second passage.

For a third passage, we harvested culture superna-
tant and added 300 µL to a 25-cm flask containing 80%  
confluent Vero cells. Flasks were incubated for 90 min 
at 37°C before inoculum was removed and 5 mL EMEM 
added. We incubated the flasks at 37°C and harvested  
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Figure 1. Sampling sites (Raipur, 
Manikganj, and Sylhet) for bat 
reservoirs of Nipah virus and location 
of the capital, Dhaka, in Bangladesh.  
Map was generated by using ArcGIS 
version 10.4.1 software  
(https://desktop.arcgis.com/en/ 
quick-start-guides/10.4/arcgis-
desktop-quick-start-guide.htm).
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virus supernatants at 2–3 days postinfection. Supernatants 
were clarified by centrifugation at 10,000 × g for 5 min 
and frozen at –80°C.

To confirm the identity of isolated viruses, we sub-
jected each sample to electron microscopy and PCR. All 
isolates had morphology consistent with NiV and were 
positive by NiV-specific PCR. Virus stocks were amplified 
in Vero cells, and supernatants were harvested and clari-
fied by centrifugation at 10,000 × g  for 10 min, followed 
by pelleting virus from supernatant by centrifugation at 

200,000 × g  for 30 min. Virus pellets were resuspended in 
200 µL of Magmax Buffer (Applied Biosystems, https://
www.thermofisher.com/us/en/home/brands/applied-bio-
systems.html) for RNA extraction according to the manu-
facturer’s protocol.

We used a virus enrichment strategy (14) to obtain 
the full-genome sequence for NiV isolates. Total RNA 
was used to prepare NGS libraries (New England Biolabs, 
https://www.neb.com) according to the manufacturer’s  
instructions. DNA libraries were subjected to a liquid-based 
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Figure 2. Phylogenetic tree of Nipah viruses from bats in Bangladesh (bold) compared with other henipaviruses, generated from 
full-genome sequences. Tree was constructed by using a maximum-likelihood approach, and robustness of nodes was tested with 
1,000 bootstrap replicates. Sequences are labeled according to the following ordination: GenBank accession number or isolate 
identification number/virus type/country/host/year/strain. Numbers along branches are bootstrap values. Scale bar indicates 
nucleotide substitutions per site.
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target capture method to separate and enrich for specific NiV 
sequences. NiV-specific 120-mer biotinylated DNA baits 
were designed to capture the entire genome. Hybridized 
probes and captured NiV genetic material were immobilized 
on magnetic beads, and contaminating host material was 
washed away, which increased the number of virus-specific 
reads. We mapped all reads to NiV sequence JN808863 by 
using the Map to Reference Function in Geneious version 
7.1.6 (https://www.geneious.com/previous-versions). The 
consensus nucleotide sequence was selected by majority 
rules at each site.

To ascertain 5′ and 3′ ends because of low coverage 
and PCR errors and chimeras, we downloaded full-genome 
NiV sequences from GenBank and aligned them by using 
MAFFT in Geneious. A 90% similarity threshold was used 
to generate consensus 5′ and 3′ sequences of 120 nt. Final 
consensus full genomes had 10× coverage. We download-
ed full-genome henipaviruses from GenBank, generated 
alignment by using the MAFFT plugin in Geneious, and 
tested node robustness by using 1,000 bootstrap replicates 
under the general time reversible plus gamma model in 
PHYML (15).

Full-length genome sequences were obtained from 
10 bat NiV isolates. We constructed a phylogenetic tree 
(Figure 2) that showed all bat isolates had nearly identical 
genome sequences; there was 99.9% conservation among 
all 10 genomes characterized (Table). The virus isolated 
in Sylhet during January 2013 was nearly identical to all 
other isolates obtained in 2013 in Raipur, which is ≈350 
km from Sylhet, suggesting that NiV homogeneity might 
be supported by bat movements connecting disparate  
bat colonies (10).

Conclusions
We report isolation of NiV from P. medius bats, a natu-
ral virus reservoir in Bangladesh. With an improved 
enrichment-based NGS strategy, we generated complete 
genome sequences for 10 bat NiV isolates with higher 
efficiency than for traditional PCR-based sequencing 
methods. NiV has been difficult to isolate from bats and, 

similar to results of previous studies of Hendra virus 
(10), we observed that successful virus isolation does 
not correlate with cycle thresholds. The complete se-
quence identity match among isolates obtained during 
the outbreak investigation in Raipur suggests that mul-
tiple strains were not co-circulating in the bat popula-
tion at the time, supporting results of a previous study 
in Faridpur (10).

None of the bat NiV isolate sequences were identical 
with any previously detected human NiV isolate sequences, 
suggesting that NiV spillover into humans is a rare event. 
However, the genetic diversity of bat NiV isolates needs to 
be fully identified.
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Table. Characteristics of 11 bat samples tested for Nipah virus, Bangladesh* 

Sample no. Sample ID 
Date 

sampled  Location Sample type* 
Taqman 
PCR Ct NGS Isolate designation 

1 PGB-1401B 2011 Apr 13 Raipur, Manikganj ORU 31.9 Yes NiV/BD/BA/2013/Raipur1401 
2 PGB-1402B 2011 Apr 13 Raipur, Manikganj ORU 30.1 Yes NiV/BD/BA/2013/Raipur1402 
3 PGB-1403B 2011 Apr 13 Raipur, Manikganj ORU 31.0 Yes NiV/BD/BA/2013/Raipur1403 
4 PGB-1404B 2011 Apr 13 Raipur, Manikganj ORU 31.3 Yes NiV/BD/BA/2013/Raipur1404 
5 PGB-1405B 2011 Apr 13 Raipur, Manikganj ORU 31.0 Yes NiV/BD/BA/2013/Raipur1405 
6 PGB-1406B 2011 Apr 13 Raipur, Manikganj ORU 31.9 Yes NiV/BD/BA/2013/Raipur1406 
7 PGB-1408B 2011 Apr 13 Raipur, Manikganj ORU 31.3 Yes NiV/BD/BA/2013/Raipur1408 
8 PGB-1409B 2011 Apr 13 Raipur, Manikganj ORU 31.7 Yes NiV/BD/BA/2013/Raipur1409 
9 PGB-1410B 2011 Apr 13 Raipur, Manikganj ORU 31.0 Yes NiV/BD/BA/2013/Raipur1410 
10 PGB-1411B 2011 Apr 13 Raipur, Manikganj ORU 30.8 No NiV/BD/BA/2013/Raipur1411 
11 PGB-191 2006 Jan 13 Sylhet RU 39.0 Yes NiV/BD/BA/2013/Sylhet191 
*Ct, cycle threshold; ID, identification; NGS, next-generation sequencing; NIV, Nipah virus; ORU, outbreak roost urine; RU, roost urine.  
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Nipah virus (NiV) is a paramyxovirus, and Pteropus 
spp. bats are the natural reservoir. From Decem-
ber 2010 through March 2014, hospital-based en-
cephalitis surveillance in Bangladesh identified 18 
clusters of NiV infection. A team of epidemiologists 
and anthropologists investigated and found that 
among the 14 case-patients, 8 drank fermented 
date palm sap (tari) regularly before their illness, 
and 6 provided care to a person infected with NiV. 
The process of preparing date palm trees for tari 
production was similar to the process of collecting 
date palm sap for fresh consumption. Bat excreta 
were reportedly found inside pots used to make 
tari. These findings suggest that drinking tari is a  
potential pathway of NiV transmission.
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During August 1, 2014–July 31, 2015, in 2 counties in Min-
nesota, USA, incidence of invasive methicillin-susceptible 
Staphylococcus aureus (MSSA) (27.1 cases/100,000 per-
sons) was twice that of invasive methicillin-resistant S. au-
reus (13.1 cases/100,000 persons). MSSA isolates were 
more genetically diverse and susceptible to more antimicro-
bial drugs than methicillin-resistant S. aureus isolates.

Methicillin-resistant Staphylococcus aureus (MRSA) 
infections were first reported in the 1960s in health-

care facilities (1). Risk factors included recent hospital-
ization, surgery, dialysis, having a central venous cath-
eter or other invasive medical device, chronic wounds, 
residence in long-term care facilities or prisons, injec-
tion drug use, and exposure to antimicrobial drugs (2). 
In the 1990s, MRSA infections caused by genetically 
distinct strains were observed among healthy persons in  
the community (3).

Although S. aureus has long been recognized as a ma-
jor human pathogen, epidemiologic studies and infection 
prevention precautions in recent decades have largely fo-
cused on MRSA. We compared epidemiologic, microbio-
logic, and molecular characteristics of invasive methicil-
lin-susceptible S. aureus (MSSA) infections with those of 
invasive MRSA infections.

The Study
Active surveillance for invasive MSSA was added to ex-
isting invasive MRSA surveillance in Ramsey and Henne-
pin Counties (combined population in 2014: 1,742,806) in 
Minnesota, USA, during 2014. Cases were defined as S. 
aureus isolated from a normally sterile site in a catchment 

area resident. We collected demographic and clinical infor-
mation from medical record reviews by using a standard-
ized case report form. We epidemiologically characterized 
patients with invasive S. aureus: hospital onset (culture 
obtained >3 days after admission); healthcare-associated, 
community onset (HACO; >1 healthcare-associated risk 
factor); and community associated (CA). Healthcare-asso-
ciated risk factors included in the year before culture hos-
pital admission or residence in a long-term care facility or 
long-term acute-care facility for any duration, surgery, or 
dialysis or within 2 days before culture presence of a cen-
tral vascular catheter.

Invasive MSSA and MRSA isolates were submitted 
to the Minnesota Department of Health for species confir-
mation, antimicrobial drug susceptibility testing, and mo-
lecular characterization. We confirmed species by using 
the tube coagulase test (Becton Dickinson, http://www.
bd.com) or matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry by using a Microflex 
LT/SH mass spectrometer and FlexControl 3.4 software 
(Bruker Daltonics, Inc., https://www.bruker.com). We 
subtyped isolates by using pulsed-field gel electrophore-
sis (PFGE) according to published protocols (4). PFGE 
patterns were analyzed by using BioNumerics software 
(Applied Maths, http://www.applied-maths.com); pat-
terns without differences were considered indistinguish-
able. We assigned patterns a USA clonal group on the 
basis of an 80% similarity coefficient cutoff to a type  
strain. Whole-genome sequencing characterized 2 iso-
lates that were untypable by PFGE. We determined se-
quence type by using short reads in Illumina Miseq as de-
scribed (5) and retrieved sequences by uploading raw read  
files to the Multilocus Sequence Typing 1.8 server (S. 
aureus configuration) hosted by the Center for Genomic 
Epidemiology (6).

We performed antimicrobial drug susceptibility test-
ing by using broth microdilution with a custom dried panel 
(TREK Diagnostic Systems, Inc., http://www.trekds.com/
techInfoVT/default.asp) and interpreted results according 
to Clinical and Laboratory Standards Institute guidelines 
(7). Isolates susceptible to penicillin were examined for 
β-lactamase production by using nitrocefin disk test, peni-
cillin zone-edge test, and blaZ β-lactamase gene confir-
mation by PCR. We induced β-lactamase production for  
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nitrocefin disk testing by inoculating an isolate onto sheep 
blood agar with a 1-µg oxacillin disk and incubating over-
night by using TREK Diagnostic Systems. Subsequent 
growth from the zone periphery was incubated with a nitro-
cefin disk (REMEL, http://www.remel.com/About.aspx) 
for 60 min. We also performed a penicillin zone-edge test 

by using standard disk diffusion, followed by assessment 
for fuzzy or sharp zone edges. We determined the inci-
dence of the blaZ β-lactamase gene by using real-time PCR 
as described but with slight modifications (8).

We analyzed data by using SAS version 9.4 (SAS In-
stitute, https://www.sas.com). Census data for 2014 were 
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Table 1. Epidemiologic characteristics and concurrent conditions for patients with cases of invasive MSSA and MRSA, Minnesota, 
USA, August 1, 2014–July 31, 2015* 
Characteristic Total, n = 701  HO, n = 65  HACO, n = 416  CA, n = 220 

MSSA MRSA p 
value 

MSSA MRSA p 
value 

MSSA MRSA p 
value 

MSSA MRSA p 
value 

Total 473 
(67) 

228 
(33) 

NA  40 (8) 25 (11) 0.28  260 
(55) 

156 
(68) 

<0.001  173 (37) 47 (21) <0.01 

Demographic                
 Median age, y 59 (0–

102) 
62 (0–

95) 
0.05  61 (0–

94) 
61 (17–

93) 
0.99  62 (0–

102) 
65 (5–

95) 
0.21  55 (0–

90) 
50 (0–

91) 
0.40 

 Sex                
  F 175 

(37) 
92 (40) 0.39  15 (38) 6 (24) 0.26  108 

(42) 
66 (42) 0.88  52 (30) 20 (43) 0.11 

  M 316 
(67) 

153 
(67) 

0.94  26 (65) 13 (52) 0.30  169 
(65) 

109 
(70) 

0.31  121 (70) 31 (66) 0.60 

Private residence 4 d 
before culture 

376 
(79) 

146 
(64) 

<0.01  NA NA NA  211 
(81) 

100 
(64) 

<0.01  165 (95) 46 (98) 0.69 

 LTCF past year 53 (11) 70 (31) <0.01  4 (10) 8 (32) 0.05  49 (19) 62 (40) <0.01  NA NA NA 
 CVC 2 d before 
culture 

29 (6) 19 (8) 0.28  6 (15) 5 (20) 0.74  23 (9) 14 (9) 0.97  NA NA NA 

 Length of stay, d 7 (0–
121) 

8 (0–
58) 

0.05  15 (3–
121) 

15 (4–
48) 

0.91  6 (0–
43) 

7 (1–
39) 

0.11  7 (0–53) 9 (0–
58) 

0.15 

 Inpatient death 47 (10) 26 (11) 0.55  8 (20) 2 (8) 0.29  29 (11) 23 (15) 0.28  10 (6) 1 (2) 0.46 
Concurrent condition                
 None 96 (20) 27 (12) <0.01  1 (4) 5 (13) 0.39  14 (9) 35 (12) 0.17  12 (26) 56 (12) 0.37 
 Kidney disease 95 (20) 67 (29) <0.01  9 (23) 9 (36) 0.24  77 (30) 54 (35) 0.29  9 (5) 4 (9) 0.48 
 Chronic skin 
breakdown 

