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Infectious disease threat events (IDTEs) are increasing in 
frequency worldwide. We analyzed underlying drivers of 
116 IDTEs detected in Europe during 2008–2013 by epi-
demic intelligence at the European Centre of Disease Pre-
vention and Control. Seventeen drivers were identified and 
categorized into 3 groups: globalization and environment, 
sociodemographic, and public health systems. A combi-
nation of >2 drivers was responsible for most IDTEs. The 
driver category globalization and environment contributed 
to 61% of individual IDTEs, and the top 5 individual drivers 
of all IDTEs were travel and tourism, food and water quality, 
natural environment, global trade, and climate. Hierarchi-
cal cluster analysis of all drivers identified travel and tour-
ism as a distinctly separate driver. Monitoring and modeling 
such disease drivers can help anticipate future IDTEs and 
strengthen control measures. More important, intervening 
directly on these underlying drivers can diminish the likeli-
hood of the occurrence of an IDTE and reduce the associ-
ated human and economic costs.

The Middle East respiratory syndrome coronavirus 
(MERS-CoV) outbreak and the large Ebola outbreak 

in West Africa are striking examples of how emerging and 
reemerging infectious diseases can threaten international 
public health and strain governmental resources (1,2). His-
torically, novel pathogens have emerged and reemerged re-
peatedly in human populations and affected public health; 
similarly, pathogens that have been present in a population at 
low levels have increased rapidly in incidence or geographic 
range with equally grave consequences (3). The context of 
infectious disease emergence has changed over the centuries, 
but Europe has remained and even intensified as a hot spot 
for emerging infectious diseases over recent decades (4). 
Many of the fundamental and basic determinants of emerg-
ing infectious diseases have persisted over time, but dynamic 

global trends provide more opportunities for emerging infec-
tious diseases to occur and expand swiftly (5,6).

A 2008 study, which was conducted by the European 
Centre for Disease Prevention and Control (ECDC) and 
based on expert consultation and literature review, project-
ing how the risk of emerging infectious diseases in Europe 
will be shaped in the future determined that drivers can be 
categorized into 3 main groups: globalization and environ-
ment, sociodemographic, and public health systems (Table 
1) (7). Although the 3 groups are somewhat artificial and 
not entirely mutually exclusive, they can serve as a frame-
work for the interpretation of infectious disease threat 
events (IDTEs) in Europe.

We conducted this study to identify, differentiate, and 
rank drivers of observed IDTEs in Europe detected through 
ECDC epidemic intelligence activities. By doing this, the 
disparate drivers that act on different dimensions and dif-
ferent scales can be disaggregated. A ranking of the relative 
importance of these drivers can help prioritize risk-based 
surveillance to anticipate disease emergence and spread 
(8,9). The effect of IDTEs on public health can be attenu-
ated by strengthening the detection of and early response 
to the threats. However, more important, the likelihood of 
IDTEs originating in the first place can be reduced by in-
tervening directly on their underlying drivers. Mitigation 
strategies to reduce the causes rather than the effects of 
IDTEs can be more cost effective (10).

Event-Based Surveillance
Persons, services, goods, capital, and microbes are free to 
move across borders of the European Union (EU), which 
currently has 28 member states and an estimated population 
of 508.2 million. The ECDC is an EU agency with a mission 
to identify, assess, and communicate current and emerging 
threats to human health posed by infectious diseases. This 
charge is accomplished through epidemic intelligence, a 
process to detect, verify, analyze, assess, and investigate 
events that may represent a threat to public health. These 
activities are conducted by a team of >10 epidemiologists 
in the Emergency Operation Center at ECDC. The daily 
activity of epidemic intelligence at ECDC involves active 
or automated web searches from confidential and official 
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sources (e.g., EWRS [Early Warning and Response System], 
ProMED [Program for Monitoring Emerging Diseases], Me-
diSys [Medical Information System], and GPHIN [Global 
Public Health Intelligence Network]), as well as individual 
reports from the EU and European Economic Area (i.e., EU 
countries plus Iceland, Liechtenstein, and Norway) mem-
ber states. The sources of epidemic intelligence information 
include several websites and a large number of webpages 
retrieved through specialized search engines. Additional in-
formation is gathered through direct contact with epidemi-
ologists and health authorities in the EU and abroad.

Data collection for epidemic intelligence at  
ECDC was standardized in 2008; thus, we analyzed the 

epidemiologic characteristics of each IDTE in Europe 
from July 1, 2008, through December 31, 2013. For each 
IDTE the following data are routinely collected by ECDC: 
type of disease or pathogen, geographic location of source 
of infection, source of infection (e.g., contaminated bean 
sprouts), duration of the epidemic or of surveillance ac-
tivities, number of countries affected by the event, num-
ber of cases, and number of deaths. IDTEs included in this 
study were restricted to outbreaks affecting >5 persons 
in the EU (excluding Croatia, which was not yet an EU 
member). Persons infected abroad and returning to the EU 
were included in our analysis. The IDTEs were sorted into 
10 categories (Table 2).
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Table 1. Determinants	and	drivers	of	infectious	disease	threat	events,	Europe,	2008–2013 
Drivers,	by	group Examples* 
Globalization	and	environment  
 Climate Temperature,	humidity,	wind,	rainfall.	Can	have	an	effect	on	exposure	pathways	of	foodborne	

and	waterborne	diseases	or	the	distribution	of	vectorborne	diseases. 
 Natural	environment Land	cover,	vegetation,	water	ways,	oceans,	coastlines,	water	resources,	land	use,	habitats,	

biodiversity.	Can	shift	the	distribution	range	and	influence	abundance	of	vectors	(e.g.,	rodents,	
mosquitoes,	ticks)	as	well	as	of	host	and	reservoir	animals. 

 Human-made	environment Urbanization,	built	environment,	infrastructure,	industries,	intensive	agriculture.	Can	enable	
propagation	and	dissemination	of	pathogens. 

 Travel	and	tourism Movement	of	populations	by	automobile,	train,	ship,	airplane.	Can	enable	the	importation	of	
vectors,	pathogens	and	infected	persons	into	Europe	and	their	dispersion	within	Europe. 

 Migration Immigrant,	emigrant,	asylum	seeker,	settler.	Can	be	vulnerable	to	or	contribute	to	spread	of	
infectious	diseases	in	origin	country,	in	transit,	or	in	destination	country. 

 Global	trade Import	and	export	of	goods and	services	across	international	boundaries	via	ship,	airplane,	rail,	
truck.	Can	result	in	the	exportation	or	importation	(on	purpose	or	involuntarily)	of	host	animals,	
disease	vectors,	or	pathogens. 

Sociodemographic  
 Demographic Population	composition	with	regards	to	age,	income,	education.	Can	be	associated	with	greater	

health	vulnerabilities. 
 Social	inequality Uneven	distribution	of	resources	in	society,	including	income,	wealth,	rights,	privileges,	social	

power,	education.	Disadvantaged groups	can	suffer	disproportionately	from	infectious	diseases. 
 Vulnerable	groups Children,	premature	infants,	pregnant	women,	elderly	persons,	men	who	have	sex	with	men,	

immunocompromised	persons.	Vulnerability	can	increase	exposure	and	susceptibility	to 
infectious	diseases	or	decrease	access	to	care	and	recovery. 

 Prevention Childhood	vaccination	programs,	adherence	to	treatment	regimes,	appropriate	prescription	
practices.	Distrust	in	prevention	efforts	can	undermine	control	efforts	(e.g.,	childhood	vaccination 
programs.	Neglect	of	prevention	when	traveling 

 Lifestyle High-risk	behavior,	such	as	intravenous	drug	use	or	unprotected	sex	with	multiple	partners.	Can	
increase	exposure	and	infection	rates. 

 Occupational Healthcare	workers,	veterinary	and	animal	care	personnel,	butchers,	farmers,	cleaners.	Lapses	
in	infection	control	practices	can	put	healthcare	workers	at	risk. 

 Terrorism Intentional	release	or	dissemination	of	biologic	agents.	Intentional	contamination	of	drinking	
water	can	result	in	community	outbreaks. 

Public	health	systems  
 Healthcare	system European	healthcare	structure	for	the	delivery	of	health	services,	including	general	practitioners,	

hospitals,	clinics.	Access	to	care,	medicines,	diagnostics,	insurance	coverage,	for	example,	can 
affect	health	outcomes.	Healthcare	systems	contribute	to	nosocomial	infections. 

 Animal	Health Veterinary	services,	animal	health	and	welfare	measures,	intensive	livestock	practices.	High	
animal	densities	can	promote	infectious	disease	transmission.	Infected	animals	close	to	human	
settlements	can	increase	the	risk	for	zoonotic	epidemics. 