22 (5) 25 (11) <0.01  <0.01 3 (12) 0.69  14 (5) 21 (13) <0.01  5 (3) 1 (2) 1.00 

 D/PU 9 (2) 17 (7) <0.01  0 (0) 0 (0) NA  6 (2) 17 (11) <0.01  3 (2) 0 (0) 1.00 
 CVD 58 (12) 46 (20) <0.01  5 (13) 6 (24) 0.31  44 (17) 39 (25) 0.05  9 (5) 1 (2) 0.69 
 H/P 15 (3) 23 (10) <0.01  1 (3) 2 (8) 0.55  9 (3) 20 (13) <0.01  5 (3) 1 (2) 1.00 
 Other drug use† 41 (9) 25 (11) 0.33  4 (10) 2 (8) 1.00  21 (8) 11 (7) 0.70  16 (9) 12 (26) <0.01 
 PVD 24 (5) 22 (10) 0.02  3 (8) 4 (16) 0.42  16 (6) 17 (11) 0.08  5 (3) 1 (2) 1.00 
 COPD 50 (11) 34 (15) 0.10  6 (15) 6 (24) 0.36  30 (12) 23 (15) 0.34  14 (8) 5 (11) 0.57 
 Current smoker 71 (15) 32 (14) 0.73  7 (18) 4 (16) 1.00  36 (14) 19 (12) 0.63  28 (16) 9 (19) 0.63 
 Diabetes 153 

(32) 
80 (35) 0.47  12 (30) 11 (44) 0.25  96 (37) 59 (38) 0.86  45 (26) 10 (21) 0.51 

 Injection drug use 25 (5) 12 (5) 0.99  0 (0) 0 (0) NA  10 (4) 4 (3) 0.48  15 (9) 8 (17) 0.11 
 Obesity 70 (15) 43 (19) 0.17  8 (20) 7 (28) 0.46  47 (18) 29 (19) 0.90  15 (9) 7 (15) 0.27 
Syndrome                
 Bacteremia 328 

(69) 
178 
(78) 

0.03  30 (75) 16 (64) 0.34  181 
(70) 

125 
(80) 

0.03  117 (68) 37 (79) 0.14 

 Internal abscess 25 (5) 11 (5) 0.78  2 (5) 0 (0) 0.52  16 (6) 5 (3) 0.18  7 (4) 6 (13) 0.04 
 Pneumonia‡ 39 (8) 40 (18) <0.01  2 (5) 8 (32) <0.01  21 (8) 22 (14) 0.06  16 (9) 10 (21) 0.02 
 Septic arthritis 137 

(29) 
35 (15) <0.01  3 (8) 2 (8) 1.00  67 (26) 24 (15) 0.01  67 (39) 9 (19) 0.01 

 Skin abscess 7 (1) 4 (2) 0.76  0 (0) 1 (4) 0.39  7 (3) 0 (0) 0.05  0 (0) 3 (6) <0.01 
 Bursitis 35 (7) 10 (4) 0.12  0 (0) 1 (4) 0.39  7 (3) 3 (2) 0.75  28 (16) 6 (13) 0.57 
 Cellulitis 73 (15) 32 (14) 0.60  6 (15) 3 (12) 1.00  38 (15) 18 (11) 0.35  29 (17) 11 (23) 0.30 
 Endocarditis 23 (5) 9 (4) 0.57  2 (5) 1 (4) 1.00  12 (5) 5 (3) 0.47  9 (5) 3 (6) 0.72 
 Osteomyelitis 51 (11) 28 (12) 0.58  1 (3) 4 (16) 0.07  38 (15) 20 (13) 0.58  12 (7) 3 (7) 0.75 
 Septic shock 41 (9) 19 (8) 0.86  3 (8) 4 (16) 0.42  27 (10) 11 (7) 0.24  11 (6) 4 (9) 0.53 
*Values are no. (%), median (range), or no. (range). Nonsignificant (p>0.05) differences were observed for chronic pulmonary disease, current smoker, 
diabetes, intravenous drug use, obesity, bursitis, cellulitis, endocarditis, osteomyelitis, and septic shock among patients with MSSA and MRSA cases and 
within epidemiologic classifications of MSSA and MRSA cases. CA, community associated; COPD, chronic pulmonary disease; CVC, central venous 
catheter; CVD, cardiovascular disease; D/PU, decubitus/pressure ulcer; HACO, healthcare-associated, community onset; HO, hospital onset; H/P, 
hemiplagia/paraplegia; LTCF, long-term care facility; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible S. aureus;  
NA, not available; PVD, peripheral vascular disease. 
†Drug use other than intravenous drug use. 
‡All patients with pneumonia had positive blood cultures to meet the case definition. 
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used to calculate incidence. We used a Wald χ2 test and 
p<0.05 to distinguish statistical significance. Infections 
with invasive MSSA and MRSA are reportable conditions 
under Minnesota State Rules, and obtaining information 
for surveillance purposes does not require Institutional Re-
view Board review.

A total of 701 cases (473 invasive MSSA, 228 inva-
sive MRSA) were reported during August 1, 2014–July 31, 
2015. Incidence for invasive MSSA (27.1 cases/100,000 
population) was more than twice that for invasive MRSA 
(13.1 cases/100,000 population) (p<0.001). Invasive MSSA 
cases were less likely to be HACO (p<0.001), more likely 
to be CA (p<0.001), and have no concurrent conditions 
(p = 0.006) than invasive MRSA cases. Bacteremia (p = 
0.026) and pneumonia (p<0.001) were less common among 
invasive MSSA cases. However, septic arthritis (p<0.001) 
was more common. Injection drug use and inpatient case-
fatality rate were similar for persons with invasive MSSA 
(6% and 10%, respectively) and invasive MRSA (5% and 
11%, respectively) (Table 1).

Isolates from 40% of MSSA cases and 52% of MRSA 
cases were submitted. Cases with and without submitted 
isolates did not differ by sex, race, median age, or inpatient 
case-fatality rate. However, case-patients without isolates 
were more likely to have invasive MSSA (p = 0.003) or to 
be hospitalized in the year before culture (p = 0.030).

Invasive MSSA isolates were more genetically diverse 
than invasive MRSA isolates. We could not assign a USA 
clonal group for 55% of invasive MSSA isolates compared 
with 29% of invasive MRSA isolates. The most common 
clonal group among invasive MSSA isolates was USA200, 
which included 14% of invasive MSSA isolates; 35% of 
invasive MRSA isolates were clonal group USA100, and 
30% were USA300 (Table 2). The 2 invasive MSSA iso-
lates that were untypable by PFGE were characterized by 
whole-genome sequencing as sequence type 398; 1 was 
from a HACO case and 1 was from a hospital onset case.

Invasive MSSA isolates were more often susceptible 
than invasive MRSA isolates to all antimicrobial drug 
classes, except for tetracycline (Table 2). We detected pen-
icillin susceptibility through multiple testing methods in 63 
(33%) of invasive MSSA isolates. Six clonal groups were 
identified among penicillin-susceptible isolates.

Conclusions
The incidence of invasive MSSA was more than twice that 
of invasive MRSA in these counties. Invasive S. aureus 
infections were associated with a high case-fatality rate. 
Infection types were similar except for more frequent sep-
tic arthritis among invasive MSSA cases and bacteremia 
and pneumonia among invasive MRSA cases; these find-
ings were consistent with those of other studies (9). Some 
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Table 2. Clonal groups and antimicrobial drug susceptibilities of invasive MSSA and MRSA isolates, Minnesota, USA, August 1, 
2014–January 31, 2015* 
Characteristic MSSA, no. (%), n = 190 MRSA, no. (%), n = 119 p value 
Clonal group    
 USA100 13 (7) 42 (35) <0.01 
 USA200 26 (14) 0 (0) <0.01 
 USA300 5 (3) 36 (30) <0.01 
 USA400 1 (1) 3 (3) 0.16 
 USA500 2 (1) 0 (0) 0.56 
 USA600 13 (7) 0 (0) <0.01 
 USA700 5 (3) 3 (3) 1.00 
 USA900 10 (5) 0 (0) <0.01 
 USA1000 6 (3) 0 (0) 0.09 
 USA1200 2 (1) 0 (0) 0.56 
 Untypeable 2 (1) 0 (0) 0.56 
 No USA group 105 (55) 35 (29) <0.01 
Antimicrobial drug†    
 Clindamycin‡ 176 (93) 61 (51) <0.01 
 Ceftaroline 190 (100) 117 (98) 0.15 
 Doxycycline 185 (97) 118 (99) 0.41 
 Erythromycin 143 (75) 18 (15) <0.01 
 Gentamicin 189 (99) 118 (99) 1.00 
 Levofloxacin 175 (92) 35 (29) <0.01 
 Penicillin 63 (33) 0 (0) <0.01 
 Rifampin 189 (99) 118 (99) 1.00 
 Tetracycline 177 (93) 118 (99) 0.01 
 Trimethoprim/sulfamethoxazole 188 (99) 119 (100) 0.53 
*MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible S. aureus. 
†Proportions represent isolates susceptible to an antimicrobial drug. All isolates were susceptible to daptomycin, linezolid, telavancin, and vancomycin. 
A total of invasive MSSA and MRSA isolates had vancomycin MICs <0.05; 86% of invasive MSSA isolates and 81% of invasive MSSA isolates had 
vancomycin MICs = 1; 13% of invasive MSSA isolates and 18% of invasive MRSA isolates had vancomycin MICs = 2. 
‡Isolates with inducible clindamycin resistance were classified as nonsusceptible. 
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studies found a higher case-fatality rate for MRSA than 
MSSA infections, possibly attributable to the older age and 
concurrent conditions among invasive MRSA case-patients 
(10). Although case-patients with invasive MSSA had few-
er concurrent conditions and were less likely to have pneu-
monia (a syndrome associated with poor outcomes [11]) 
than case-patients with invasive MRSA, case-fatality rates 
were similar.

Invasive MSSA isolates were susceptible to more 
antimicrobial drugs and were more genetically diverse 
than invasive MRSA isolates, consistent with results of 
other reports (12). Penicillin susceptibility was observed 
in 33% of invasive MSSA isolates, which is consider-
ably higher than for previous studies of invasive and 
noninvasive MSSA isolates and was seen for multiple 
strain types (13,14).

Infection control interventions have effectively de-
creased healthcare-associated invasive MRSA incidence 
(15). However, invasive S. aureus burden and mortality 
rates remain a concern. Most invasive S. aureus disease 
was HACO or CA, highlighting the need for preventing 
these community-onset infections through new approaches 
and infection prevention in settings outside acute care. On-
going surveillance data can inform planning for future in-
terventions, such as improved wound care, enhanced infec-
tion prevention in nursing homes and dialysis centers, and 
greater attention to chronic conditions and development of 
effective vaccines.
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(U50/CCU511190) with the Centers for Disease Control and 
Prevention as part of the Emerging Infections Program.

About the Author
Ms. Koeck is an epidemiologist in the Emerging Infections Unit, 
Minnesota Department of Health, St. Paul, MN. Her primary 
research interest is coordinating surveillance for invasive S. aureus.

References
  1. Jevons M. Celbenin-resistant staphylococci. BMJ. 1961;1:124–5. 

http://dx.doi.org/10.1136/bmj.1.5219.124-a
  2. Lowy FD. Staphylococcus aureus infections. N Engl J Med. 1998; 

339:520–32. http://dx.doi.org/10.1056/NEJM199808203390806
  3. Naimi TS, LeDell KH, Como-Sabetti K, Borchardt SM,  

Boxrud DJ, Etienne J, et al. Comparison of community- and 
health care-associated methicillin-resistant Staphylococcus aureus 
infection. JAMA. 2003;290:2976–84.  http://dx.doi.org/10.1001/
jama.290.22.2976

  4. McDougal LK, Steward CD, Killgore GE, Chaitram JM,  
McAllister SK, Tenover FC. Pulsed-field gel electrophoresis  

typing of oxacillin-resistant Staphylococcus aureus isolates from 
the United States: establishing a national database. J Clin  
Microbiol. 2003;41:5113–20. http://dx.doi.org/10.1128/
JCM.41.11.5113-5120.2003

  5. Taylor AJ, Lappi V, Wolfgang WJ, Lapierre P, Palumbo MJ,  
Medus C, et al. Characterization of foodborne outbreaks of  
Salmonella enterica serovar Enteritidis with whole-genome  
sequencing single nucleotide polymorphism–based analysis for  
surveillance and outbreak detection. J Clin Microbiol. 
2015;53:3334–40. http://dx.doi.org/10.1128/JCM.01280-15

  6. Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H,  
Marvig RL, et al. Multilocus sequence typing of total-genome- 
sequenced bacteria. J Clin Microbiol. 2012;50:1355–61.  
http://dx.doi.org/10.1128/JCM.06094-11

  7. Clinical and Laboratory Standards Institute. Performance standards 
for antimicrobial susceptibility testing. 26th ed. (M100S). Wayne 
(PA): The Institute; 2016.

  8. Pereira LA, Harnett GB, Hodge MM, Cattell JA, Speers DJ.  
Real-time PCR assay for detection of blaZ genes in Staphylococcus 
aureus clinical isolates. J Clin Microbiol. 2014;52:1259–61.  
http://dx.doi.org/10.1128/JCM.03413-13

  9. David MZ, Boyle-Vavra S, Zychowski DL, Daum RS. Methicillin-
susceptible Staphylococcus aureus as a predominantly healthcare-
associated pathogen: a possible reversal of roles? PLoS One. 
2011;6:e18217. http://dx.doi.org/10.1371/journal.pone.0018217

10. Wang JT, Hsu LY, Lauderdale TL, Fan WC, Wang FD.  
Comparison of outcomes among adult patients with nosocomial 
bacteremia caused by methicillin-susceptible and methicillin- 
resistant Staphylococcus aureus: a retrospective cohort study.  
PLoS One. 2015;10:e0144710. http://dx.doi.org/10.1371/ 
journal.pone.0144710

11. Sicot N, Khanafer N, Meyssonnier V, Dumitrescu O, Tristan A,  
Bes M, et al. Methicillin resistance is not a predictor of severity in 
community-acquired Staphylococcus aureus necrotizing pneumonia— 
results of a prospective observational study. Clin Microbiol Infect. 
2013;19:E142–8. http://dx.doi.org/10.1111/1469-0691.12022

12. Hsiang MS, Shiau R, Nadle J, Chan L, Lee B, Chambers HF,  
et al. Epidemiologic similarities in pediatric community-associated 
methicillin-resistant and methicillin-sensitive Staphylococcus 
aureus in the San Francisco Bay Area. J Pediatric Infect Dis Soc. 
2012;1:200–11. http://dx.doi.org/10.1093/jpids/pis061

13. Staphylococcus Laboratory, Statens Serum Institut. Annual report 
on Staphylococcus aureus bacteraemia cases in Denmark, 2012. 
Staphylococcus Laboratory, Statens Serum Institut, Copenhagen 
[cited 2018 Sep 28]. http://www.ssi.dk/~/media/Indhold/DK%20
-%20dansk/Smitteberedskab/Referencelaboratorier/ 
Stafylokoklaboratoriet/Rapport%202012%20%20part%20II.ashx.

14. Richter SS, Doern GV, Heilmann KP, Miner S, Tendolkar S,  
Riahi F, et al. Detection and prevalence of penicillin-susceptible 
Staphylococcus aureus in the United States in 2013. J Clin  
Microbiol. 2016;54:812–4. http://dx.doi.org/10.1128/ 
JCM.03109-15

15. Centers for Disease Control and Prevention. Healthcare-associated 
infections in the United States, 2006–2016: a story of progress, 
January 5, 2018 [cited 2018 Apr 25]. https://www.cdc.gov/hai/ 
surveillance/data-reports/data-summary-assessing-progress.html

Address for correspondence: Kathryn Como-Sabetti, Emerging 
Infections Unit, Minnesota Department of Health, 625 Robert St N,  
St. Paul, MN 55155, USA; email: kathy.como-sabetti@state.mn.us

174 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019



Orogenital Transmission of 
Neisseria meningitidis  
Causing Acute Urethritis in 
Men Who Have Sex with Men

Arnaud Jannic, Hedi Mammeri, Lise Larcher, 
Vincent Descamps, William Tosini, Bao Phung, 
Yazdan Yazdanpanah, Fabrice Bouscarat
Author affiliations: Hôpital Bichat Claude Bernard, Paris, France 
(A. Jannic, H. Mammeri, L. Larcher, V. Descamps,  
F. Bouscarat); Université Paris Diderot, Paris (A. Jannic,  
H. Mammeri, V. Descamps, W. Tosini, B. Phung, Y. Yazdanpanah, 
F. Bouscarat); Institut National de la Santé et de la Recherche 
Médicale, Paris (H. Mammeri)

DOI: https://doi.org/10.3201/eid2501.171102

Neisseria meningitidis sequence type 11 is an emerging 
cause of urethritis. We demonstrate by using whole-genome 
sequencing orogenital transmission of a N. meningitidis se-
quence type 11 isolate causing urethritis in a monogamous 
couple of men who have sex with men. These results suggest 
dissemination of this clonal complex among low-risk patients.

Neisseria meningitidis is a gram-negative diplococcus 
that can cause severe invasive infections. It usually 

colonizes the oropharynx and spreads through close or 
prolonged contact with respiratory or throat secretions. 
Cases of N. meningitidis–associated urethritis have been 
reported since the 1930s, and orogenital sex has been 
demonstrated as a potential mode of transmission by ge-
notyping methods (1).

A 22-year-old man visited a sexual health clinic for 
symptomatic urethritis with purulent urethral discharge 
and pain while urinating. Clinical examination showed no 
other signs or symptoms, including fever. His last sexual 
intercourse (including orogenital contacts) occurred 3 
weeks before with his stable, unique, asymptomatic male 
partner. Both men reported that they had not had any oth-
er sexual partner before and since their first intercourse 
together <1 year before. Meningococcal vaccination sta-
tuses were unknown.

Results of nucleic acid amplification testing for N. 
gonorrhoeae and Chlamydia trachomatis in urine, pha-
ryngeal, and anal samples, and serologic testing for HIV, 
hepatitis B and C viruses, and syphilis were negative for 
the patient and his partner. Urethral culture yielded growth 
with oxidase and Gram stain results consistent with gono-
coccus, but matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry identified N. meningitidis 
(isolate TUR1). A pharyngeal swab specimen was collected 

from the partner of the patient to identify a potential source 
of contamination. This specimen also grew N. meningitidis 
(isolate CHA1). Isolates were nongroupable by slide ag-
glutination serogrouping.

We purified genomic DNAs by using a NucleoSpin 
Tissue Kit (Macherey-Nagel, http://www.mn-net.com), 
prepared DNA libraries by using the Nextera Library Con-
struction Kit (Illumina, https://www.illumina.com), and se-
quenced these DNAs by using a MiSeq sequencer (Illumi-
na), which yielded 62× coverage for isolate TUR1 and 66× 
coverage for isolate CHA1. We assembled the genomes of 
CHA1 and TUR1 isolates by using SPAdes version 3.10.1 
(http://bioinf.spbau.ru/spades), which resulted in assem-
blies consisting of 395 contigs for TUR1 and 636 contigs 
for CHA1 and yielded draft genomes of ≈2.19 Mb. We 
performed genome annotation by using the MicroScope 
Platform (http://www.genoscope.cns.fr/agc/microscope), 
which yielded 2,597 coding sequences, including protein-
encoding genes and RNAs.

We analyzed high-throughput sequencing data by us-
ing the PubMLST website (https://pubmlst.org) for typing 
the CHA1 and TUR1 isolates. These 2 isolates belonged 
to the clonal complex sequence type (ST) 11 and had fine-
type PorA 1.5,2; FetA F1-1. DNA sequence analysis of the 
csw gene of these isolates showed an open reading frame 
of 3,114 bp that had 99.9% nucleotide identity with that of 
the N. meningitidis W:2a:P1.7–2,4 ST11 strain (GenBank 
accession no. EU164779), which was consistent with geno-
group W (2,3).

We used CSI Phylogeny version 1.4 (https://cge.cbs.
dtu.dk/services/CSIPhylogeny) for phylogenomic analysis 
on the basis of single-nucleotide polymorphisms (SNPs) and 
called among core genomes of CHA1 and TUR1 isolates and 
3 other ST11 N. meningitidis strains (NM3688 from Brazil 
[Bioproject PRJNA264543], COL-201505-31 from the 
United States [BioProject PRJNA324131]), and LNP27256 
from France [Bioproject PRJNA215157]). Analysis showed 
that the CHA1 and TUR1 isolates differed by only 3 SNPs, 
thus demonstrating their clonal relationship. Conversely, 
these isolates differed by >890 SNPs from the other strains.

Nucleotide sequence accession numbers for whole-ge-
nome shotgun projects have been deposited at DNA Data 
Bank of Japan/European Molecular Biology Laboratory/
GenBank under accession nos. MULP000000001 (Biopro-
ject PRJNA369721) and MULO000000001 (Bioproject 
PRJNA369166).

The patient recovered quickly after receiving single 
doses of intramuscular ceftriaxone (500 mg) and azithro-
mycin (1 g). His partner received a single dose of intramus-
cular ceftriaxone (500 mg) as a decontamination strategy.

Albeit rare, N. meningitidis–associated urethritis is 
emerging worldwide among men (4,5). These infections can 
be highly symptomatic and mimic gonococcal urethritis.  
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Orogenital transmission is often suspected but rarely proven 
(1). In our study, use of whole-genome sequencing strongly 
supported the hypothesis that the oropharyngeal carriage of 
N. meningitidis by the man who performed oral sex was the 
source of the urethritis. Moreover, whole-genome sequenc-
ing showed that the strains belonged to the ST11 clonal 
complex. Several studies reported nongonococcal urethritis 
caused by N. meningitidis ST11 in Japan and the United 
States (1,6,7). These worldwide descriptions suggest that 
N. meningitidis S11 might represent an emerging urethro-
tropic clade.

This case is notable because the patient had highly 
symptomatic urethritis without risky sexual behavior. In 
fact, he reported that he and his only sexual partner had not 
had sex with others before they met.

Since 2010, several clusters of serogroup C invasive 
meningococcal disease have been reported among men who 
have sex with men, and sexual transmission is suspected to 
be involved (8–10). These infections led to an extension of 
the meningococcal vaccine recommendations to men who 
have sex with men who are engaged in risky behavior in 
some outbreaks areas. Our case highlights that sexual trans-
mission of N. meningitidis should be considered for all men.

Finally, although systematically collected information 
is limited, meningococcal urogenital infections are poten-
tially increasing and raising public health concerns. These 
infections need to be monitored, and bacteriological cul-
ture of purulent exudate should always be considered when 
available. Also, because fidelity might be contested be-
tween partners when a sexually transmitted disease is being 
diagnosed, identification of meningococcal urethritis and its 
transmission might have a strong psychological effect on 
the couple.
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We investigated azole resistance in Aspergillus fumigatus 
in a tertiary reference hospital in the Netherlands during 
1994–2016. The 5-year patient-adjusted proportion of re-
sistance increased from 0.79% for 1996–2001 to 4.25% 
for 2002–2006, 7.17% for 2007–2011, and 7.04% for 
2012–2016. However, we observed substantial variation 
between years.

Azole resistance is increasingly reported in Aspergillus 
fumigatus and is now found all around the world (1). 

Most studies have investigated the presence of resistance in 
environmental or clinical samples over a limited time, but 
longitudinal resistance studies are lacking. It is important 
to determine if azole resistance frequency shows increas-
ing trends over time and if the distribution of resistance 
mutations changes over time. We have previously reported 
the emergence of azole resistance from 1994–2007 for the 
Radboud University Medical Center (RUMC) in Nijmegen, 
the Netherlands (2). Here, we describe trends in resistance 
frequency and distributions of mutations over a 23-year pe-
riod, from 1994 through 2016.

All clinical A. fumigatus isolates cultured at RUMC are 
screened for azole resistance. Before 2009, isolates were 
screened using an agar-slant supplemented with 4 mg/L 
itraconazole (2). During 2009–2011 a 4-well plate was 
developed containing itraconazole (4 mg/L), voriconazole 
(1 mg/L), posaconazole (0.5 mg/L), and a growth control. 
Since 2012, we have used a commercial agar-based screen-
ing system (VIPcheck, http://www.vipcheck.nl) containing 
2 mg/L of voriconazole (3,4). We performed EUCAST sus-
ceptibility testing (http://www.eucast.org) and sequencing 
of the cyp51A gene and promoter on isolates that grew on 
azole-containing wells (2).

We calculated the resistance frequency of azole-resis-
tant A. fumigatus isolates for each year, using the number 
of cultured isolates as denominator. Furthermore, we cal-
culated the patient-adjusted proportion of resistance for 
each year and for each 5-year period, using the number 
of patients with a resistant isolate as numerator and of 
culture-positive patients as denominator. We determined 
by χ2 test whether trends of resistance frequency were 
statistically significant (p<0.05). When 2 different resis-
tance mechanisms were recovered from a single patient, 
we counted the patient once for determining the resistance 
proportion but used both isolates to determine the resis-
tance frequency.

Over the 23-year period, 4,268 A. fumigatus isolates 
were cultured from 2,051 patients, a resistance frequency 
of 4.2% (179/4,268 isolates). Azole-resistant A. fumigatus 
was found in 109/2,051 (5.3%) culture-positive patients 
(Figure, panel A). The patient-adjusted resistance propor-
tion increased from 0% in 1997 to 9.5% in 2016 (Figure, 
panel B). The increase of resistance was not statistically 

significant when the proportion of resistance for each con-
secutive year was analyzed. However, the 5-year propor-
tion of resistance increased from 0.79% for 1996–2001 to 
4.25% for 2002–2006, 7.17% for 2007–2011, and 7.04% 
for 2012–2016 (Figure, panel A). The increases in resis-
tance for 2002–2006 compared with 1996–2001 and for 
2007–2011 compared with 2002–2006 were statistically 
significant (p<0.05) (Figure, panel B). 

TR34/L98H was the most prevalent resistance mutation 
over the 23-year period; it was present in 77/109 (70.6%) 
patients with drug-resistant A. fumigatus (Figure, panel C). 
TR46/Y121F/T289A was found in 2 patients in 2010, 1 in 
2011, and 1 in 2012 but only twice during 2013–2016. In 
recent years, resistant phenotypes without Cyp51A muta-
tions were encountered more frequently than phenotypes 
with the mutation (Figure 1, panel C).
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Figure. Trends in azole resistance in Aspergillus fumigatus, the 
Netherlands, 1994–2016. A) Resistance frequency by number 
of total cultured A. fumigatus isolates and percentage of azole-
resistant isolates. B) Patient-adjusted proportion of resistance. 
Thick black horizontal bars indicate 5-year patient-adjusted 
proportion of resistance. p<0.05. C) Resistance mechanisms in 
azole-resistant A. fumigatus.



We observed an increasing trend in azole resistance 
prevalence in clinical A. fumigatus isolates until 2011, using 
number of patients with a positive culture as denominator. 
After 2011, the 5-year proportion of resistance remained 
stable. The advantages and disadvantages of different ap-
proaches of reporting resistance frequency remain under 
debate (5). Experts have recommended 10% resistance rate 
as the threshold for reconsideration of primary antifungal 
therapy (6), which indicates a need for consensus in how to 
determine resistance rates (5).

Although we found a substantial increase in azole 
resistance frequency over time, our study showed varia-
tion between consecutive years. Therefore, analysis of 
culture-positive patients over multiple years is required 
to determine local resistance epidemiology. Furthermore, 
resistance rates calculated using Aspergillus disease as de-
nominator provide more information to support changes in 
empiric treatment decisions, but the low number of culture-
positive patients in risk groups makes it difficult to obtain 
accurate estimates.

Various factors might have caused bias over the long 
period. The method of resistance detection changed from 
an agar-slant containing itraconazole to a system that con-
tained 3 azoles. Voriconazole- or posaconazole-resistant 
isolates with low itraconazole MICs may have been ini-
tially missed, but this phenotype is very uncommon (7). 
Other factors include increased awareness of resistance, 
the policy to screen multiple A. fumigatus colonies after 
observation of patients with mixed azole-susceptible and 
azole-resistant infection (8), and local changes in aspergil-
lus disease risk groups.

Resistance was dominated by environmental resis-
tance mutations TR34/L98H and TR46/Y121F/T289A, al-
though the number of patients with TR46/Y121F/T289A 
decreased in recent years. Furthermore, in the last 5 years, 
≈15% of resistant isolates harbored a wild-type Cyp51A 
gene, suggesting that other resistance mechanisms may be 
emerging. Because commercial PCR tests detect only re-
sistance mechanisms with TR34 (9) or TR34 and TR46 (10), 
our observation is relevant for using these assays in culture-
negative patients.

In summary, our study indicates an increasing azole re-
sistance trend in clinical A. fumigatus isolates in the Nether-
lands. Furthermore, our results highlight difficulties encoun-
tered in establishing local epidemiology of this resistance.
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We analyzed Instagram posts about Zika by using the 
Health Belief Model. We found a high presence of threat 
messages, yet little engagement with these posts. Public 
health professionals should focus on posting messages to 
increase self-efficacy and benefits of protective behavior, 
especially when a vaccine becomes available.