 Food	and	water	quality Agriculture,	husbandry,	farming,	processing,	handling,	preparation	and	storage	of	food,	man-
made	water	systems	(e.g.,	cooling	towers,	hot	and cold	water	systems,	spa	pools,	humidifiers),	
water	treatment	and	distribution	systems.	Contamination	of	drinking	and	irrigation	water	sources	
and	water	distribution	systems	can	result	in	both	localized	and	community	outbreaks.	
Contamination	of	foodstuff	along	the	chain	from	farm	to	fork	can	result	in	multistate	epidemics 

 Surveillance	and	reporting	failure Systematic	ongoing	collection,	collation,	analysis,	and	dissemination	of	infectious	disease	data.	
Lapses	in	surveillance	can	impede	a	rapid	response	to infectious	disease	outbreaks.	In	contrast,	
increased	surveillance	will	contribute	to	increased	awareness	and	thus	result	in	increased	
reporting	of	cases 

*Examples	are	purposely	not	exhaustive	and	should	be	considered	illustrative. 

 



Drivers of Infectious Disease Threat Events

Information about the underlying drivers of these 
IDTEs was extracted from several sources: the Communi-
cable Disease Threats Report (a weekly bulletin generated 
by the epidemic intelligence team at ECDC), epidemio-
logic reports and communications, rapid risk assessments, 
threat assessments, mission reports, and associated peer-
reviewed publications retrieved from PubMed. The IDTE 
drivers were organized into 3 categories: globalization and 
environment, sociodemographic, and public health systems 
(Table 1) (7). Expert assessment, performed by the authors, 
was used to evaluate the quality and validity of the infor-
mation regarding the drivers. Discordant assessments were 
resolved by consensus.

Drivers were subjected to descriptive analyses (indi-
vidually or in combinations), including frequency rates 
and ranking of the drivers, in relation to different types of 
IDTEs. Euclidian distances (based on how the IDTE types 
occurred with the driver category in the empirical data) 
were also calculated between each 1 driver pair (11). The 
calculation of the distance between 2 drivers was derived 
from the multidimensional driver space, based on whether 
the drivers were present (1) or absent (0) during the emer-
gence of an IDTE. We then used a set of dissimilarities 
for the distances between drivers to perform a hierarchi-
cal cluster analysis (11). Dissimilarity distances between 
clusters were recomputed by the Lance–Williams updated 
formula, according to the average clustering method, by 
using the statistical computing program R and the algo-
rithms in the R Stats Package (11). The driver terrorism 
was not included here because only 1 threat event was 
linked to the driver. Dissimilarity between clusters of 
IDTE drivers were described graphically by using tree 
diagrams (dendrograms) to visualize the similarity and 

dissimilarity of drivers in the occurrence of the IDTE. 
The clustering algorithm applied to binary data has been 
reported to perform well (12). The distance between clus-
ters measure how similar, or dissimilar, different drivers 
are in their co-occurrences in outbreaks.

Determinants and Drivers of IDTEs
 Of 274 IDTEs that occurred within the EU during July 
2008–December 2013, a total of 116 met the study in-
clusion criteria. Foodborne and waterborne IDTEs were 
the most frequently occurring events (n = 48), followed 
by vectorborne and rodentborne IDTEs (n = 27), airborne 
IDTEs (n = 10) vaccine preventable IDTEs (n = 10), other 
zoonotic IDTEs (n = 7), injection drug use–associated 
IDTEs (n = 4), influenza IDTEs (n = 4), healthcare-as-
sociated IDTEs (n = 3), multidrug resistance–associated 
IDTEs (n = 2), and sexually transmitted IDTE (n = 1). 
The driver category that was by far the most frequently 
involved in single IDTEs was globalization and environ-
ment (61%), followed by the public health system failure 
(21%) and sociodemographic (18%) groups. The indi-
vidual driver travel and tourism was linked to 9 of the 
10 IDTE categories, and the vulnerable groups and life-
style driver categories were linked to 7 and 6 IDTE cat-
egories, respectively. Most IDTEs had a combination of 
drivers: 51% had 2 drivers, and 25% had 3 drivers (Figure 
1). Foodborne and waterborne diseases and vectorborne 
diseases were the most commonly occurring drivers in 
combinations of 2 and 3 drivers. The most common driv-
er combinations were travel and tourism in combination 
with food and water quality and global trade in combina-
tion with food quality, both of which caused foodborne 
and waterborne diseases (Figure 2).

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016	 583

 

 

 
Table 2.	Infectious	disease	threat	events	detected	in	Europe,	2008–2013 
Threat	event	category Definition	and	examples* 
Foodborne	and	waterborne All	types	of	diseases	caused	by	the	transmission	of	organisms	through	food	or	water	(e.g.,	

drinking	water,	recreational	water):	salmonellosis,	hepatitis	A,	Escherichia coli infection,	norovirus	
infection,	shigellosis. 

Vectorborne	and	rodentborne All	vectorborne	and	rodentborne	diseases	(epidemics	or	first	autochthonous	cases):	West	Nile	
fever,	malaria,	dengue	fever,	Hantavirus	infection. 

Other	zoonoses Diseases	caused	by	transmission	of	organisms	through	contact	with	animals	or	animal	
discharges:	Q	fever, cowpox	disease,	psittacosis. 

Vaccine	preventable Main	vaccine-preventable diseases that are normally part of the public health system’s 
vaccination	programs:	measles,	pertussis,	mumps	(boys),	rubella	(girls). 

Multidrug	resistance	associated Emerging	multidrug-resistant	infections	of	public	health	concern:	carbapenemase-producing	
Enterobacteriaceae,	Klebsiella pneumoniae. 

Healthcare	associated Infections	contracted	while	hospitalized	or	transmitted	through	healthcare	practices:	
meningococcal	meningitis. 

Injection	drug	use	associated Infections	caused	by	injection	drug	use:	botulism,	HIV,	anthrax. 
Sexually	transmitted Emerging	sexually	transmitted	diseases	and	increases	in	incidence	of	serious	complications:	

meningococcal	infections. 
Influenza Seasonal	influenza	and	other	pandemic	influenzas. 
Airborne Respiratory	diseases	acquired	through	transmission	of	pathogens	through	air	(e.g.,	particles,	

droplets):	for	example,	legionellosis.	Includes	respiratory	infections	that	can	be	transmitted	
through	air	or	other	pathways,	including	infections	transmitted	through	aerosols,	fomites,	or	direct	
contact:	Middle	East	respiratory	syndrome	coronavirus. 

*Examples	are	purposely	not	exhaustive	and	should	be	considered	illustrative. 
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Foodborne and Waterborne IDTEs
The foodborne and waterborne category included all types 
of diseases transmitted through food or water (Table 1) and 
was responsible for the most IDTEs. The global burden of 
foodborne diseases is considered to be substantial, although 
no current estimates exist (13). The most common cause of 
the observed foodborne and waterborne outbreaks in Eu-
rope was norovirus, followed by hepatitis A and Escherich-
ia coli (hemolytic uremic syndrome and Shiga-like toxin–
producing E. coli infections) (14,15). The strongest driver 
in this IDTE group was food and water quality, implicating 
the food industry and water treatment infrastructure, often 
in combination with the travel and tourism or global trade 
drivers (Figure 2, panel A). An example was the norovirus 
epidemic that affected >11,000 schoolchildren in 6 coun-
tries; the origin of the epidemic was traced to contaminated 
frozen strawberries (16).

Vectorborne and Rodentborne IDTEs
Nearly half of the 27 IDTEs within the vectorborne and 
rodentborne IDTE category were caused by West Nile vi-
rus (WNV) infections. Four of these IDTEs consisted of 
the first autochthonous WNV cases in 4 different European 
countries and 1 large outbreak in southeastern Europe with 
>260 cases (16). WNV infection and malaria are notifiable 
diseases in the EU and, thus, subject to indicator surveil-
lance; however, special threat events are picked up by 
event-based surveillance as well. The natural environment 
driver was present in all WNV infection events; in half of 
those events, it was present with the climate driver, and in 
6 events, it was present with the surveillance and reporting 
failure driver (Figure 2, panel B). This finding is consistent 
with other findings that show environmental and climatic 
determinants play contributing roles in WNV infection 

outbreaks (17). Of 7 malaria threat events, 5 included au-
tochthonous cases (in Spain, Greece, and Belgium). Our 
data also included the large dengue outbreak in Madeira, 
Portugal, with >2,000 cases (18) driven by climate, natural 
environment, and travel and tourism (Figure 2, panel B). A 
large outbreak of hantavirus infections in Germany in 2010 
was attributed to bank vole (Clethrionomys glareolus) pop-
ulations, which had increased substantially due to exces-
sive seed production the previous year (19); human behav-
ior (e.g., outdoor activities in summer); dust contaminated 
with rodent excreta following dry and warm weather; and 
heightened awareness, with better diagnosis and reporting.