Many persons will not engage in health protective be-
haviors without first understanding that they are at 

risk for an adverse outcome. However, the concept of risk 
can be difficult for persons to grasp (1), especially with a 
health topic such as Zika, with which persons are not likely 
to have much experience before an outbreak. Social me-
dia provides information that can help frame the public’s 
understanding of complex, highly contagious viruses (2). 
Instagram, especially, has potential for communicating risk 
information because visuals can increase attention and re-
call above those for text alone (3). In addition, women of 
reproductive age are particularly likely to use Instagram 
(4), making it a salient platform for Zika information. Ana-
lyzing Instagram posts about Zika lends insight into public 
attitudes and beliefs about Zika and the types of messages 
that are engaging. Understanding the target audience is a 
key step in the formative research process when designing 
effective prevention messaging.

Two studies have examined Zika-focused messages 
on Instagram (5,6), but neither study included health be-
havior theory, a major component of effective public health 
messaging (7). The Health Belief Model (HBM) provides 
a theoretical framework to explain the uptake of preventive 
behaviors by perceived susceptibility, severity, benefits, 
barriers, self-efficacy, and cues to action (8); HBM has been 
used successfully to develop health education messages and 
campaigns. To address the lack of health behavior theory in 
previous studies of Zika on social media, we examined the 
content of, and engagement with, Zika posts on Instagram 
through the lens of the HBM (Appendix, https://wwwnc.
cdc.gov/EID/article/25/1/18-0824-App1.pdf).

We collected Instagram posts that used the hashtags 
#Zika and #ZikaVirus during August 1–31, 2016; hashtags, 
which are words/phrases preceded by the # symbol, create 
searchable topics on many social media platforms, includ-
ing Instagram. We also used the simple random sampling 
in the social media mining tool Netlytic (https://netlytic.
org) to select 1,000 posts for quantitative content analysis 
(intercoder reliability 0.71–1.00).

We found that of all HBM constructs, perceived sever-
ity (75.8%) and perceived susceptibility (59.9%) occurred 
most frequently, indicating that posts reflect a high level of 
perceived threat. However, posts mentioning fear and dan-
ger produced lower engagement (Table). One explanation 
for this finding might relate to how persons process a threat 
response. The Extended Parallel Processing Model pro-
vides 2 pathways as a threat response: danger control and 
fear control (9). Fear control takes place when a perceived 
threat is greater than the perceived efficacy to deal with the 
threat (e.g., a vaccine); as a result, responses are likely to be 
maladaptive. It remains to be determined whether this pat-
tern holds once a high-efficacy response like the Zika vac-
cine becomes available, or whether engagement increases, 
as would be predicted by the danger control path of the 
Extended Parallel Processing Model.

Perceived barriers to Zika preventive behaviors were 
barely present (2.8%) as a percentage of the total sample and 
present in just >10% of the posts specifically mentioning  
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Table. Mann-Whitney U test results for dichotomous independent variables and median engagement for the Health Belief Model in 
analyzing Instagram posts about Zika for public health communications 

Engagement variable Variable 
Median 
present 

Median 
absent U* Z p value 

Likes Conspiracy theories 188.00 64.00 52,426.000 3.525 <0.001 
Comments Conspiracy theories 19.00 6.00 56,533.500 5.070 <0.001 
Likes Fear 61.00 102.00 78,434.000 4.045 <0.001 
Comments Fear 6.00 10.00 78,619.000 4.008 <0.001 
Likes Mosquito visual 57.50 77.50 63,749.500 2.343 0.019 
Likes Person visual 89.50 57.50 141,628.000 3.733 <0.001 
Likes Perceived benefits prevention 45.00 78.50 46,042.000 2.277 0.023 
Comments Perceived benefits prevention 4.00 7.00 45,176.000 2.575 0.010 
Likes Perceived severity 61.00 112.00 74.914.000 4.356 <0.001 
Comments Perceived severity 6.00 10.00 75,207.500 4.291 <0.001 
*Test statistic for Mann-Whitney U test. 

 



Zika preventive measures. Using mosquito repellent was 
mentioned most frequently, more so than other available 
options, such as postponing travel to areas with local Zika 
activity or wearing long-sleeved shirts or pants. This find-
ing makes sense because half of all preventive measure 
posts originate with commercial accounts, which often are 
promoting mosquito repellents. In addition, using mosquito 
repellent is not a complex behavior, and few barriers to 
its use likely exist beyond mild inconvenience. However, 
when a Zika vaccine becomes available, the conversation 
about Zika preventive measures on Instagram will likely 
change because vaccination is not without controversy. 
Finally, cues to action were present in only 10.2% of the 
sample, and cues to self-efficacy were present in only 9.6% 
of the sample. Public health communications professionals 
should focus on increasing these forms of messaging on 
social media, especially when a vaccine becomes available.

Overall, the Zika-focused posts in this sample reflected 
a high level of perceived threat and a low level of expressed 
self-efficacy. At least some of the responses seem to be 
maladaptive in nature. To counter this trend, public health 
organizations should consider increasing their activity re-
garding Zika prevention on Instagram. For example, they 
could emphasize the benefits and relative ease of restrict-
ing travel to high-risk areas, using repellent, and wearing 
protective clothing—and that the benefits of such actions 
outweigh the barriers. Because the salience of Zika tends 
to wane after the summer, cues to action are particularly 
needed to remind the public of ongoing risk, especially 
travel-related risk. Last, once a vaccine becomes available, 
it will be essential to promote the safety and efficacy of the 
vaccine and counter misinformation about vaccination side 
effects more generally.
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In 2017, endocarditis caused by Streptococcus equi sub-
species zooepidemicus was diagnosed in a man in the 
Netherlands who had daily contact with horses. Whole-ge-
nome sequencing of isolates from the man and his horses 
confirmed the same clone, indicating horse-to-human trans-
mission. Systematic reporting of all zoonotic cases would 
help with risk assessment.

On July 23, 2017, a 62-year-old man sought care at the 
emergency department of Tergooi Hospital (Hilver-

sum, the Netherlands) for general malaise and fever up to 
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40.6°C (105.1°F). Nine months earlier, the patient’s aortic 
valve had been replaced with a mechanical prosthesis. The 
emergency department staff found no cause for his com-
plaints. Blood test results suggested an active infection; 
C-reactive protein concentration was 250 mg/L (reference 
value <10 mg/L). Blood culture grew gram-positive cocci, 
which were identified by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Microflex LT; 
Bruker, http://www.bruker.com) as Streptococcus equi sub-
species zooepidemicus. The MIC for penicillin was 0.016 
and for gentamicin was 16 mg/L. 

Cardiac ultrasonography revealed a small, mobile 
structure adhering to the aortic valve prosthesis, at the side 
of the left ventricle outflow tract, which was possibly bac-
terial vegetation. An abscess was present in the aortic root 
at the side of the left coronary artery. The diagnosis was 
bacterial endocarditis of the prosthetic valve caused by S. 
equi subsp. zooepidemicus. 

The patient received high doses of penicillin (2 mil-
lion IU/4 h for 6 wk) and gentamicin (3 mg/kg/24 h for 
2 wk) intravenously, according to national guidelines 
(https://www.swab.nl/richtlijnen). Results of subsequent 
blood cultures taken on days 4 and 8 after admission 
were negative, and the patient was discharged after 6 
weeks of treatment.

Several case reports have described the potential for 
S. equi subsp. zooepidemicus to cause severe infection 
in humans. Contact with horses is a possible source of 
infection (1–5). The patient we describe had frequent 
contact with 7 horses stabled in his yard. Two weeks be-
fore his hospital admission, horse A showed signs of an 
upper airway infection: copious bilateral purulent nasal 
discharge, coughing, and fever up to 39.1°C (102.4°F; 
reference range 37.5°C–38.3°C [99.5°F–100.9°F]). Sev-
enteen days later, horse B showed similar signs. After 
a nasal swab sample from horse B tested by the Ani-
mal Health Service (Deventer, the Netherlands) had a 
negative PCR result for S. equi subsp. equi, we collected 
nasal swab samples from all 7 horses and cultured them 
for streptococci on blood agar (Oxoid, http://www.ox-
oid.com) at 37°C for 48 h. Culture results were positive 
for S. equi subsp. zooepidemicus for 4 of the 7 horses. 
Horses A and B recovered uneventfully without antimi-
crobial drug treatment.

To investigate the relatedness of isolates, we fully 
sequenced 2 isolates from horse A, 4 isolates from horse 
B, 2 isolates from horse C, 1 isolate from horse D, and 1 
isolate from the human patient. We identified sequence 
type (ST) 212 in 1 isolate from horse A, all 4 isolates 
from horse B, the 2 isolates from horse C, and the isolate 
from the patient (Appendix Table, https://wwwnc.cdc.gov/
EID/article/25/1/18-1029-App1.pdf). All genomes were 
aligned with a selection of publicly available S. equi subsp.  

zooepidemicus isolates. We constructed a core-genome 
alignment of 1.55 Mb, representing 76% of the genome 
of the reference isolate MGCS10565. Comparison of the 
S. equi subsp. zooepidemicus core genomes showed that 
the human and animal ST212 isolates had 100% identical 
core genomes (Appendix Figure), strongly suggesting that 
the same clone was present in the human patient and the 
animals. Construction of core-genome alignments of the 
ST212 isolates resulted in a 1.94-Mb core genome, 97% 
of the genome of the ST212 isolates; only 3% of the ge-
nome was located in the accessory genome. We extracted 
single-nucleotide polymorphisms (SNPs) that differed be-
tween these isolates and used them to generate a minimal-
spanning tree (Figure). The number of SNPs between the 
human and horse isolates did not differ significantly from 
the number of SNPs differing between horse isolates, there-
by demonstrating animal-to-human transmission of S. equi 
subsp. zooepidemicus.

In healthy horses, S. equi subsp. zooepidemicus is a 
commensal organism of the upper respiratory and low-
er genital tracts and can cause secondary infections (6). 
However, in 2010, a large outbreak in Iceland showed 
that S. equi subsp. zooepidemicus might be a primary 
pathogen that spreads clinically among horses without 
any other predisposing factors (7). Infections with S. equi 
subsp. zooepidemicus in humans, especially confirmed 
cases originating from contact with horses, are rare. Only 
a few reports confirm a horse as the source of infection 
by whole-genome sequencing (7,8). Systematic report-
ing of suspected or confirmed transmission of pathogens 
between horses and humans is lacking. Such reporting 
would support the estimation of the burden of equine-ori-
gin zoonotic infections in humans, which is needed as the 
equine industry continues to grow. Collaboration among 
disciplines to develop such a reporting system is funda-
mental for enabling reliable assessment of the potential 
risk for humans to become ill after contact with horses 
and the usefulness of implementing precautionary mea-
sures for patients with specific conditions.
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Figure. Minimal-spanning tree of 34 single-nucleotide 
polymorphisms. Gray indicates the human isolate. Single-
nucleotide polymorphisms counts are given.
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Trachoma is among the most common infectious causes of 
blindness. During January–May 2018, a total of 4 trachoma 
cases were diagnosed among Amerindians of the Yanoma-
mi ethnic group in 3 communities of southern Venezuela. 
This country has social and environmental conditions con-
ducive to the endemicity of this neglected tropical disease.

Trachoma, caused by the bacterium Chlamydia trachoma-
tis, is the most common infectious cause of blindness. It is 

endemic to many of the poorest and most remote areas of Af-
rica, Asia, Australia, the Middle East, and Latin America (1). 
Trachoma causes visual impairment in ≈2.2 million persons 
worldwide, of whom 1.2 million are completely blind (2). As 
of April 2018, ≈158 million persons living in districts to which 
trachoma is endemic are at risk (3). In South America, tracho-
ma is considered endemic to Brazil (4) and Colombia (5) but 
not to Venezuela. We describe 4 patients in whom trachoma 
was diagnosed during January–May 2018 in 3 communities 
in the Amazon region of southern Venezuela. All were Am-
erindians of the Yanomami ethnic group living near rivers in 
extensive, well-conserved international forest frontiers.

During January–May 2018, in the integrated healthcare 
system in the Venezuela states of Amazonas and Bolivar, 4 
trachoma cases were detected. Two cases occurred in the Ya-
nomami community of Kuyuwiniña, Alto Caura River ba-
sin, Bolivar, and 1 case occurred in each of 2 communities 
of the upper Orinoco River basin of Amazonas (Oroshi and 
Rashakami) (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/25/1/18-1362-App1.pdf).

Case-patient 1 was a 38-year-old woman from Oroshi 
with a 5-month history of trachomatous trichiasis (TT), pain, 
madarosis, blepharitis, and conjunctivitis in both eyes. Case-
patient 2 was a 35-year-old woman from Kuyuwiniña with a 
6-month history of TT, pain, madarosis, blepharitis, and con-
junctivitis in both eyes; corneal opacity in the right eye; and 
full blindness in the left eye (Appendix Figure 2). Case-pa-
tient 3 was a 45-year-old man from Kuyuwiniña with a 5-year 
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history of TT, madarosis, blepharitis, conjunctivitis, and cor-
neal opacity in both eyes. Case-patient 4 was a 22-year-old 
man from Rashakami with a 1-year history of TT, madarosis, 
blepharitis, and keratitis in both eyes; full blindness in the left 
eye; and decreased vision in the right eye. 

All 4 patients used natural depilatory wax to improve their 
trachoma. No additional information on use of traditional eye 
medicine or epilation was obtained. These communities have 
no access to potable water except rivers and live crowded in 
open aboriginal community households (Appendix Figure 1, 
panel B). These patients were treated with azithromycin (1 
g single dose orally) and showed clinical improvement (less 
inflammation) 3 months later (6) without surgery.

Trachoma is a neglected tropical disease (NTD) that 
disproportionately affects the poorest communities (7). 
Worldwide, many indigenous peoples are at risk (4,5,7). 
The geographic origin of these cases is unknown. In remote 
areas of the southern Venezuelan Amazon, the population 
moves within the Caura River basin and in the upper Ori-
noco basin and to and from Brazil in the headwaters of the 
Auaris River and other subbasins of the Branco River in 
Yanomami territory. The potential introduction of infected 
illegal gold miners also should be considered as a source 
of trachoma. The remoteness of these communities often 
means they have limited access to healthcare, making as-
sessment of trachoma and other diseases challenging. Thus, 
findings of this NTD and others is not surprising. 

Trachoma was originally reported in Venezuela in 
1894; at least 17 cases were sporadically reported during 
1903–1956. In 1982, six case-patients (2 female, 4 male) 
30 months–22 years of age were described (8).

A resolution of the World Health Assembly in 1998 
established political commitment for global elimination 
of trachoma as a public health problem. Much progress is 
being made toward that goal, but momentum may be in-
sufficient to meet the 2020 target (1), particularly given 
emerging evidence of previously unknown endemic foci 
in places such as Venezuela and the Democratic Republic 
of the Congo. Population-based studies are needed to de-
fine the prevalence of trachoma in these communities of 
Venezuela, which border Brazil, a country in which this 
NTD is endemic in indigenous populations, with reported 
prevalences of up to 35.2% for the trachomatous follicular 
inflammation in children 1–9 years of age (4).

Water is necessary for face washing, and trachoma often 
occurs in communities or households without an adequate 
water supply. Several studies have identified a positive as-
sociation between the distance to the water source and the 
prevalence of active trachoma (1). Because of improvement 
of socioeconomic and sanitary status (9), advent of new 
generations of antimicrobial drugs, and training of oph-
thalmologists and eye-care facilities, the prevalence of tra-
choma is decreasing (2). In the context of the onchocerciasis  

elimination program in the area, ophthalmologists and other 
specially trained physicians periodically attended these pop-
ulations to assess visual health, including onchocercosis. In 
countries such as Brazil (4) and Colombia (5), trachoma ap-
pears to be a serious public health problem in indigenous 
settlements and should be prioritized in programs aimed at 
eliminating trachoma (1,2,7). The cases we report suggest 
that national and international health authorities should con-
sider developing surveillance and undertaking research for 
trachoma in these areas of Venezuela (6,10).
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In September 2018, African swine fever in wild boars was 
detected in Belgium. We used African swine fever–infected 
spleen samples to perform a phylogenetic analysis of the 
virus. The causative strain belongs to genotype II, and its 
closest relatives are viruses previously isolated in Ukraine, 
Belarus, Estonia, and European Russia.

African swine fever (ASF) is a devastating disease of 
domestic pigs and wild boars caused by a DNA arbo-

virus, African swine fever virus (ASFV), belonging to the 
family Asfarviridae. ASF is endemic in sub-Saharan Afri-
can countries and has become more prevalent in the Cau-
casus region since its spread from eastern Africa to Geor-
gia in 2007. The epizootic then spread to the surrounding 
countries, including the Russian Federation, and further to 
Belarus and Ukraine. In 2014, ASFV reached the European 
Union member states of Estonia, Latvia, Lithuania, and Po-
land; in 2016, Moldova; and, in 2017, the Czech Republic 
and Romania (1). 

On September 13, 2018, authorities in Belgium re-
ported that ASF had been confirmed in 2 wild boars near 
the village of Étalle (49.6833° N, 5.6° E), in the prov-
ince of Luxembourg, which is located 12 km from the 
border with France and 17 km from the country of Lux-
embourg. ASFV appears to have jumped a considerable 
distance from previously affected countries: ≈500 km 
from the border with the Czech Republic, 800 km from 
Hungary, and 1,200 km from the border with Romania. 
Since then, ≈75% of the wild boars found dead near the 
primordial spot have been found to be ASFV positive; a 
total of 96 positive results had been recorded as of Oc-
tober 16, 2018. 

To investigate the virus, we performed initial genetic 
characterization using standard genotyping procedure on 

virus DNA directly extracted from homogenized spleen 
or kidney tissues of each animal. First, we obtained a seg-
ment of the B646L gene by PCR as described by Gallardo 
et al. (2) and Ge et al. (3). The DNA sequence retrieved 
was identical in both animals (GenBank accession no. 
MH998358). We performed sequence alignments using 
ClustalW implemented in Geneious version 8.1.8 (https://
www.geneious.com). We performed phylogenetic analy-
sis using MEGA7 (http://www.megasoftware.net) and 
the Kimura 2-parameter substitution model, using the 
neighbor-joining method, as determined by a model se-
lection analysis (Figure, panel A). The strain of ASFV 
found in Belgium clearly belonged to genotype II, which 
includes viruses that are circulating in both Eurasia and  
southern Africa.

To further define the most likely origin of this strain, 
we performed PCR targeting a ≈350-bp fragment in the 
variable intergenic region between the I73R and I329L 
genes, according to Gallardo et al. (2). Again, we re-
trieved identical DNA sequences from both animals 
(GenBank accession no. MH998359). Sequence align-
ments revealed that the isolate ASFV/Etalle/wb/2018 
from Belgium contains a 10-nt (TATATAGGAA) inser-
tion at position 106. It is therefore a so-called intergenic 
region (IGR) II variant, according to the nomenclature of 
Gallardo et al. (2). ASFV/Etalle/wb/2018 displays 100% 
identity with the sequences obtained from strains isolat-
ed in Ukraine in 2012, Belarus in 2013, Estonia in 2014, 
European Russia in 2015 and 2016, and China in 2018 
(3,4), suggesting that the strain in Belgium most likely 
originates from one of these countries (Figure, panel B). 
Conversely, this insertion is absent in strains isolated in 
Armenia in 2007, in Georgia in 2007, in Poland in 2015, 
and in Siberia, Russia, in 2017 (4). Genotyping the p72 
and IGR loci is compatible with the current state of the 
art for ASFV molecular epidemiology but still presents 
intrinsic limitations. A further genome-wide genotyping 
approach is expected to consolidate and bring more pre-
cision to the filiation revealed here.
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Figure. A) Evolutionary relationships of representative strains of African swine fever virus based on the neighbor-joining phylogeny 
of the partial p72 gene sequences. The phylogenetic analysis was performed using MEGA7 (http://www.megasoftware.net) and 
the Kimura 2-parameter substitution model, as determined by a model selection analysis. Bootstrap values (>70%, based on 500 
replicates) for each node are given. GenBank accession numbers, country, and year of collection are indicated for each strain; 
for strains for which the year of collection is not known, the strain name is indicated. Corresponding genotypes are labeled I–
XXIV. Box indicates the African swine fever sequence from Belgium generated during this study. Scale bar indicates nucleotide 
substitutions per site. B) Nucleotide sequence alignment of the partial intergenic region between the I73R and I329L genes from 
representative African swine fever virus strains. GenBank accession numbers, country, and year of collection are indicated.
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Multilocus sequence typing has been useful for genotyp-
ing pathogens in surveillance and epidemiologic studies. 
However, it cannot reflect the true relationships of isolates 
for species with very dynamic genomes. Using a robust 
genome phylogeny, we demonstrated the limitations of this 
method for typing Acinetobacter baumannii.

An adequate genotyping system is of paramount impor-
tance for infectious disease epidemiology. Two de-

cades ago, the multilocus sequence typing (MLST) scheme 
was proposed as a genotyping method (1), and today, be-
cause of its reproducibility and portability, MLST schemes 
are available for many human pathogens (2). MLST has 
been instrumental in increasing understanding of the epi-
demiology and population structure of many bacteria. 

Acinetobacter baumannii, a major source of nosocomial  
infections, is no exception, and 2 MLST schemes (Oxford 
and Pasteur) have been established for this species (3,4). Each 
scheme uses just 7 loci and, therefore, only samples a small 
fraction of the chromosome, which could be a serious issue 
for genotyping species with highly variable genomes. Some 
studies have shown that A. baumannii has both high gene con-
tent variation (5) and substantial levels of recombination (6).

We revisited one of the most comprehensive genome 
datasets of A. baumannii (5) to construct a robust phylogeny 
to show that sequence type (ST) assignation in both MLST 
schemes does not reflect true relationships among isolates of 
this species. This dataset of >80 genomes covers 36 different 
STs according to the Oxford scheme (STox) and 19 different 
STs according to the Pasteur scheme (STp) (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/25/1/18-0374-App1.
pdf). We constructed a concatenated alignment of 574 or-
thologous genes and conducted statistical model selection as 
in a previous study (5) and, on that alignment, constructed a 
maximum-likelihood phylogeny by PhyML (7).

The 2 schemes showed different levels of resolution. 
Although in many instances a single STp had just 1 equiva-
lent STox, 2 STs exist in the Pasteur scheme that encompass 
many Oxford STs (Appendix Figure, red branches). For 
instance, under the Pasteur scheme, STp2 represents >15 
STs in the Oxford scheme and STp1 encompasses 5 STox. 
Thus, the Pasteur scheme seems to have considerably less 
resolution than the Oxford scheme to distinguish isolates. 
The Pasteur scheme’s lack of resolution was not insignifi-
cant, however. STp2 comprises 43 isolates (approximately 
half of our dataset) showing considerable levels of genetic 
variation according to our phylogeny, but according to this 
MLST scheme, they constitute just 1 genotype.

Many of the STs in either scheme formed coherent 
(monophyletic) groups in our phylogeny. However, we re-
corded some clear exceptions in which isolates from some 
STs did not form monophyletic groups, that is, isolates 
with the same ST did not cluster. The most striking case is 
STox208 (orange tips in the phylogeny), where there are 2 
well-defined groups with several isolates each and an extra 
isolate not close to either of those well-defined groups. We 
also noted that the 2 STox455 isolates did not cluster and are 
located far apart on the tree (green tips). Additionally, 1 of the 
STox369 isolates did not fall within the ST369 group (blue 
tips). These 3 examples show that the Oxford MLST does not 
accurately reflect the relationships among the isolates. Also 
notable is that, although for the Oxford scheme 36 STs are 
represented in this dataset, only 16 of them have >2 isolates 
and therefore only in these STs could we detect problems 
with the clustering within any given ST. Thus, 3 of these 16 
STs did not cluster the isolates properly inasmuch as these 
STs were polyphyletic. In summary, for the Oxford scheme 
we demonstrated that some STs form polyphyletic groups 
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because 4 of the 7 loci have signals of recombination (Ap-
pendix Table 2), whereas for the Pasteur scheme, we noted a 
serious lack of resolution for some STs because the loci used 
only by this scheme have the lowest levels of genetic diversi-
ty (Appendix Table 2). Two previous studies noted problems 
with the MLST schemes for this species (8,9); nonetheless, 
neither was as extensive as our study, nor did they bench-
mark both schemes against a genome-based phylogeny.

In conclusion, we showed that the correct relation-
ships among isolates cannot be recovered using either of 
the MLST schemes for A. baumannii. In addition, we high-
lighted the importance of using more powerful genotyping 
strategies when analyzing bacteria with highly dynamic ge-
nomes; in this regard, the ever-decreasing cost of genome 
sequencing will make this technology the perfect tool for 
genotyping bacterial species.
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We report a case of severe disseminated infection in an 
immunocompetent man caused by an emerging lineage 
of methicillin-sensitive Staphylococcus aureus clonal com-
plex 398. Genes encoding classic virulence factors were 
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absent. The patient made a slow recovery after multiple 
surgical interventions and a protracted course of intrave-
nous flucloxacillin.

Since being identified in 2002, methicillin-resistant 
Staphylococcus aureus (MRSA) clonal complex 398 

(CC398) lineage, associated with livestock, has been a 
global public health concern (1). We know less about hu-
man infections with methicillin-sensitive Staphylococ-
cus aureus (MSSA) CC398. Evidence suggests MRSA 
CC398 and MSSA CC398 are of distinct lineages (2); re-
cently, MSSA CC398 has emerged as an invasive patho-
gen in humans without prior contact with animals (3). 
Here, we describe a case of severe disseminated MSSA 
CC398 infection in an immunocompetent man with no 
exposure to livestock. 

Shortly after arriving in the United Kingdom, a 
60-year-old man from Colombia sought medical care 
after experiencing malaise, sore throat, and joint and 
muscular pain for 7 days. At hospital admission, he had 
signs consistent with sepsis and evidence of spreading 
soft tissue infection. Results of admission blood tests in-
cluded leukocytes 49.9 × 109/L (neutrophils 48.4), plate-
lets 113 ×109/L, C-reactive protein 437 mg/dL, creatine 
kinase 1,277 IU/L, lactate 4.5 mmol/L, and albumin 19 
g/L. Laboratorians isolated MSSA from blood cultures 
taken at admission. Antimicrobial susceptibility testing 
using disc diffusion methodology (EUCAST version 8.0, 
http://eucast.org) showed susceptibility to cefoxitin, ri-
fampin, ciprofloxacin, trimethoprim, and tetracycline, but 
resistance to penicillin, erythromycin, and clindamycin. 
Oxacillin MIC testing confirmed flucloxacillin sensitivity 
(MIC 0.38 mg/L).

Computed tomography and magnetic resonance 
imaging (MRI) images taken at admission indicated  

pyomyositis of the left subscapularis, inferior scalene, and 
intercostal muscles; a large retropharyngeal (Figure, pan-
els A, B) and right psoas collection of pus, bibasal lung 
consolidation; and an epidural collection of pus extending 
from the lower thoracic to the lumbar spine and into the 
paraspinal soft tissues (Figure, panels C, D). HIV testing; 
hepatitis A, B, and C testing; myeloma screening; and a 
transthoracic echocardiogram all returned negative results. 
A transesophageal echocardiogram was not performed.

The patient was treated with intravenous flucloxacillin 
(2 g every 4 h) and rifampin (300 mg 2×/d) throughout his 
hospital admission. Initial surgical interventions consisted 
of incision and drainage of the retropharyngeal, right del-
toid, and left subscapular collections. A second MRI, taken 
on day 13 of admission, showed discitis and osteomyelitis 
of the C3 and C4 vertebrae, return of the retropharyngeal 
collection, and enlargement of the psoas and epidural col-
lections, with evidence of compression of the distal cord. 
No neurosurgical intervention was undertaken because the 
patient showed no focal neurologic signs. 

Despite images showing initial enlargement of collec-
tions, the patient experienced a slow clinical and biochemi-
cal recovery. MSSA was recovered from blood cultures 
until day 10, but tests were negative thereafter. A second 
computed tomography image, taken on day 30, showed a 
reduction in the size of the epidural and psoas collections. 
The patient returned to Colombia on medical grounds on 
day 46 to continue intravenous antibiotic therapy. 

Whole-genome sequencing showed the MSSA to be 
multilocus sequence type (ST) 4371 (a single-locus vari-
ant of ST398). Sequencing also found no genes encoding 
superantigens (9 enterotoxins and tst), exfoliatins, or Pan-
ton-Valentine leukocidin. Presence of the immune evasion 
cluster genes and the canonical single-nucleotide polymor-
phisms described by Stegger et al. (4) confirmed the isolate 
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Figure. Magnetic resonance imaging of a 60-year-old immunocompetent man with methicillin-resistant Staphylococcus aureus clonal 
complex 398 infection. A, B) Axial (A) and sagittal (B) T2-weighted fat suppressed sequences of the cervical spine demonstrate a 
retropharyngeal abscess (1) that moderately anteriorly displaces and mildly effaces the hypopharynx (2). C, D) Axial (C) and sagittal 
(D) T2-weighted MRI sequences of the thoracolumbar spine (T11–L2 vertebra levels labeled) demonstrate a large ventral, combined 
epidural (1) and subdural (2) spinal collection that displaces the conus medullaris (3) dorsally. Note the dura mater (4) on the sagittal 
sequence, which delineates the theca and separates the epidural and subdural spaces. 
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belonged to the human clade of CC398. Resistance genes 
blaZ and erm(T) were identified, correlating with the ob-
served phenotype. 