Other Zoonoses IDTEs
Q fever, psittacosis, and diseases caused by cowpox virus 
and E. coli (with an unusual transmission pathway, e.g., 
contaminated farm soil and petting of contaminated ani-
mals) were included in the other zoonoses IDTE category. 
Outbreaks often occurred among farm and animal workers. 
However, the 2007–2009 Q fever outbreak in the Nether-
lands affected >3,000 persons in densely populated areas 
(demographic driver) situated in close proximity to com-
mercial dairy goat farms (climate and animal health driv-
ers) (Figure 2, panel C) (20). Contaminated dust particles 
from ruminant farms probably caused airborne transmis-
sion of Coxiella burnetii, the causative agent of Q fever. 
Vaccination, hygiene measures, and culling of pregnant 
animals on affected farms eventually ended the outbreak 
(21). Due to persistence of C. burnetii in the environment, 
continued surveillance for Q fever is warranted.

In autumn 2009, an outbreak of 93 cases of E. coli 
O157 (verotoxin-producing E. coli) infection in southern 
England was related to environmental and animal exposure 
on a petting farm visited by families and children (tourism, 
vulnerable groups, animal health, and natural environment 
drivers) (Figure 2, panel C) (22). Horizontal integration of 
the human, animal, and environmental health sectors, ac-
cording to the One Health approach, can tackle some of 
these public health predicaments (23).

Vaccine-Preventable IDTEs
Ten IDTEs, including measles, mumps, rubella, and per-
tussis outbreaks, were reported for the vaccine-prevent-
able IDTE category. A measles outbreak in Bulgaria in 
2009–2010, which affected predominantly migrant and 
hard-to-reach Roma populations, resulted in >24,000 
cases and 24 deaths in 1 year (24). The drivers respon-
sible for this outbreak were a combination of prevention, 
lifestyle, migration, social inequality, and healthcare sys-
tem (Figure 2, panel D). Measles is still endemic in many 
European countries because of low vaccination coverage 
among migrants and hard-to-reach populations and vac-
cine hesitancy. Specific vaccination strategies are often 

584	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

Figure 1. Number of observed infectious disease threat events 
(IDTEs) in relation to number of drivers for each IDTE group, 
Europe, 2008–2013.
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necessary for these populations to protect children and 
adults from infectious diseases, prevent spread of infec-
tion due to crowded living conditions, and ensure continu-
ity of childhood immunization schedules. Failure to vac-
cinate susceptible populations diminishes herd immunity 
and may trigger outbreaks (24). There was no evidence 
of an increased risk of infectious disease transmission in 
the host population in Europe during the 2015 influx of 
migrants or asylum seekers; however, ECDC advocated 
for the implementation of basic public health measures, 
health assessments, and vaccination to address the health 
needs of migrants (25). This strategy is supported by 
the findings from this analysis, in which migration was 
a comparatively infrequent driver of IDTEs, relative to 
travel and tourism (Figure 3).

Multidrug Resistance– and  
Healthcare-Associated IDTEs
Multidrug-resistant tuberculosis cases were identified as 
single case events and therefore did not meet our inclusion  

criteria in this study. The events in the multidrug resis-
tance–associated IDTE group consisted of a nosocomial 
outbreak of multidrug-resistant carbapenemase-producing 
Klebsiella pneumoniae infection in 2 hospitals in Ireland 
and 69 infections with New Delhi metallo-β-lactamase-1 
carbapenemase-producing Enterobacteriaceae in persons 
in the United Kingdom with a travel history to India or 
Pakistan (26).

The relatively few healthcare-associated IDTEs picked 
up by ECDC’s epidemic intelligence represent only a frac-
tion of the expected number in Europe. Seven deaths oc-
curred among 49 detected cases; 6 deaths were in newborns 
who had been infected while in hospitals (healthcare sys-
tem, vulnerable groups, human-made environment drivers). 
The number of events and deaths for other event categories 
was far below the actual number expected for Europe. An 
ECDC point-prevalence survey of healthcare-associated 
infections and antimicrobial use in long-term care facili-
ties in Europe showed that ≈4.1 million patients contract 
a healthcare-associated infection in the EU each year, and 
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Figure 2. Infectious disease threat events (IDTEs), by contributing drivers, observed in Europe, 2008–2013. The 3 IDTE categories are 
represented by green (globalization and environment), red (sociodemographic), and blue (public health systems) symbols, the sizes 
of which are proportional to the overall frequency of the driver. A) Foodborne and waterborne IDTEs. B) Vectorborne and rodentborne 
IDTEs. C) Other zoonoses IDTEs. D) Vaccine preventable IDTEs.
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≈37,000 deaths occur annually as a direct consequence of 
these infections (27). However, these types of infections 
were not captured by epidemic intelligence due to reporting 
disincentives (e.g., legal and financial).

Injecting Drug Use–Associated IDTE
Reported infections caused by injection drug use were due 
to botulism, HIV, and anthrax and caused 69 illnesses and 
8 deaths (28,29). As an example, a contaminated batch of 
heroin (global trade driver) caused 31 anthrax infections 
among heroin users in Scotland (vulnerable groups, life-
style, sociodemographic drivers) (30).

Sexually Transmitted IDTE
Only 1 sexually transmitted IDTE was identified by epi-
demic intelligence. The event was reported from 3 coun-
tries and consisted of invasive meningococcal disease 

among men who have sex with men; the men had been in-
fected while traveling or through contacts from abroad. Of 
note, however, many sexually transmitted infections tend 
to be silent and reach endemic levels that are not captured 
by epidemic intelligence.

Influenza IDTEs
Rather than registering as recurrent IDTEs, influenza pre-
cipitated several influenza outbreaks that were recorded 
as Public Health Events at ECDC; examples are the avian 
influenza A(H5N1) outbreaks and the influenza A(H1N1)
pdm09 pandemic. Thus, the number of IDTEs attributed to 
influenza is underestimated. The drivers for the influenza 
IDTE group of both seasonal and pandemic influenza were 
travel and tourism, vulnerable groups, social and demo-
graphic, and surveillance and reporting.

Airborne IDTEs
Ten IDTEs were reported for the airborne IDTE category. 
Most events were due to legionellosis, but the IDTEs also 
encompassed the emergence of MERS-CoV infections in 
2012–2013; a total of 9 MERS cases were reported from the 
EU (2). Our analysis identified human-made environments, 
in particular contaminated cooling towers or spa pools, to 
be the overarching driver of Legionella infection events 
(31). Proper maintenance of the physical infrastructure can 
prevent these IDTEs. Two drivers, travel and tourism and 
healthcare system, were identified for the emergence and 
spread of MERS-CoV into Europe (2).

Driver Ranking
An overall frequency ranking of all events ranked the in-
dividual contribution of the top 5 drivers in the following 
order: travel and tourism, food and water quality, natural 
environment, global trade, and climate. The hierarchical 
cluster analysis revealed travel and tourism to be separate 
from all the other drivers; thus, this driver can be con-
sidered distinct, indicating that the distribution of IDTEs 
within travel and tourism is significantly different from 
the distribution in the remaining clusters (Figure 3). The 
hierarchical cluster analysis revealed several similarly 
clustered segments, such as climate and natural environ-
ment and migration and social inequality, indicating that 
these drivers are more related to each other than to the 
other drivers.

Limitations
Although sociodemographic and public health system driv-
ers were less frequent in our analysis of IDTEs, they are 
nevertheless key contributors to the disease burden from 
infectious diseases in Europe (32). They may also be more 
directly amenable to interventions. However, epidemic in-
telligence detects IDTEs, not endemic infectious diseases, 
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Figure 3. Cluster dendrogram from hierarchical cluster analysis 
of drivers contributing to observed infectious disease threat 
events (IDTEs), Europe, 2008–2013. Individual segments 
(leaves) on the lower part of the tree are more related to 
each other, as indicated by distances between the branches. 
Drivers below travel and tourism also occurred less often as 
underlying drivers of IDTEs and tended to be more contextual in 
nature.  Scale bar indicates dissimilarity distance for drivers, as 
measured by frequency of pairwise co-occurrence in clusters. 
Similar drivers (e.g., that co-occurred in outbreaks) are at a close 
distance, and those that were more independent of other drivers 
show higher dissimilarity.
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to which these drivers contribute substantially. Epidemic 
intelligence is heavily influenced by media coverage, geo-
graphic focus, length of the epidemic intelligence monitor-
ing cycle, diagnostic procedures, and sensitivity of surveil-
lance systems, among many other factors. The captured 
events are then filtered and verified before they are assessed 
and investigated. One event during the study period was 
categorized as bioterrorism, because sabotage was suspect-
ed due to coliform contamination of drinking water tanks 
at a hotel. If need be, a Public Health Event is declared to 
initiate control measures.