This case of severe, widely disseminated infection in 
an immunocompetent man caused by a strain of MSSA 
without classic virulence factors is consistent with a grow-
ing body of evidence in support of MSSA CC398 as an 
emerging human pathogen. In cohorts of patients in France, 
CC398 MSSA has increased from being found in no cases 
in 1999 to 4.6% of cases in 2010 and 13.8% of cases in 
2014 (3). Reports further indicate that nasal colonization 
with MSSA CC398 has increased in Europe (5). 

A study in New York, New York, USA, found MSSA 
CC398 infection to be associated with a largely Dominican 
neighborhood, in particular; Hispanic ethnicity was a clini-
cal predictor (6). Another case of invasive MSSA CC398 in 
a patient from Colombia has also been described (7). 

Existing literature demonstrates evidence for MSSA 
CC398 as both a community- and hospital-associated 
pathogen (3). As in this case, MSSA CC398 has been 
shown to cause bloodstream infections (8), bone and joint 
infections (5,9) and skin and soft tissue infections (3,9). 
MSSA CC398 has also been associated with causing severe 
infection. Bouiller et al. found that 30-day all-cause mortal-
ity was higher for patients with CC398 MSSA bloodstream 
infection than for a control group with non-CC398 MSSA 
infection (3). Other cases of MSSA CC398 in the literature 
report similar resistance profiles and lack of virulence fac-
tors as we describe (10).

This case report aligns with existing evidence for MSSA 
CC398 as an emerging human pathogen. However, it is un-
usual in its degree of severity, with multiple extensive foci of 
infection, despite this strain lacking classic virulence factors. 
This lineage is of increasing global public health concern, 
and potential unidentified virulence factors and uncharacter-
ized transmission patterns remain to be determined.  
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Using whole-genome sequencing, we identified a commu-
nity-associated methicillin-resistant Staphylococcus au-
reus (CA-MRSA) sequence type (ST) 398 type V (5C2&5)  
isolate (typically found in China) in Australia in 2017. This 
CA-MRSA ST398 variant was highly virulent, similar to  
other related CA-MRSAs of ST398. This strain should be 
monitored to prevent more widespread dissemination.

The Australian Group on Antimicrobial Resistance 
(http://agargroup.org.au/) manages multiple national 

antimicrobial drug resistance surveillance programs, in-
cluding the Australian Staphylococcus Sepsis Outcome 
Programme. This program involves 38 hospitals across 
Australia continuously providing antimicrobial MIC data 
and demographic data on episodes of Staphylococcus au-
reus sepsis. Specimens are referred to a central reference 
laboratory where whole-genome sequencing is performed 
for all methicillin-resistant S. aureus (MRSA) isolates.

In 2017, a MRSA sequence type (ST) 398 type V 
(5C2&5) isolate, typically referred to as livestock-asso-
ciated MRSA (LA-MRSA), which has been isolated in 
many parts of the world including Australia (1,2), was 
cultured from a 56-year-old man from Singapore who 
was working as a chef in a suburb of Melbourne, Victo-
ria, Australia. He sought hospital care for a 2-week his-
tory of a nonspecific illness and was found to have mitral 
valve endocarditis with embolic disease involving the 
spleen, brain, and lungs. Because his MRSA bacteremia 
failed to resolve after 10 days of vancomycin therapy, 
he required a mechanical mitral valve replacement. His 
bacteremia resolved 24 hours after valve replacement. 
Because of glycopeptide hypersensitivity and concerns 
of vancomycin heteroresistance, he was prescribed vari-
ous nonglycopeptide antimicrobial drug therapies (e.g., 
clindamycin monotherapy, moxifloxacin monotherapy) 

for variable durations throughout the remainder of his 
treatment. While he was in the hospital, acute renal in-
jury developed, requiring hemodialysis support. After 3 
months’ hospitalization, he was transferred to a hospital in 
Singapore. At the time of transfer, he was improving and 
undergoing rehabilitation. We were not able to establish if 
the patient had direct contact with livestock, but as a chef, 
he presumably had contact with raw meat.

We identified the patient’s isolate (S23009-2017) 
as S. aureus by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry using the Bruker 
MALDI Biotyper (https://www.bruker.com/) and con-
firmed this finding by DNA microarray using the S. au-
reus Genotyping Kit 2.0 (Alere Technologies, https://
alere-technologies.com/). We performed susceptibility 
testing by using the VITEK 2 automated microbiology 
system (bioMérieux, https://www.biomerieux.com/) and 
performed whole-genome sequencing of the isolate using 
the Illumina NextSeq 550 Sequencing System (https://
www.illumina.com/). We performed DNA extraction on 
an overnight subculture using the Invitrogen MagMAX 
DNA Multi-Sample Kit (ThermoFisher, https://www.
thermofisher.com/). We prepared a library of the extracted 
DNA using the Illumina Nextera XT Library Preparation 
Kit and sequenced libraries having 150-bp paired-end 
chemistries. We identified single-nucleotide polymor-
phisms and performed core genome alignments using 
Snippy version 3.2 (https://github.com/tseemann/snippy). 
We constructed a phylogenetic tree using the resulting 
single-nucleotide polymorphisms in MEGA version 7.0 
(https://www.megasoftware.net/) with the maximum par-
simony algorithm. We identified antimicrobial resistance 
and virulence genes, multilocus sequence type, staphy-
lococcal cassette chromosome mec (SCCmec) type, and 
spa type using available pipelines (https://cge.cbs.dtu.dk/
services/) and confirmed the virulence and antimicrobial 
resistance gene profile by DNA microarray. We performed 
a phylogenetic comparison of S23009-2017 with 22 pre-
viously published MRSA ST398 whole-genome sequenc-
es and rooted the tree with an outgroup of single-locus 
Panton-Valentine leukocidin (PVL)–positive variants.

We identified S23009-2017 as a PVL-negative, t011-
carrying, MRSA ST398 type V (5C2&5) isolate. spa type 
t011 and SCCmec element type V (5C2&5) are frequently 
identified in LA-MRSA ST398 isolates (3,4). However, un-
like LA-MRSA ST398, which is typically phenotypically 
multidrug resistant and harbors multiple antimicrobial drug 
resistance genes, including tetM (5), S230090-2017 was 
only resistant to β-lactams (penicillin and oxacillin) and 
harbored only the blaZ and mecA antimicrobial drug resis-
tance genes. Furthermore, S23009-2017 harbored the sak, 
chp, and scn human evasion genes, which are not typically 
found in LA-MRSA ST398 (6).
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Phylogenetic analysis showed S23009-2007 had a 
much closer relationship to the PVL-negative MRSA 
ST398 isolates from China reported by He et al. than to 
LA-MRSA ST398 isolates from Australia (Figure) (7). 
These isolates are grouped within the II-GOI (group of 
interest) clade from the Price et al. study of worldwide 
MRSA ST398 isolates (6).

He et al. reported several cases of severe and fatal in-
fections with community-associated MRSA (CA-MRSA) 
ST398 and proposed that the strain arose from human-
adapted predecessors and not from a livestock-adapted 
strain. Although all of the China isolates harbored a type V 
SCCmec, only 1 isolate harbored the type V (5C2&5) SC-
Cmec element found in S23009-2017. Like S23009-2017, 
CA-MRSA ST398 isolates from China harbor sak, chp, and 
scn genes and lack the tetM resistance gene.

MRSA ST398 has not been previously reported to 
cause serious disease in Australia. Although LA-MRSA 
ST398 is frequently identified in pig herds in Australia, the 
isolate from this patient was not LA-MRSA but CA-MRSA 
and presumably originated in China. Because of immigra-
tion irregularities, we were not able to investigate whether 
the patient had visited China shortly before his illness or if 
his house companions were from China. Unlike LA-MRSA 
ST398, CA-MRSA ST398 has been shown to be highly 
virulent and has become the predominant CA-MRSA cir-
culating in Shanghai, China. Thus, continued monitoring 
of this strain’s epidemiology and preventing its widespread 
transmission are essential.
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In Australia in 2015, Candida auris sternal osteomyelitis 
was diagnosed in a 65-year-old man with a history of inten-
sive care treatment in Kenya in 2012 and without a history 
of cardiac surgery. The isolate was South Africa clade III. 
Clinicians should note that C. auris can cause low-grade 
disease years after colonization.

Candida auris, first reported in Japan in 2009 (1), is 
an emerging pathogen that has caused severe dis-

ease in hospitalized patients in many countries, includ-
ing India, South Africa, Spain, the United Kingdom, 
the United States, and Venezuela (2–4). In July 2015, a 
65-year-old man from Kenya visiting Australia for the 
first time sought treatment in Perth, Western Australia, 
Australia, for chronically discharging sternal sinus per-
sisting for >1 year. His active medical problems includ-
ed severe hypercapneic chronic obstructive pulmonary 
disease with pulmonary hypertension, ischemic heart 
disease, and chronic kidney impairment. In July 2012, 
he had unstable angina treated by coronary stenting that 
was complicated by cardiac arrest with cardiopulmonary 
resuscitation, which resulted in sternal injuries and a 
3-month intensive care unit hospitalization in Nairobi, 
Kenya. At hospital admission, computed tomography 
scan of the chest showed a 3.3-cm subcutaneous collec-
tion and bony changes from chronic sternal osteomy-
elitis (Figure). Surgical debridement confirmed sternal 
osteomyelitis with parasternal abscesses. Posaconazole 
was given as pragmatic oral therapy, and trough serum 
levels of 2.0 mg/L at week 2 and 2.60 mg/L at week 4 
were achieved. The patient died from progressive car-
diorespiratory failure 3 months later.

Deep operative sternal bone samples yielded a yeast on 
Difco CHROMagar Candida medium (Becton Dickinson, 
https://www.bd.com/) that did not produce pseudohyphae 
or germ tubes. The isolate grew well at 40°C and 42°C but 
not 45°C. Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI version 3.1; Bruker 
Daltonics, https://www.bruker.com/) identified the patho-
gen as Candida auris (score >2.1).

Sequencing of the 18S rDNA internal transcribed 
region and 28S rDNA D1–D2 regions confirmed patho-
gen identification (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/25/1/18-1321-App1.pdf). We edited 
the DNA sequences, assembled consensus sequences us-
ing SeqScape (Applied Biosystems, https://www.thermo-
fisher.com/us/en/home/brands/applied-biosystems.html), 
and performed sequence alignments with BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The internal transcribed 
regions of our isolate matched 100% with C. auris refer-
ence strain KP131674.1. The D1–D2 regions of the isolate 
also matched 100% with those of multiple C. auris iso-
lates (GenBank accession nos. JQ219331–2, KM000828, 
KM000830, KU321688). Susceptibility testing with the 
Sensititre YeastOne YO10 panel (Trek Diagnostic Systems, 
https://www.thermofisher.com/) showed fluconazole resis-
tance (MIC >256 mg/L) and posaconazole susceptibility 
(MIC 0.06 mg/L) (Appendix Table).
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We performed whole-genome sequencing (WGS) on 
the isolate (FSMC57608) using the NextSeq platform (Il-
lumina, https://www.illumina.com/) and then assembled 
Illumina paired-end sequencing data using SPAdes, St. 
Petersburg genome assembler 3.1.1 (http://spades.bioinf.
spbau.ru/release3.1.1/manual.html). We identified core 
genome single-nucleotide polymorphisms (SNPs) using 
Snippy version 4.0 (http://www.vicbioinformatics.com/
software.snippy.shtml), using the C. auris B8441 genome 
for reference and previously described methods (2), and 
mapped ≈97.77% of the reads. A maximum-parsimony 
phylogenetic tree was constructed by using MEGA version 
7.0 (https://www.megasoftware.net/) and 10 other C. auris 
genomes (2). Results showed that FSMC57608 (GenBank 
accession no. SRP156632) is a South Africa clade III iso-
late (Appendix Figure 2) with SNPs V125A and F126L and 
wild-type at amino acid positions 132 and 143 of Erg11 
(gene associated with azole class antifungal drug resis-
tance) (Appendix Figure 3).

Extensive nosocomial transmission of C. auris has 
been documented, and mortality rates of 40%–60% have 
been reported for patients with candidemia (2–4). C. auris 
can colonize human skin for months (5,6). Of 620 cases 
of C. auris infection linked to outbreaks in Europe during 
2013–2017, a total of 466 (75.2%) patients became colo-
nized (3). We postulate that our patient became colonized 
in 2012 in an intensive care unit in Kenya. This case also 
illustrates that clinical manifestations of C. auris infection 
can progress slowly for >12 months.

C. auris is multidrug resistant and, therefore, poses a 
risk for all patients, given the limited antifungal options 
available. Tentative C. auris–specific MIC breakpoints ex-
ist, pending further correlation between MICs and clinical 
outcomes (2). Proposed breakpoints are derived from ex-
pert opinion and/or those of closely related Candida spe-
cies for antimicrobial drugs (e.g., amphotericin B) that do 
not have breakpoints. Despite breakpoint uncertainty and 
concerns about emergent multidrug resistance among C. 
auris isolates, we had prescribed oral posaconazole for our 
patient because of the in vitro MIC results and his strong 
preference for oral antifungal therapy.

WGS results show C. auris isolates fall into 4 dis-
tinct clades that appear to have emerged almost simul-
taneously in different geographic regions of the globe 
(2–4). Isolate FSMC57608 has SNPs V125A and F126L 
in Erg11, the latter SNP, F126L, having been described in 
previous investigations (J.F. Muñoz, unpub. data, https://
doi.org/10.1101/299917) (2,7). This isolate was also wild 
type at amino acid positions 132 and 143 of Erg11, as seen 
in Africa isolates (J.F. Muñoz, unpub. data, https://doi.
org/10.1101/299917), further supporting that the infection 
originated in Africa (7).

In summary, we describe a case of travel-linked C. 
auris infection manifesting as chronic sternal osteomy-
elitis, diagnosed in Australia in 2015. The patient had a 
history of intensive care treatment in Kenya, a country 
with documented C. auris transmission (2); he required 
treatment in Australia 3 years later and exhibited clinical-
ly significant disease associated with South Africa clade 
III C. auris infection.

Acknowledgments
The authors thank the patient’s next of kin for providing  
permission to publish this case.

About the Author
Dr. Heath is an infectious diseases physician in the Department 
of Infectious Diseases at Fiona Stanley Hospital and Royal 
Perth Hospital in Perth, Western Australia, Australia, and a 
clinical microbiologist for PathWest Laboratory Medicine, 
FSH Network, Perth; he has research interests in laboratory 

Figure. Computed tomography scan of the chest wall (sagittal 
section, bony windows) of man from Kenya with Candida auris 
sternal osteomyelitis, Australia, 2015. Image shows bony erosion and 
fragmentation of distal sternum (thin arrow), together with a 3.3-cm 
abscess and a sinus tract in the subcutaneous tissues (thick arrow).



mycology and diagnostics and a special interest in infections 
in the immunocompromised host, particularly invasive fungal 
infections. Mrs. Gardam is the senior medical scientist in 
mycology for PathWest Laboratory Medicine; she has an active 
interest in diagnostics for pathogenic fungi and antifungal 
susceptibility testing, together with undergraduate and 
postgraduate education and teaching of medical mycology.

References
  1. Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K,  

Yamaguchi H. Candida auris sp. nov., a novel ascomycetous  
yeast isolated from the external ear canal of an inpatient in a  
Japanese hospital. Microbiol Immunol. 2009;53:41–4.  
http://dx.doi.org/10.1111/j.1348-0421.2008.00083.x

  2. Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary A,  
Govender NP, et al. Simultaneous emergence of multidrug 
resistant Candida auris on three continents confirmed by whole 
genome sequencing and epidemiological analyses. Clin Infect Dis. 
2017;64:134–40.  http://dx.doi.org/10.1093/cid/ciw691

  3. Kohlenberg A, Struelens MJ, Monnet DL, Plachouras D; The 
Candida auris Survey Collaborative Group. Candida auris: 
epidemiological situation, laboratory capacity and preparedness in 
European Union and European Economic Area countries, 2013 to 

2017. Euro Surveill. 2018;23. http://dx.doi.org/10.2807/1560-7917.
ES.2018.23.13.18-00136

  4. Chowdhary A, Sharma C, Meis JF. Candida auris: a rapidly  
emerging cause of hospital-acquired multidrug-resistant fungal 
infections globally. PLoS Pathog. 2017;13:e1006290.  
http://dx.doi.org/10.1371/journal.ppat.1006290

  5. Centers for Disease Control and Prevention. Tracking Candida 
auris. 2018 Oct 3 [cited 2018 Jul 17]. https://www.cdc.gov/fungal/
candida-auris/tracking-c-auris.html

  6. Welsh RM, Bentz ML, Shams A, Houston H, Lyons A, Rose LJ,  
et al. Survival, persistence, and isolation of the emerging  
multidrug-resistant pathogenic yeast Candida auris on a plastic 
health care surface. J Clin Microbiol. 2017;55:2996–3005.  
http://dx.doi.org/10.1128/JCM.00921-17

  7. Rhodes J, Abdolrasouli A, Farrer RA, Cuomo CA, Aanensen DM, 
Armstrong-James D, et al. Genomic epidemiology of the UK 
outbreak of the emerging human fungal pathogen Candida auris. 
Emerg Microbes Infect. 2018;7:43. http://dx.doi.org/10.1038/
s41426-018-0045-x

 Address for correspondence: Christopher H. Heath, Fiona Stanley 
Hospital, Department of Infectious Diseases, 102-118 Murdoch Dr, 
Murdoch, PO Box 404, Bull Creek, WA 6149, Australia; email:  
chris.heath@health.wa.gov.au

194 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 1, January 2019

RESEARCH LETTERS

®

   September 2016

Antimicrobial
resistance

To revisit the September 2016 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/22/9/table-of-contents

•  Co-Infections in Visceral Pentastomiasis, Democratic 
Republic of the Congo

•  Multistate US Outbreak of Rapidly Growing Mycobacterial 
Infections Associated with Medical Tourism to the 
Dominican Republic, 2013–2014

•  Virulence and Evolution of West Nile Virus, Australia, 
1960–2012

•  Phylogeographic Evidence for 2 Genetically Distinct 
Zoonotic Plasmodium knowlesi Parasites, Malaysia

•  Hemolysis after Oral Artemisinin Combination Therapy for 
Uncomplicated Plasmodium falciparum Malaria

•  Enterovirus D68 Infection in Children with Acute Flaccid 
Myelitis, Colorado, USA, 2014

•  Middle East Respiratory Syndrome Coronavirus 
Transmission in Extended Family, Saudi Arabia, 2014

•  Exposure-Specific and Age-Specific Attack Rates for Ebola 
Virus Disease in Ebola-Affected Households,  
Sierra Leone

•  Outbreak of Achromobacter xylosoxidans and 
Ochrobactrum anthropi Infections after Prostate Biopsies, 
France, 2014

• Human Babesiosis, Bolivia, 2013 

•  Assessment of Community Event–Based Surveillance for 
Ebola Virus Disease, Sierra Leone, 2015

•  Probable Rabies Virus Transmission through Organ 
Transplantation, China, 2015 

•  Cutaneous Melioidosis Cluster Caused by Contaminated 
Wound Irrigation Fluid 

•  Possible Role of Fish and Frogs as Paratenic Hosts of 
Dracunculus medinensis, Chad 

•  Time Lags between Exanthematous Illness Attributed to 
Zika Virus, Guillain-Barré Syndrome, and Microcephaly, 
Salvador, Brazil

•  Use of Unamplified RNA/cDNA–Hybrid Nanopore 
Sequencing for Rapid Detection and Characterization of 
RNA Viruses 



Biological Safety: Principles 
and Practices, 5th Edition
Dawn P. Wooley, Karen B. Byers; ASM Press, 
Washington, DC, USA, 2017; ISBN-10: 1555816207; 
ISBN-13: 978-1555816209; Pages: 741; Price: $150.00

The 5th edition of Biologi-
cal Safety: Principles and 

Practices is still the leading com-
prehensive biosafety textbook 
available and is a page-turner as 
well. The book extensively cov-
ers the identification, assessment, 
and management of biological 
hazards, as well as special envi-
ronments as they relate to bio-
hazardous substances. It broadly 
deals with bacterial, viral, and fungal pathogens; biological 
toxins; and recombinant DNA used in academic research, 
medical, pharmaceutical, and veterinary laboratories. The 
book provides extensive background on the biohazards and 
details the risk to humans, animals, and, if applicable, to 
plants. For example, in the chapter “Viral Agents of Human 
Disease: Biosafety Concerns,” Rozo, Lawler, and Parags 
present an overview of the viral life cycle, epidemiology, 
and diversity. They also summarize the clinical manifesta-
tion of viral disease and provide extensive examples of vi-
ral classes known for laboratory-associated infections, with 
information on postaccident management.

The 5th edition has added 8 new chapters covering 
topics that gained relevance in more recent years, such 
as a chapter on molecular agents describing genome ed-
iting, the use of recombinant T-cells for cancer therapy, 
and prions. Other new chapters deal with specialized 
biocontainment for research on virus-transmitting mos-
quitoes and research on aerosolized microorganisms. 
The 5th edition also expands on training programs, vet-
erinary and greenhouse biosafety, field studies, and clin-
ical laboratory safety.

Biological Safety: Principles and Practices stands 
out as a safety textbook because it is not purely focused on 
regulatory requirements, and it is enjoyable to read. All 

chapters are supplemented with useful tables summariz-
ing essential information, and many contain descriptive 
diagrams. I appreciated the Laboratory Animal Allergy 
Questionnaire and the sample Biosafety Level 2 check-
lists, which can be very useful for faculty who begin to 
work in these areas. Furthermore, the chapters provide 
numerous references to relevant current publications 
and regulatory guidelines from the National Institutes 
of Health and Centers for Disease Control and Preven-
tion. There is some overlap in chapters regarding details 
on bacterial virulence factors, viruses, and biosafety 
cabinets, which could be consolidated should a revision  
be considered.

The attention to detail and the assemblage of leading 
experts contributing to this book is clearly a labor of love 
by editors Dawn Wooley and Karen Byers. Both addition-
ally authored chapters; for example, Dawn Wooley, who is 
well known for her work on risk assessment of viral vec-
tors, contributed to chapters on molecular agents and on 
risk assessment of biologic hazards. Karen Byers lent her 
expertise to a chapter on laboratory-acquired infections, an 
area she has researched extensively. Because the material 
extends beyond academic research and includes clinical 
and veterinary laboratory practices, it is also appropriate 
for medical and veterinary personnel. Finally, the book can 
easily serve as a textbook for biosafety courses and even 
complement microbiology courses. 

I found all topics of the book highly engaging and 
worth reading; the concisely written chapters can be read 
alone according to area of interest or serve as a reference 
for questions that might arise. The book is evidence based 
and illustrates data-driven best practices. It provides a mod-
ern view of biosafety practices; as such, it is a valuable 
resource not only for biosafety professionals but also for 
researchers working with biohazards.
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Miracle Cure: The Creation of 
Antibiotics and the Birth of 

Modern Medicine engagingly de-
scribes what is arguably the most sig-
nificant development in the history 
of medicine: antibiotics. The book 
chronicles captivating accounts from 
the conception of the germ theory 
of disease and the scientific discov-
ery of these life-saving medications 
to the interplay among the countless 
contributing idiosyncratic and imperfect individuals and or-
ganizations involved, including the pharmaceutical titans. 
With the contemporary emergence and spread of antibiotic 
resistance, the book’s message is timely and poignant.

Miracle Cure is relevant for both the science enthusi-
ast and the science novice. Although slightly tangential at 
times in its background narratives, it intertwines the cre-
ation of antibiotics as intricately tied to the evolution of 
modern medicine and paints both as not just a product of 
science but as a culmination of economic, political, and so-
cial influences. In so doing, it sheds a human light on the 
discovery and production of antibiotics.

Many medical professionals and nonmedical persons 
envision the discovery of antibiotics, especially penicil-
lin, as a providential occurrence that revolutionized pre-
viously unenlightened medical practices characterized by 
bloodletting and poisoning. However, Miracle Cure paints 
them more accurately as products of the iterative process of 

scientific discovery in an attempt to improve public health 
and, in some instances, generate personal profit and fame. 
The lifesaving properties of antibiotics are a secondary 
theme to the real-life problems overcome, the challeng-
ing ethics decisions made, and the delicate scientific egos 
bruised along the way.

For readers seeking a book that provides insight into 
the current public health crisis of antibiotic resistance, 
Miracle Cure does not provide answers or potential solu-
tions, nor was it intended to do so. However, it goes beyond 
the most apparent impacts antibiotics have had on human 
health to explore the less publicized effects of antibiotics 
on regulatory agencies, drug marketing, physician–phar-
maceutical industry relationships, research study design, 
and the practice of medicine.

One of the book’s most important arguments is that an-
tibiotics have forced us to calibrate and recalibrate our idea 
of medication safety as we transitioned from unregulated 
mixtures of strychnine, mercury, and arsenic for which the 
adverse effects were inextricably tied to the morbidity and 
mortality of underlying disease to tightly regulated, care-
fully calibrated antibiotics for which safety and efficacy 
were the norm. Miracle Cure demonstrates that this shift, 
facilitated by a mix of altruism and greed, caused the “[p]
rescription of antibiotic without a specific cause” to reach 
“disturbing proportions.” The book is a fascinating and im-
portant read that translates to a deep understanding of the 
history of antibiotic development leading up to the current 
state and its problems.

Keith W. Hamilton
Author affiliation: The University of Pennsylvania, Philadelphia, 
Pennsylvania, USA
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Katrin Susanne Kohl, MD, PhD, MPH, who served over 
a decade as Deputy Director of the Division of Global 

Migration and Quarantine, National Center for Emerging 
and Zoonotic Infections, at the Centers for Disease Control 
and Prevention (CDC; Atlanta, Georgia, USA), died sud-
denly and unexpectedly at her home in Atlanta on May 20, 
2018, at the age of 54. She was a beloved physician epide-
miologist leader at CDC who made major contributions in 
international health and vaccine safety.

While at CDC’s Immunization Safety Branch start-
ing in 2000, Kohl brilliantly succeeded in launching and 
coordinating The Brighton Collaboration, an international 
effort of >800 participants in 80 countries to enhance vac-
cine safety. The collaboration was a new global initiative 
to improve the rigor of immunization safety science at a 
time of increasing public controversy and vaccine hesi-
tancy. She worked tirelessly to promote the new collabo-
ration among key policymakers in the global immuniza-
tion community, resulting in publication of the first set of 
Brighton case definitions in the journal Vaccine.

Kohl was born in Duisburg, Germany, in 1964. Her 
Austrian father was a prominent architect there. She at-
tended medical school in Graz, Austria, and completed 
her MD in 1991 and PhD in 1993 at the Free University 
of Berlin, Germany. In 1996, she earned her MPH from 
Tulane University School of Public Health and Tropical 
Medicine (New Orleans. LA, USA). She joined CDC in 
1997 as an Epidemic Intelligence Service Officer assigned 
to the Louisiana Department of Health, where her work 
focused mainly on infectious disease epidemiology and 
sexually transmitted diseases. Tom Farley, her Epidemic 
Intelligence Service supervisor and later the New York City 
Commissioner of Health, remarked that the Louisiana staff 
fell in love with this German woman who made disease 

investigation a happy and 
exhilarating experience.

At the Division of 
Global Migration and 
Quarantine, working with 
the division’s director Mar-
tin Cetron, she participated 
in CDC quarantine and 
border health responses 
for Middle East respira-
tory syndrome, the 2009 
(H1N1) influenza pandem-
ic, the 2014–2015 Ebola 
epidemic in West Africa, 
and the 2016 Zika epidem-
ic. She also played a key 
role in strengthening a new 
unit addressing United States–Mexico binational and border 
health. Kohl was the division’s champion for helping to im-
plement the World Health Organization’s 2005 International 
Health Regulations, skillfully educating staff from US federal 
and state agencies, and liaising with World Health Organiza-
tion member states and regional offices to help implement en-
hanced transparency and collaboration in international disease 
and outbreak reporting. Kohl also published in and reviewed 
articles for Emerging Infectious Diseases.

In addition to her scientific accomplishments, Kohl 
will be remembered for her passionate, caring, and ebul-
lient personality, which made her such an effective am-
bassador, bringing together persons with diverse scientific 
viewpoints to reach technical and public health policy con-
sensus. She will be greatly missed by her husband, Gene 
Spiegel; her son, Alexander, and daughter, Clara; her moth-
er, Christel Kohl; her brother, Christian; and her many col-
leagues at CDC and around the world.
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Antimicrobial resistance ranks among the most urgent 
global challenges of the 21st century. When penicil-

lin became widely available in 1943, the specter of anti-
microbial resistance was already stalking this seemingly 
miraculous drug. As new antimicrobial agents have been 
developed, they, too, have gradually lost effectiveness be-
cause of their misuse and overuse for human, animal, and 
agricultural health.