However, the ECDC screening of IDTEs is not de-
signed to capture infectious diseases that do not reach out-
break levels or are not picked up by event monitoring (e.g., 
healthcare-associated or sexually transmitted infections). 
Therefore, our analysis pertains only to the drivers of IDTEs 
rather than endemic infectious diseases that are not recorded 
by epidemic intelligence. Long-term monitoring of the inci-
dence, prevalence, or both of notifiable diseases is performed 
on a national level and reported through a different reporting 
system, the European Surveillance System at ECDC (33).

Discussion
We found globalization and environment to be the most 
noteworthy driver category for IDTEs in Europe. More spe-
cifically, travel and tourism, food and water quality, natural 
environment, global trade, and climate were the top 5 driv-
ers of all IDTEs identified through epidemic intelligence 
at ECDC. Among these, travel and tourism proved to be 
significantly distinct in the hierarchical cluster analysis and 
cluster dendrogram (Figure 3). In this analysis of epidemic 
intelligence data, travel and tourism was not only the most 
distinct but also the most recurrent driver implicated in the 
emergence of IDTEs. The volume of international travelers 
on commercial flights with a final destination in Europe has 
increased steadily over the years; >103 million travelers en-
tered Europe in 2010 alone, and this number will probably 
continue to grow (34). International travel from areas with 
epidemic and endemic diseases has resulted in continuous 
importation of infected persons into Europe who can, for 
example, trigger outbreaks of airborne diseases. Similarly, 
pathogen introduction into competent vector populations 
can result in local transmission and threaten the safety of 
the blood supply (35). Restricting international travel in 
a globalized world to reduce the likelihood of IDTEs is 
both unrealistic and undesirable; however, monitoring and 
modeling air traffic patterns for pathogen importation risk 
can potentially accelerate early case detection and rapid re-
sponse and effective control of IDTEs (36).

Food and water quality was the second most frequent 
driver of IDTEs in Europe. Suboptimal food safety sys-
tems, even if they are distant to the outbreak, become an 
international public health issue in an interconnected world 

in which food and humans move freely (Figure 2) (37). The 
occurrence of an IDTE can potentially be mitigated by ad-
dressing this driver. Fostering multisectorial collaboration 
between the food industry, public health, and environmen-
tal agencies can prevent IDTEs. High-density agricultural 
practices need to be subjected to stringent farm biosecurity 
and sanitary practices to prevent multinational outbreaks 
(23). Upgrading water treatment and distribution systems 
can prevent communitywide outbreaks (38).

Changes in the natural environment are increasing on a 
nonlinear scale with habitat destruction and loss of ecosys-
tem services (http://www.esa.org). Monitoring and modeling 
environmental precursors of IDTEs can help to anticipate, 
or even forecast, an upsurge of IDTEs (39). The utility of 
such predictive models has been documented on several oc-
casions: environmental drivers of IDTE with prediction tools 
have been made available by ECDC through the E3 (Euro-
pean Environment and Epidemiology) Geoportal (https://
e3geoportal.ecdc.europa.eu/SitePages/Home.aspx) (40).

In summary, we have taken a systematic approach 
to categorize and rank the underlying drivers of observed 
IDTEs in Europe to help anticipate, respond to, and re-
cover from probable, imminent, or current impacts of these 
events. Drivers of IDTEs can arise as epidemic precursors 
of IDTEs. Monitoring and modeling these drivers can serve 
as early warning systems of IDTEs and accelerate respons-
es (39,40). However, it is desirable to proactively prevent 
possible public health emergencies rather than respond to 
IDTE after they have occurred. Thus, the most cost-effec-
tive strategy would be to directly tackle the underlying 
drivers of an IDTE rather than deal with the actual IDTE 
after the fact (10). Intervening directly on drivers may pre-
vent the occurrence of IDTEs and reduce the human and 
economic cost associated with IDTEs.
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We evaluated clinical Shiga toxin–producing Escherichia 
coli O157 infections in England and Wales during 1983–
2012 to describe changes in microbiological and surveil-
lance methods. A strain replacement event was captured; 
phage type (PT) 2 decreased to account for just 3% of cas-
es by 2012, whereas PT8 and PT21/28 strains concurrently 
emerged, constituting almost two thirds of cases by 2012. 
Despite interventions to control and reduce transmission, 
incidence remained constant. However, sources of infec-
tion changed over time; outbreaks caused by contaminated 
meat and milk declined, suggesting that interventions aimed 
at reducing meat cross-contamination were effective. Pet-
ting farm and school and nursery outbreaks increased, sug-
gesting the emergence of other modes of transmission and 
potentially contributing to the sustained incidence over time. 
Studies assessing interventions and consideration of poli-
cies and guidance should be undertaken to reduce Shiga 
toxin–producing E. coli O157 infections in England and 
Wales in line with the latest epidemiologic findings.

Shiga toxin–producing Escherichia coli (STEC) sero-
group O157 emerged as a pathogen of public health 

concern during the early 1980s and was first isolated in 
the United Kingdom in July 1983 (Figure 1) from 3 cases 
linked to an outbreak of hemolytic uremic syndrome (HUS) 
(1). After this emergence, the Gastrointestinal Bacteria Ref-
erence Unit (GBRU), Public Health England (PHE) (then 
the Public Health Laboratory Service), reviewed a large 
archive of isolates and concluded that, before 1983, STEC 
O157 was not a major cause of gastrointestinal disease in 
England and Wales (2).

Despite being relatively rare in comparison with other 
gastrointestinal infections, STEC O157 is of public health 
concern because of its potential for severity. Symptoms of 
infection include abdominal cramps, nausea, and bloody 
diarrhea. In 5%–14% of cases, infection leads to HUS, a 
severe and potentially fatal systemic condition primarily 
affecting the kidneys (3). The primary STEC virulence fac-
tor is Shiga toxin (Stx), which targets cells expressing the 
glycolipid globotriaosylceramide, disrupting host protein 
synthesis and causing apoptotic cell death (4). Children 
and elderly persons are most susceptible to severe illness, 
and HUS is recognized as the most common cause of acute 
renal failure among children in the United Kingdom (5).

Cattle and other ruminants are natural reservoirs for 
STEC O157, and transmission to humans occurs through 
direct or indirect contact with the animals or their feces or 
through ingestion of contaminated food or water. A low 
infectious dose and propensity for person-to-person spread 
means transmission in households and closed settings such 
as schools is common (6,7), as is the potential for large out-
breaks (8–12). We describe changes in the epidemiology of 
STEC O157 in England and Wales during a 30-year period 
(1983–2012) against a background of changing microbio-
logical and surveillance methods over time.

Methods

Case Ascertainment, 1983–2012
Beginning in 1983, only fecal specimens from patients 
with HUS or hemorrhagic colitis were referred for STEC 
O157 testing; before 1989, few specimens were referred for 
testing. Beginning in 1997 in England and Wales, referral 
for testing was extended to all patients with symptoms of 
gastrointestinal infection, including vomiting, diarrhea, or 
bloody feces.

Microbiology Methods, 1983–2012
GBRU provides the national reference service for STEC in 
England and Wales. Beginning in 1983, individual colonies 
were tested for toxin production by using the verocytotoxin 
cell assay, and positive colonies were identified biochemi-
cally and serotyped (13). In 1987 at GBRU, the verocytotoxin  
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cell assay was replaced with a molecular probe assay to 
detect the stx gene (14) and sorbitol MacConkey culture 
medium. Later, sorbitol MacConkey culture medium con-
taining cefixime and tellurite was developed, facilitating 
isolation of STEC O157 from fecal specimens, but testing 
was not implemented for all patients with symptoms of gas-
trointestinal infection in all local hospital laboratories until 
1997 (15). Isolates of E. coli O157 identified locally are 
sent for confirmation and typing at GBRU.

Detection and confirmation of STEC at GBRU in-
cludes biochemical identification and serotyping of bacte-
rial isolates. Since 1989, strains belonging to E. coli O157 

have been further differentiated by using a phage typing 
scheme developed in Canada (16). Retrospective phage 
typing was undertaken for all viable strains collected before 
1989. During 1994–2011, detection of stx1 or stx2 used a 
block-based PCR (17), which was replaced in 2012 with 
real-time PCR targeting stx1 or stx2 and the intimin (eae) 
gene, associated with intimate attachment of the bacteria to 
the host gut mucosa (18).

Data Collection Methods, 1983–2012
The amount of epidemiologic and microbiological data 
increased during the study period. During 1983–2003, a 
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Figure 1. Timeline of key events influencing the epidemiology (A), microbiology (B), and guidance and control (C) of STEC O157, England 
and Wales, 1983–2012. Numbers before 1989 are available only as an aggregate for that period and therefore cannot be presented by 
year. BSE, bovine spongiform encephalopathy; FMD, foot and mouth disease; MLVA, multilocus variable-number tandem-repeat analysis; 
MOLIS, Modular Open Laboratory Information System; NESSS, National Enhanced Surveillance Scheme for STEC; PFGE, pulsed-field gel 
electrophoresis; PT, phage type; STEC, Shiga toxin–producing Escherichia coli; VTEC, verocytotoxin–producing E. coli.
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dedicated laboratory database was used to record patient 
and microbiological data. In 2004, a new laboratory re-
porting system, Modular Open Laboratory Information 
System, was implemented (Figure 1). These laboratory 
databases captured microbiological results and demo-
graphic details of cases, as well as limited epidemiologic 
data (HUS diagnosis, outbreak association, recent history 
of foreign travel).

In January 2009, PHE introduced the National En-
hanced Surveillance Scheme for STEC (Figure 1) (19). 
This scheme captured epidemiologic information through 
standardized questionnaires administered to all persons 
with STEC and linked to microbiological data in the Modu-
lar Open Laboratory Information System.

Detection of outbreaks relied on detecting unusual in-
creases in STEC activity or reporting of shared exposures 
among cases of the same phage type (PT). Outbreaks were 
recorded on paper before 1992. In 1992, PHE began stan-
dardized surveillance of outbreaks of gastrointestinal dis-
ease where >2 persons with the same infection are linked, 
or probably linked, to the same source. In brief, local PHE 
units report standardized epidemiologic data on all out-
breaks of gastrointestinal diseases, including source of in-
fection and microbiological data.

Data Analyses
Data on STEC O157 patients in England and Wales were 
analyzed in 3 time periods, 1983–1988, 1989–1996, and 
1997–2012, to account for periods of differing case ascer-
tainment and data collection. Case numbers for 1989–1996 
were small and represent biased sampling toward severe 
STEC O157 infections therefore calculation of incidence 

and interpretation of trends would be meaningless, and 
these were calculated only for 1997–2012.

We performed descriptive analyses in Microsoft Ex-
cel 2010 (Microsoft Corporation, Redmond, WA, USA). 
Crude incidence rates were calculated by using the Office 
of National Statistics mid-year population estimates (20). 
Crude incidence rate ratios (RR) and 95% CIs were calcu-
lated in Stata version 13.0 (StataCorp LP, College Station, 
TX, USA) for comparison among groups.

Results

Microbiology of STEC O157, 1983–2012
In England and Wales during 1983–1988, a total of 279 pa-
tients were infected with STEC O157, including 110 from 
3 outbreaks. Of the 169 non–outbreak-related isolates, 155 
were retrospectively phage typed; the most common types 
were PT2 (49 [31.6%] cases), PT1 (38 [24.5%]), and PT49 
(22 [14.2%]).

During 1989–1996, the number of cases increased 
(3,448 total cases), and the proportions of common PTs 
changed annually (Figure 2). In 1996, a new PT was des-
ignated PT21/28 after reexamination of the lysis profiles 
of PT21 and PT28 isolates (21). By 1996, PT2 (244 [37%] 
isolates), PT8 (85 [12.9%] isolates), and PT21/28 (92 
[13.9%] isolates) were the most common PTs, and the pro-
portion of PT1 (28 [4.2%] isolates) and PT49 (42 [6.4%] 
isolates) had declined.

During 1997–2012, the decline in these PTs contin-
ued, and PT1 and PT49 were rarely observed. PT2 also 
declined to just 28 (3.4%) isolates by 2012 from a peak 
of 430 (54.3%) isolates in 1995, a significant decrease 
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Figure 2. Proportions of common 
phage types (PTs) of Shiga toxin–
producing Escherichia coli O157 
identified, England and Wales, 
1989–2012.
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for this period (p<0.001) (Figure 2). Concurrently, num-
bers of PT21/28 rapidly increased, accounting for 420 
(44.1%) cases by 2005, a significant increase for the period 
(p<0.001), and thereafter remaining the most frequently de-
tected PT (Figure 2). PT8 also increased significantly, from 
182 (16.7%) to 225 (27.5%) of cases by 2012 (p<0.001).

Strains encoding Stx1 only were rare (81 [0.6%] iso-
lates), and most (45 [55.6%] isolates) were PT8. Strains 
encoding Stx2 only were most frequent (10,182 [71.8%] 
isolates), followed by Stx1+2 (3,921 [27.6%] isolates). 
Stx type and PT are interrelated; most PT8 strains (3,040 
[93.2%] isolates) possessed stx1+2, whereas PT2 and 
PT21/28 usually possessed stx2 only (2,100 [92.8%] and 
4,340 [99.7%] isolates, respectively).

Epidemiology of STEC O157, 1997–2012

Case Numbers and Crude Incidence
A total of 14,184 laboratory-confirmed STEC O157 cases 
were identified in England and Wales; the mean was 887 
(95% CI 802–972) cases per year. Crude incidence was 
1.65 (95% CI 1.49–1.81) cases/100,000 person-years but 
varied by year, geography, and patient age and sex (Fig-
ure 3). Identifiable peaks in case numbers corresponded 
to reported outbreaks (Figure 1; Table, http://wwwnc.cdc.
gov/EID/article/22/4/15-1485-T1.htm). Crude incidence 
decreased from 1999, reaching its lowest in 2002 (1.1 cas-
es/100,000 person-years [595 cases]), but returned to previ-
ous levels in 2005 and was sustained thereafter.

STEC O157 infections demonstrated a distinct season-
ality. Cases began to increase in April and declined begin-
ning in September (data not shown).

Patient Age and Sex
Patient age was reported for 13,015 (91.8%) cases. Children 
<15 years of age constituted 5,867 (45.1%) cases; the great-
est proportion (2,970 [22.8%] cases) occurred among those 
1–4 years of age. Crude incidence decreased with increas-
ing age; incidence was lowest for persons >60 years of age 
(0.98 [95% CI 0.82–1.12] cases/100,000 person-years) (Fig-
ure 3). Crude incidence was significantly higher for children 
1–4 years of age (7.21 [95% CI 6.34–8.04] cases/100,000 
person-years) than for those 20–59 years of age (RR 7.16, 
p<0.001) and >60 years of age (RR 7.36, p<0.001).

Sex was reported for 13,947 (98.3%) patients. Female 
patients accounted for 7,717 (55.3%) cases, and crude in-
cidence was significantly higher for female than for male 
patients (RR  1.19, p<0.001; 1.76 [95% CI 1.59–1.93] 
cases/100,000 person-years , vs. 1.48 [95% CI 1.34–1.62] 
cases/100,000 person-years). Age and sex were reported 
for 12,848 (90.6%) patients. Sex disparity was highest for 
those 20–59 years of age (RR  1.60 for women vs. men; 
p<0.001).

The proportion of Stx2-only strains decreased with 
increasing age. Most (288 [81.8%]) children 1–4 years of 
age were infected with strains carrying Stx2 only, com-
pared with 1,352 (65.4%) of persons >60 years of age 
(p<0.001). In parallel, the proportion of Stx1+2 profiles 
increased with age; 548 (16.1%) 1–4-year-olds were re-
ported to have Stx1+2, compared with 698 (33.7%) of 
persons >60 years of age (p<0.001). We found no differ-
ences in sex by PT or Stx.

Geography
Annual crude incidence was highest in Cumbria and Lan-
cashire (North West England) (3.70 [95% CI 2.70–4.70] 
cases/100,000 person-years), followed by Yorkshire and 
Humber (North East England, 2.75 [95% CI 2.37–3.13] 
cases/100,000 person-years) and Devon, Cornwall, and 
Somerset (South West England, 2.71 [95% CI 2.35–3.07] 
cases/100,000 person-years), whereas annual crude inci-
dence was lowest in London (0.99 [95% CI 0.83–1.14] cas-
es/100,000 person-years). Cases were almost 4 times more 
likely to be reported in Cumbria and Lancashire (RR 3.72) 
than in London (p<0.001). Within areas, crude incidence 
remained stable over time, other than peaks associated with 
outbreaks. We found no notable differences by geography 
in age, sex, PT, or seasonality.