British artist Anna Dumitriu, who served as the 2018 
president of the Science and the Arts Section of the British 
Science Association, has focused on the issue of antimicro-
bial resistance in her recent work. She states, “We are con-
fronted by a very difficult situation now, where important 
antibiotic drugs we have relied on for many years have sim-
ply stopped working, because bacteria have evolved strate-
gies to beat them. I’m fascinated how the drug discovery 
process works, how infectious diseases were treated in the 
past, and in what is happening now in scientific research to 
improve health.”

Working with an array of traditional fine arts and craft 
materials and with bacteria, antibiotics, and DNA sequences,  

Dumitriu melds microbiology with fine art to create works 
within the genre of “bioart.” Interestingly, Sir Alexander 
Fleming, discoverer of penicillin, created some of the earli-
est examples of this art form. He indulged his creative side 
by using laboratory instruments to “paint” ephemeral fig-
ures and landscapes, growing microbes with different natu-
ral pigmentations on agar-filled petri dishes and waiting for 
the images to develop.

Dumitriu is among the vanguard of a small cadre of in-
terdisciplinary practitioners who wield their creative skills in 
studios and laboratories. Featured on this month’s cover art 
is one component of her 2017 project Make Do and Mend, a 
section of quilt that comprises 16 irregular silk squares. The 
brown, blue, pink, and plum squares are flecked and dappled 
with splotches of contrasting colors, and assembled into a 
quilt with a combination of backstitch, running stitch, and 
satin stitch. As is the case with many quilts, the final product 
came from a cooperative effort—in this case, the artist and 
her scientific collaborator Nicola Fawcett.

Each silk square is stained with diluted fecal samples from 
individual patients in Oxford, UK, who had consented to their 
samples being used in artworks. Those samples were grown 
on silk cloth squares using chromogenic agar. The blue/pink 
patches that display different-sized colonies of bacteria indi-
cate a diverse gut microbiome. All-blue or all-pink sections  
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Anna Dumitriu (1969). Make Do and Mend (detail), 2017. Ampicillin antibiotic susceptibility discs and fabric, 12 in x 12 in/30.48 cm x 
30.48 cm. First exhibited at LifeSpace Dundee, 2017. Made in collaboration with Nicola Fawcett (University of Oxford) and Sarah  
Goldberg (Technion). Digital image courtesy of Anna Dumitriu.
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suggest a gut microbiome that has reduced diversity from an-
tibiotic use. Clustered near the center are three embroidered 
shapes with trailing flagella that represent Escherichia coli 
bacteria. Nine ampicillin susceptibility discs are stitched into 
the quilt. (For anyone interested in protocols, Fawcett states, 
“Dumitriu works with expert microbiologists to integrate 
compliance with health and safety standards into her work.”)

In another aspect of this project, Dumitriu and Dr. Sar-
ah Goldberg used CRISPR (short for clusters of regularly 
interspaced short palindromic repeats) to edit the genome 
of a strain of E. coli bacteria. They removed an ampicillin 
antibiotic resistance gene and replaced it with a fragment of 
DNA (converted into ASCII code and then to base 4) that 
encoded the World War II slogan “Make Do and Mend.” 
That slogan came from the title of a pamphlet issued by the 
British Ministry of Information encouraging homemakers 
to repair and reuse clothing during wartime. The cover of 
that leaflet is also part of the exhibit.

Dumitriu conceived of this exhibit as a way to com-
memorate the 75th anniversary of the first use of penicillin 
in patients and to increase awareness about the rapid de-
velopment of antibiotic-resistant strains of pathogens. Her 
Make Do and Mend project may help stimulate creative 
thinking about antimicrobial resistance and stewardship. 
Perhaps new serendipitous breakthroughs will allow us to 
repurpose and reuse some of our diminished antimicrobials 
in keeping with Fleming’s famous quote, “One sometimes 
finds what one is not looking for.”
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The installation Make 
Do and Mend by Anna 
Dumitriu explores CRISPR 
gene editing and antibiotic 
resistance. It features an 
altered antique women’s suit 
with CC41 mark, antique 
toy sewing machine, silk 
impregnated with CRISPR 
edited bacteria, altered 
vintage leaflets, ampicillin 
antibiotic susceptibility discs, 
fabric, wood and glass 
frames. First exhibited at 
LifeSpace Dundee, 2017. 
Made in collaboration 
with Sarah Goldberg and 
Roee Amit (Technion) with 
elements in collaboration 
with Nicola Fawcett 
(University of Oxford).  
Digital image courtesy of 
Anna Dumitriu.

CDC's David J. Sencer Museum will include Anna Dumitriu's Make Do and Mend in its upcoming exhibit

The World Unseen: Intersections of Art and Science • May 20–August 30, 2019
Visit https://www.cdc.gov/museum/index.htm for more information.
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NEWS AND NOTES

Upcoming Issue
•  International Biologic Reference Preparations for Epidemic  

Infectious Diseases

• Trends of Human Plague, Madagascar, 1998–2016 

•  Human Pasteurellosis, Health Risk for Elderly Persons Living with  
Companion Animals 

• Ebola Virus Infection Associated with Transmission from Survivors 

•  Acute and Delayed Deaths after West Nile Virus Infection, Texas, USA, 
2002–2012 

•  Macrophage Activation Marker sCD163 Associated with Fatal and Severe 
Ebola Virus Disease in Humans 

•  Epidemiologic and Ecologic Investigations of Monkeypox, Likouala  
Department, Republic of the Congo, 2017 

•  Zika Virus–Specific IgM Antibody Detection and Neutralizing Antibody  
Profiles 12–19 Months after Illness Onset 

• Oasis Malaria, Northern Mauritania 

•  Killing Clothes Lice by Holding Infested Clothes Away from Hosts for 10 Days 
to Control Louseborne Relapsing Fever, Bahir Dah, Ethiopia 

•  Identification of Leishmania Species in Naturally Infected Sand Flies from 
Refugee Camps, Greece 

•  Seroprevalence of Heartland Virus Antibodies in Blood Donors,  
Northwestern Missouri, USA 

•  Incidence and Prevalence of West Nile Virus Infections, Continental  
United States, 1999–2016 

•  Rift Valley Fever Reemergence after 7 Years of Quiescence,  
South Africa, 2018 

•  Cytauxzoon felis Infection in Domestic Cats, Yunnan Province, China, 2016 

•  Tick-Borne Encephalitis Virus in Roe Deer, the Netherlands 

•  No Evidence of Zika Virus Exposure in Wild Long-Tailed Macaques,  
Peninsular Malaysia 

•  Clinical Characteristics of Ratborne Seoul Hantavirus Disease 

•  Severe Respiratory Illness Associated with Human Metapneumovirus in 
Nursing Home, New Mexico, USA 

•  Schistosoma haematobium–S. mansoni Hybrid Parasite Infecting Migrant 

•  West Nile Virus Infection in Travelers Returning to United Kingdom from 
South Africa 

Complete list of articles in the February issue at  
http://www.cdc.gov/eid/upcoming.htm

®

Upcoming Infectious
Disease Activities
March 4–7, 2019
Conference on Retroviruses and 
Opportunistic Infections
Seattle, WA, USA
http://www.croiconference.org/

April 13–16, 2019
European Congress of Clinical 
Microbiology and Infectious 
Diseases
29th Annual Congress
Amsterdam, Netherlands
http://www.eccmid.org/

April 16–18, 2019
International Conference on
One Health Antimicrobial 
Resistance
Amsterdam, Netherlands
https://www.escmid.org/
ICOHAR2019/

May 5–9, 2019
ASM Clinical Virology Symposium
Savannah, GA, USA
https://10times.com/ 
clinical-virology-symposium

June 20–24, 2019
ASM Microbe 2019
San Francisco, CA, USA
https://www.asm.org/index.php/
asm-microbe-2018

February 20–23, 2020
ISID
19th International Congress  
on Infectious Diseases
Kuala Lumpur, Malaysia
https://www.isid.org/

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.

NEWS AND NOTES
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Article Title
Enterovirus A71 Infection and Neurologic Disease,  

Madrid, Spain, 2016

CME Questions
1. You are seeing a 2-year-old girl with a 3-day history 
of fever and upper respiratory symptoms. She 
developed lethargy and ataxia today, and presents 
now to the emergency department. What should you 
consider regarding the epidemiology of potential 
enterovirus infection among children in the current 
study by Taravilla and colleagues?
A. Enterovirus was isolated from all 42 children in  

the study
B. Almost all patients were younger than 1 year of age
C. Most patients were girls
D. The peak incidence of illness occurred in July

2. Which one of the following symptoms or signs was 
present in the majority of children included in the 
current study?
A. Catarrhal symptoms
B. Fever
C. Diarrhea
D. Mucocutaneous findings

3. You decide to admit this patient to the hospital. 
Which one of the following findings was most 
associated with a worse prognosis in the  
current study?
A. Positive cerebrospinal fluid (CSF) testing for 

enterovirus
B. An elevated serum procalcitonin level
C. An elevated peripheral white blood cell count
D. A low CSF glucose level

4. The patient recovers after treatment with 
intravenous immunoglobulins. What was the most 
common sequela associated with enterovirus infection 
in the current study?
A. Facial paralysis
B. Cerebellar dysfunction
C. Limb paralysis
D. Intellectual disability
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Article Title
Prescription of Antibacterial Drugs for HIV-Exposed,  

Uninfected Infants, Malawi, 2004–2010

CME Questions
1. You are advising a public health department in sub-
Saharan Africa about antibiotic usage in HIV-exposed, 
uninfected (HEU) infants. On the basis of the analysis 
from the Breastfeeding, Antiretrovirals and Nutrition 
(BAN) Study by Ewing and colleagues, which one of 
the following statements about antibiotic usage in the 
first year of life among 2,152 HEU infants who were 
breast-fed through 28 weeks of age is correct? 
A.  About one third received an antibiotic prescription
B.  Urinary infection was the most common indication for 

antibiotic use
C.  Sulfonamides were the most commonly prescribed 

antibiotic class
D.  HEU infants received a median of 2 antibiotic 

prescriptions during the 48 weeks of study follow-up

2. According to the analysis from the BAN Study by 
Ewing and colleagues, which one of the following 
factors was to be associated with a lower hazard 
of antibiotic prescription during the first year of life 
among 2,152 HEU infants who were breast-fed through 
28 weeks of age?

A.  Cotrimoxazole preventive therapy (CPT) exposure
B.  Younger age
C.  Male sex
D.  Lack of antiretroviral exposure

3. On the basis of the analysis from the BAN Study  
by Dr. Ewing and colleagues, which one of the 
following statements about clinical implications of 
antibiotic usage in the first year of life among 2,152 
HEU infants who were breast-fed through 28 weeks of 
age is correct? 
A.  Studies in Western Europe and Australia show higher 

rates of antibiotic prescriptions per person-year for 
infants in the first year of life than in the BAN Study

B.  The antibacterial properties of CPT are its only 
documented benefit

C.  Expanding lifelong antiretroviral therapy coverage and 
increasing availability of effective vaccines in Malawi 
and other areas of high HIV prevalence may reduce 
infectious morbidity and antibiotic use

D.  Guidelines for HIV-infected pregnant women now 
recommend stopping breast-feeding by 12 months
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Research Letters Reporting Cases, Outbreaks, or Original Research. EID  
publishes letters that report cases, outbreaks, or original research as Research Letters. 
Authors should provide a short abstract (50-word maximum), references (not to exceed 
10), and a short biographical sketch. These letters should not exceed 800 words in the 
main body of the text and may include either 1 figure or 1 table. Do not divide Research 
Letters into sections.

Letters Commenting on Articles. Letters commenting on articles should contain a 
maximum of 300 words and 5 references; they are more likely to be published if submitted 
within 4 weeks of the original article’s publication.

Commentaries. Thoughtful discussions (500–1,000 words) of current topics.  
Commentaries may contain references (not to exceed 15) but no abstract, figures, or 
tables. Include biographical sketch.

Another Dimension. Thoughtful essays, short stories, or poems on philosophical  
issues related to science, medical practice, and human health. Topics may include sci-
ence and the human condition, the unanticipated side of epidemic investigations, or how 
people perceive and cope with infection and illness. This section is intended to evoke 
compassion for human suffering and to expand the science reader’s literary scope.  
Manuscripts are selected for publication as much for their content (the experiences they 
describe) as for their literary merit. Include biographical sketch.

Books, Other Media. Reviews (250–500 words) of new books or other media on 
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and 
other pertinent details should be included.

Conference Summaries. Summaries of emerging infectious disease conference ac-
tivities (500–1,000 words) are published online only. They should be submitted no later 
than 6 months after the conference and focus on content rather than process. Provide 
illustrations, references, and links to full reports of conference activities.

Online Reports. Reports on consensus group meetings, workshops, and other ac-
tivities in which suggestions for diagnostic, treatment, or reporting methods related to 
infectious disease topics are formulated may be published online only. These should not 
exceed 3,500 words and should be authored by the group. We do not publish official 
guidelines or policy recommendations.

Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable 
contributions to public health and medicine. Provide a photo of the subject, a brief clue 
to the person’s identity, and five possible answers, followed by an essay describing the 
person’s life and his or her significance to public health, science, and infectious disease. 

Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched 
derivations of emerging disease terms. Historical and other context could be included. 

Announcements. We welcome brief announcements of timely events of interest to 
our readers. Announcements may be posted online only, depending on the event date. 
Email to eideditor@cdc.gov. 

Emerging Infectious Diseases is a peer-reviewed journal established expressly to promote the recognition of new and 
reemerging infectious diseases around the world and improve the understanding of factors involved in disease emergence, prevention, and elimination. 

The journal is intended for professionals in infectious diseases and related sciences. We welcome contributions from infectious disease specialists in 
academia, industry, clinical practice, and public health, as well as from specialists in economics, social sciences, and other disciplines. Manuscripts in all 
categories should explain the contents in public health terms. For information on manuscript categories and suitability of proposed articles, see below and 
visit http://wwwnc.cdc.gov/eid/pages/author-resource-center.htm.



Anna Dumitriu (1969). Make Do and Mend (detail), 2017. Ampicillin antibiotic susceptibility discs and fabric, 12 in x 12 in/30.48 cm x 30.48 cm. 
First exhibited at LifeSpace Dundee, 2017. Made in collaboration with Nicola Fawcett (University of Oxford) and Sarah Goldberg (Technion). Digital image courtesy of Anna Dumitriu.
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