Outbreaks, 1983–2012
During 1983–2012, a total of 335 outbreaks were reported, 
ranging from 0 to 25 outbreaks annually (Table). These 
outbreaks constituted 3,107 (17.4%) cases (median 5 cases, 
range 2–257 cases).

Large outbreaks caused peaks in annual crude inci-
dence (Figure 1). For example, in 1995, eleven outbreaks 
comprising 141 cases occurred (Table), including a large 
nursery outbreak in Wales affecting 49 children (6). In 
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Figure 3. Crude incidence (cases per 100,000 person-years) 
of Shiga toxin–producing Escherichia coli O157, by patient age 
group and sex, England and Wales, 1997–2012. Error bars 
indicate 95% CIs.
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1999, nineteen outbreaks (236 cases) occurred, causing 
incidence to peak. Nine were attributed to contaminated 
food vehicles, including 3 caused by milk pasteurization 
failures, 1 affecting 88 persons (22). Outbreaks caused by 
postpasteurization contamination of milk also occurred in 
2000 and 2002, as did 2 outbreaks associated with drinking 
raw milk in 2000, but no milk-related outbreaks were ob-
served during the remainder of the study period.

Food vehicles contributed the highest number of out-
breaks (101 [30.3%]) and outbreak cases (1,418 [45.9%]) 
(Table). These outbreaks included 38 attributed to eating 
contaminated meat; 16 to eating undercooked meat, such 
as burgers at barbecues; and 22 to cross-contamination of 
cooked meats. The cross-contamination outbreaks were 
larger; the largest meat-related outbreak occurred in Wales 
when meat from a butcher supplied to institutions infect-
ed 118 persons with STEC O157 in 2005 (12). After that, 
meat-related outbreaks were infrequent; 7 meat-related 
outbreaks (compared with 31 before this outbreak) were 
reported in the subsequent 7 years.

The first implicated food vehicle in this study was 
raw potatoes in a 1985 outbreak, and outbreaks associated 
with eating vegetables were reported throughout the years. 
The largest national outbreak in Great Britain (252 cases) 
caused by STEC O157 PT8, linked to handling raw leeks 
and potatoes, was reported in 2011 and led to the highest 
incidence during the period (Figure 1) (23).

Person-to-person spread in institutional settings ac-
counted for 29.1% of outbreaks and more than one quarter 
of outbreak cases (825 cases). Twenty-six outbreaks oc-
curred in institutional settings: care homes (16 outbreaks), 
prisons (4 outbreaks), and hospitals (6 outbreaks). No out-
breaks in these settings occurred after 2007. Seventy-two 
outbreaks, which resulted in 808 cases, occurred in child-
care facilities. Each year, 1–7 outbreaks in child-care fa-
cilities occurred, but outbreaks increased in frequency in 
later years; during 1983–2003, a total of 25 outbreaks (313 
cases) were reported, whereas 47 outbreaks (495 cases) 
were reported in the subsequent 9 years.

Direct or indirect contact with animals through the en-
vironment accounted for 22.4% of outbreaks and 17.3% of 
patients linked to outbreaks. The number of petting farm 
outbreaks increased during the study period. During 1983–
2002, a total of 12 petting farm outbreaks were reported; 
during 2003–2012, a total of 31 outbreaks on petting farms 
were reported, including, in September 2009, the largest 
reported farm outbreak, which affected 93 persons (9).

Most outbreaks were caused by the most frequently 
detected STEC O157 PTs, including PT21/28 (117 [34.9%] 
outbreaks), PT2 (79 [23.6%] outbreaks), and PT8 (42 
[12.5%] outbreaks). In accordance with the general trends 
in PT, PT2 outbreaks declined over time, whereas PT8 and 
PT21/28 outbreaks increased. For outbreaks attributed to 

contact with animals or their environments, almost half 
(28 [47.5%] outbreaks) were caused by PT21/28 strains, 
a further 16 (27.1%) by PT2 strains, and only 4 (6.8%) 
by PT8 strains. Ten outbreaks attributed to contaminated 
water were caused by PT2 (5 outbreaks), PT21/28 (4 out-
breaks), and PT4 (1 outbreaks); none were caused by PT8. 
In foodborne outbreaks, 25 (28.1%) were caused by PT2, 
32 (36.1%) by PT21/28, and 20 (22.5%) by PT8.

Discussion
Our review provides a historical perspective contributing to 
the evidence of the evolving epidemiology of STEC O157. 
The data capture a strain replacement event showing the 
dramatic decline in PT2 and the increase and dominance 
of PT8 and PT21/28. Outbreak settings and vehicles also 
changed during the study period; prison, hospital, and care-
home outbreaks decreased, and outbreaks in childcare fa-
cilities increased. Additionally, outbreaks associated with 
meat and milk decreased, and outbreaks attributed to pet-
ting farms increased. These data support previous reports 
that PT21/28 is indigenous to Great Britain and PT8 is 
largely imported, because most PT8 outbreaks were food-
borne and a greater proportion of PT21/28 were attributed 
to environmental or animal contact (19,21).

The reasons for the decline in STEC incidence during 
2000–2004 are unknown and cannot be attributed to any 
particular event or intervention, although several possible 
explanations exist. After a large STEC O157 outbreak in 
central Scotland in 1996 (8), specific interventions were 
implemented throughout the entire United Kingdom in ca-
tering, retail, and meat hygiene sectors to reduce the risk for 
infection. These included butchers’ licensing, legislation, 
and enforcement of Hazard Analysis and Critical Control 
Point systems; amendment of the Food Standards Agency 
Code of Practice; and introduction of the Clean Livestock 
Policy, which aimed to reduce contamination by feces or 
mud on the coats and fleeces of animals for slaughter (24). 
The effectiveness of these policies was apparent through 
the shift in causes of outbreaks presented in this study; after 
their implementation, outbreaks caused by cross-contami-
nation from raw meat clearly declined.

Why the decline in STEC incidence was not sustained 
beyond 2004 is unclear; however, declining numbers were 
observed in the United States in 2003 and 2004, followed 
by increases beginning in 2005. The decline coincided 
with industry measures aimed at reducing contamination 
of ground beef; however, as in the United Kingdom, the 
reason for the subsequent increase is unknown (25). Ap-
parent changes in sources and outbreak settings might indi-
cate changes in food vehicles or transmission routes among 
all cases, and although earlier interventions successfully 
controlled transmission of STEC infection, other effective 
transmission routes have taken hold in more recent years. 
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Also, in this study, outbreak detection relied on the classic 
epidemiologic triad of person, place, and time, along with 
PT. Any outbreaks dispersed over time, or of a common PT, 
might have gone undetected. Data collected on outbreaks 
and sources—and therefore trends—will be incomplete.

Farming methods and destruction of animal popu-
lations changed considerably during the study period af-
ter concerns about bovine spongiform encephalopathy in 
1996 and foot and mouth disease in 2001. The decline of 
PT1, PT2, and PT49, and the corresponding emergence 
of PT21/28, was mirrored in Scotland (26) and suggests 
a strain replacement event. The destruction and restocking 
of UK cattle herds after concerns about bovine spongiform 
encephalopathy and foot and mouth disease might have 
been a causative factor. In Ireland, PT32 is the most com-
monly reported PT (27); PT21/28 is rarely detected outside 
the British Isles (19).

Improvements in data collection during our study led 
to increased ascertainment of epidemiologic data during 
the 30-year period alongside important developments in 
microbiological methods. Thus, the sustained incidence 
of infection could be a surveillance artifact, masking the 
success of interventions through increasing case ascertain-
ment, a potential bias when datasets spanning many years, 
such as this one, are analyzed. In England and Wales, 
although surveillance of clinical STEC infections is rou-
tine, no surveillance programs are ongoing to monitor the 
prevalence of STEC in cattle or other animals. Efforts by 
the agricultural, veterinary, and food industries to monitor 
STEC incidence and strain types would inform the suc-
cess of interventions and provide insight into the ecology 
of the pathogen. However, STEC rarely causes disease in 
animals, and funding is limited for such programs in Eng-
land and Wales. In Europe, current monitoring information 
is generated from outbreak investigations and ad hoc stud-
ies skewed toward foodborne transmission of STEC O157 
and might be limited in assessing the role of environmental 
transmission.

As described previously, infection is highest in chil-
dren and females (5,19,28). Children 1–4 years of age had 
7 times the risk of persons >60 years of age, probably be-
cause of a complex interplay of various factors, such as host 
immunity or reporting artifacts, with children more likely 
to seek care at healthcare settings (29). Additionally, the 
propensity for household transmission of STEC O157 (30) 
might be exacerbated by children having poorer hygiene 
practices that increase exposure to STEC O157 from the 
environment (19), and the potential for prolonged excre-
tion in children (7). Children were more often infected with 
STEC O157 Stx2-only strains, associated with more severe 
disease (4,5,21,31), which might in part explain why cases 
occurred more often in children, because they were more 
likely to require care at healthcare settings. The higher 

crude incidence rates for female than for male patients has 
been reported previously (19,28); the reasons are unknown 
but might reflect biologic host factors, differences in 
health-seeking behavior, or other behaviors placing women 
at increased risk for infection, such as having contact with 
children or being primary household food handlers (19,32).

In our review, crude incidence was higher in the north 
and southwest than in the central and southeastern areas 
of England. Crude incidence in Scotland is consistently 
higher still (19). Previous studies have described such geo-
graphic variation and demonstrated that differences reflect 
differences in weather, land use, or environmental expo-
sure between persons living in or visiting rural areas and 
those in urban areas, fitting with environmental transmis-
sion of STEC O157 (19,33).

Our 30-year review captures the emergence of a clini-
cally significant zoonotic pathogen in a well-characterized 
population sample and documents the effectiveness of im-
provements in epidemiologic and microbiological methods 
on ascertaining STEC O157. However, despite interven-
tions that successfully shifted outbreak settings, these or-
ganisms persist in causing illness in England and Wales, 
and the crude incidence of STEC O157 has remained 
relatively stable. Robust studies are required to assess the 
effectiveness of interventions, which currently remain un-
clear, and to consider future policies and guidance to re-
duce STEC O157 infection in England and Wales in the 
context of the complex interaction between the organism, 
reservoir, food chain, and transmission pathway.
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A nosocomial cluster induced by co-infections with avian in-
fluenza A(H7N9) and A(H1N1)pdm09 (pH1N1) viruses oc-
curred in 2 patients at a hospital in Zhejiang Province, China, 
in January 2014. The index case-patient was a 57-year-old 
man with chronic lymphocytic leukemia who had been occu-
pationally exposed to poultry. He had co-infection with H7N9 
and pH1N1 viruses. A 71-year-old man with polycythemia 
vera who was in the same ward as the index case-patient for 
6 days acquired infection with H7N9 and pH1N1 viruses. The 
incubation period for the second case-patient was estimated 
to be <4 days. Both case-patients died of multiple organ fail-
ure. Virus genetic sequences from the 2 case-patients were 
identical. Of 103 close contacts, none had acute respiratory 
symptoms; all were negative for H7N9 virus. Serum samples 
from both case-patients demonstrated strong proinflamma-
tory cytokine secretion but incompetent protective immune 
responses. These findings strongly suggest limited nosoco-
mial co-transmission of H7N9 and pH1N1 viruses from 1 im-
munocompromised patient to another.

As of January 4, 2016, a novel avian influenza A vi-
rus, A(H7N9), first identified in China in March 

2013 (1), had caused 676 laboratory-confirmed cases of 
influenza in humans and 275 influenza-associated deaths 
in mainland China (Chinese Center for Disease Control 
and Prevention, unpub. data). Most H7N9 virus infections 
have been acquired through exposure to live poultry mar-
kets (LPMs) in urban settings (2) and have been sporadic, 
but a few have occurred in clusters of >2 epidemiologi-
cally linked cases (3). Human-to-human transmission is 
difficult to prove because exposure to a common source 
often cannot be excluded. Nosocomial transmission of 
H7N9 virus has recently been reported in China’s Zhe-
jiang Province (4). We investigated possible nosocomial 
co-transmission of H7N9 and influenza A(H1N1)pdm09 
(pH1N1) viruses between 2 immunocompromised pa-
tients in Zhejiang Province.

Methods

Patients and Samples Collection
China’s national surveillance system for influenza-like ill-
ness (ILI), severe acute respiratory illness, and pneumonia 
of unexplained origin indicated a cluster of 2 H7N9 virus 
infections occurring in the same ward at Taizhou Hospital 
in Zhejiang Province, China, during January 10–15, 2014. 
We collected throat swabs and serum from the 2 affected 
case-patients for virologic, serologic, and cytokine studies. 
We collected specimens from the upper respiratory tract by 
using pharyngeal swabs or from the lower tract by using 
bronchoalveolar lavage. These specimens were collected 
on January 19 and 21 from the index case-patient and the 
second case-patient, respectively.
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Controls
We retrieved stored serum samples from 21 other H7N9 
virus–infected patients (mean age 60 years, range 
44–76 years) from Zhejiang Province (mean number 
of days from onset 6 days, range 2–10 days). Serum  
samples from 6 healthy volunteers were collected for use 
as controls.

Investigation of Contacts
Close contacts were defined as described (1); all health-
care workers, patients sharing the same ward, and those 
patients’ family members were included. Close contacts 
were placed under daily active surveillance for 7 days. 
After written informed consent was obtained, a structured 
questionnaire was used to gather information on demo-
graphic characteristics, exposure history, and clinical out-
come. Throat swab samples for H7N9 virus testing were 
taken from all close contacts during the observation peri-
od, and convalescent-phase serum samples were collected 
3–4 weeks after the last exposure to a patient with H7N9 
virus infection.

Laboratory Methods
Specific real-time reverse transcription PCR (rRT-PCR) 
assays for seasonal influenza viruses (H1, H3, and B) and 
avian influenza viruses (H5N1 and H7N9) were conducted 
as described (5). All specimens found to be positive for 
virus RNA were inoculated into MDCK cell cultures for 
virus isolation (2). Virus genetic sequences were obtained 
directly from clinical specimens or from virus isolates by 
using an MiSeq desktop sequencer (Illumina, Inc., San Di-
ego, CA, USA) as described (6–8). We designed 3 differ-
ent controls to verify results: the H7N9 RNA negative and 
positive controls and an MDCK cell control.

Microneutralization (MN) and hemagglutina-
tion inhibition (HI) assays were performed by using A/
Anhui/1/2013(H7N9) virus antigen in accordance with 
World Health Organization protocols (9). A titer of >1:40 
was defined as seropositive.

Concentrations of cytokines and chemokines in se-
rum were measured by using the Bio-PlexPro Human 
Cytokine Array 27-Plex Group I and 21-Plex Group 
II (Bio-Rad, Hercules, CA, USA). Raw data were  
analyzed by using xPONENT (Merck Millipore, Darm-
stadt, Germany).

Statistical Analyses
A value of 0.1 pg/mL for cytokine level was assumed for 
statistical purposes in cases in which the concentration 
was undetectable. The 95% CIs for the cytokine levels of 
healthy controls and the control patients with H7N9 virus 
infection were generated by using SPSS software version 
17.0 (SPSS Inc., Chicago, IL, USA).

Ethics
This research was determined by the China’s National 
Health and Family Planning Commission to be part of a 
continuing public health outbreak investigation and there-
fore exempt from institutional review board assessment. 
The protocol for collection of epidemiologic data and 
serologic testing of close contacts was approved by the 
institutional review board of the Zhejiang Provincial Cen-
ter for Disease Control and Prevention. Written informed 
consent was obtained from all contacts and controls who 
participated.

Results

Clinical Features of the 2 Confirmed Cases
The index case-patient was a 57-year-old man with un-
treated, Rai stage IIIA chronic lymphocytic leukemia, 
which manifested itself as absolute lymphocytosis, anemia, 
and cervical lymphadenopathy but was otherwise asymp-
tomatic. On January 8, 2014, the patient experienced on-
set of fever, chills, and mild cough with sputum (Figure 
1). He had not received a seasonal influenza vaccination. 
Two days later, he was admitted to the hematology ward 
at Taizhou Hospital (bed 26) because of continued fever 
(Figure 2; online Technical Appendix Figures 1 and 2, 
http://wwwnc.cdc.gov/EID/article/22/4/15-1561-Techapp.
pdf). Chest radiography performed 4 days after disease 
onset indicated consolidation of the left lower lung (on-
line Technical Appendix Figure 3). On day 7 of illness, 
the patient experienced rapid respiratory deterioration that 
required mechanical ventilation. He was transferred to the 
intensive care unit (ICU) of the respiratory ward (bed 3) 
(online Technical Appendix Figure 4). Oral oseltamivir (75 
mg twice a day) was started on day 10 of illness. A throat 
swab sample collected on day 11 of illness was positive for 
H7N9 and pH1N1 viruses. The patient was then moved to 
the department of infectious diseases (bed 10) for isolation 
(online Technical Appendix Figure 5). On day 10 of illness, 
the geometric mean titer of the H7-specific antibody from 
MN was 63.5. On day 15 of illness, the patient died of com-
plications, including acute respiratory distress syndrome, 
septic shock, and multiorgan failure (Figure 1; Table 1).

The second case-patient was a 71-year-old man with 
diabetes who had been undergoing insulin therapy for 20 
years. He had received no vaccination against seasonal in-
fluenza. He had polycythemia vera that had been diagnosed 
5 years before and was undergoing cytoreductive therapy 
with interferon and hydroxyurea. On December 30, 2013, 
he was admitted to a hospital in Jiaojiang District (also lo-
cated in Taizhou) for mild fever (37.8°C) that was compat-
ible with adverse effects from interferon therapy (Figure 
1). The fever resolved by January 5, 2014. On January 8, 
the patient was transferred to the hematology ward (bed 27, 
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next to the index case-patient) in Taizhou Hospital to opti-
mize clinical management of his polycythemia vera (Figure 
2). He remained afebrile until January 14, when he experi-
enced a high fever (39.7°C) and productive cough. One day 

later, the patient received inhalation and parenteral meth-
ylprednisolone therapy for asthma. On January 19, short-
ness of breath developed, and he was moved to the hospital 
ICU, where tracheal intubation and mechanical ventilation 
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Figure 1. Timeline of pertinent exposures, dates of illness onset, and virologic findings for 2 patients (index case-patient and case-
patient 2) who were co-infected with avian influenza A(H7N9) and A(H1N1)pdm09, and 3 non–H7N9-infected patients who shared 
the same hematology ward, Taizhou Hospital (hospital A), Zhejiang Province, China, January 10–15, 2014. Orange box indicates the 
period when patients 2–5 were exposed to the index case-patient. Blue line indicates that the period when the 3 non–H7N9-infected 
patients (3–5) were exposed to case-patient 2. Index case-patient was a 57-year-old man with confirmed co-infection with H7N9 and 
pH1N1 viruses. Case-patient 2 was a 71-year-old-man also with confirmed co-infection with H7N9 and pH1N1 viruses. Patient 3 was a 
78-year-old man with chronic B lymphoma cell leukemia. Patient 4 was a 50-year-old man with acute myeloid leukemia. Patient 5 was 
a 61-year-old man with macroglobulinemia. H7N9, avian influenza A(H7N9) virus; HI, hemagglutination inhibition; ICU, intensive care 
unit; LPM, live bird market; NPPV, noninvasive positive pressure ventilation; pH1N1, influenza A(H1N1)pdm09 virus; rRT-PCR, real-time 
reverse transcription PCR. 
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were initiated (online Technical Appendix Figure 6). The 
next day, oseltamivir treatment (75 mg 2×/d) was initiated, 
and throat swab samples collected for virology testing were 
positive for influenza H7N9 and pH1N1 viruses. The pa-
tient was transferred to the Infectious Disease Department 
on January 21 (online Technical Appendix Figure 7). The 
geometric mean titers obtained through H7N9 virus MN 
on day 9 of illness was 113.1. The patient died on day 10 
of acute respiratory distress syndrome and multiple organ 
failure (Figure 1; Table 1).

Epidemiologic Links and Exposure History
The index case-patient lived with 4 family members in a 
3-floor house in Linhai District. The second case-patient 
lived with 2 family members in an apartment in Jiaoji-
ang District and had not come into contact with the index 
case-patient before being hospitalized. No pets, domestic 
animals, or birds were present in the immediate vicin-
ity of the residences of either patient. However, the index 
case-patient worked daily as a butcher in an LPM near his 

residence during the 2 weeks before illness onset; the last 
known exposure in the LMP occurred on January 7 (online 
Technical Appendix Figures 8, 9). The second case-patient 
had no history of exposure to live birds or LPMs in the 2 
weeks before his hospital admission. The 2 patients had no 
history of eating poultry or known contact with a person 
with febrile illness in the 2 weeks before onset.

The second case-patient (in bed 27) shared the same 
room and was in the adjacent bed to the index case-pa-
tient (in bed 26) during January 10–15 (Figure 2). Dur-
ing this period, the index case-patient remained mostly 
confined to his bed, whereas the second patient was am-
bulatory. Aerosol-generating procedures were performed 
for the index case-patient on January 14–15, including 
continuous oxygen mask inhalation and negative pres-
sure suction. Endotracheal intubation and bag valve mask 
ventilation was used for 2 hours and mechanical ventila-
tion for 5 hours until he was transferred to the ICU on 
January 15. During January 10–15, the index case-patient 
had continued high fever with sweating and was washed 
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Figure 2. Schematic floor plan of the hematology ward where 2 case-patients with confirmed avian influenza A(H7N9) and A(H1N1)
pdm09 virus co-infection and 1 non–H7N9-infected patient stayed, Taizhou Hospital, Zhejiang Province, China, January 10–15, 2014. 
The room was 22.4 m2 (6.4 m × 3.5 m) in floor area, with 1 door (30 cm × 40 cm) and 1 window (105 cm × 20 cm), and 0.6 m of space 
separated the beds of the patients. H7N9, avian influenza A(H7N9) virus; pH1N1, influenza A(H1N1)pdm09 virus.
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and had clothes changed by his wife. Neither patient had 
vomiting or diarrhea. The ward floor and surfaces were 
disinfected by using domiphenbromide (1:400 concentra-
tion) twice a day.

Three other patients shared the same ward during this 
period (Figure 2; Table 1). Bed 25 was occupied during 
January 2–17 by patient 3, a 78-year-old man with chronic 
B cell leukemia, and during January 17–22 by patient 5, 
a 61-year-old man with macroglobulinemia. After the in-
dex case-patient was transferred to the ICU, during Janu-
ary 15–23, bed 26 was occupied by patient 4, a 50-year-
old man with acute myeloid leukemia (Figure 1). Patient 
3 was H7N9 virus antibody–negative by HI test 42 days 
and 44 days after his most recent exposures to the second 
case-patient and index case-patient, respectively. Patients 
4 and 5 were negative by rRT-PCR for influenza A viruses 
1 day after their most recent exposures and were negative 
for H7N9 virus antibody by HI test 40 days after their most 
recent exposure to the second case-patient. Because the  

diagnosis of H7N9 virus infection was not suspected dur-
ing their stay in this room, neither the index case-patient 
nor the second case-patient wore a protective mask, and 
the 25 staff or visitors who visited the room did not use any 
personal protective equipment. 

Investigation of Contacts
A total of 68 close contacts of the index case-patient were 
identified, including 2 patients in the hematology ward, 
7 patients in the ICU of the respiratory ward, 51 health-
care workers, 4 household members, and 4 social contacts. 
The median duration of exposure to the index case-patient 
was 3.5 hours (interquartile range [IQR] 2.5–6.5 hours]. 
No close contacts reported taking oseltamivir chemopro-
phylaxis. A total of 64 close contacts of the second case-
patient were identified, including 3 patients in the hema-
tology ward, 6 patients in the ICU, 51 healthcare workers, 
2 household members, and 2 social contacts. None of 
the contacts developed acute respiratory symptoms. The  
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Table 1. Selected	characteristics	of	5	patients	who	shared	the	same	hematology	ward	at	Taizhou	Hospital,	Zhejiang	Province,	China,	
January	2014* 
Characteristic Index	case-patient Case-patient	2 Patient	3 Patient	4 Patient	5 
Demographics	and	medical	history     
 Age,	y 57 71 78 50 61 
 Sex M M M M M 
 Type	of	residence Rural Urban Urban Rural Rural 
 Occupation Farmer Retiree Retiree Farmer Farmer 
 History	of	smoking No Yes No No No 
 History	of	alcohol	use No No No No No 
 Obesity No No No No No 
 Underlying	conditions Chronic	

lymphocytic	
leukemia;	hernia	

operation 

Polycythemia	
vera;	cerebral	
infarction;	
diabetes 

B	cell	lymphocytic	
leukemia;	

hypertension 

Acute	myeloid	
leukemia	(M2a) 

 

Macroglobulinemia;	
gout;	kidney	stone 

 Chronic	drug	use No Yes Yes Yes Yes 
 No.	family	members 5 3 6 4 5 
Exposure	history      
 Birds,	other	animals	at	home Yes No No Yes No 
 Visited	an	LPM Yes No No Yes No 
 Exposure	to	a	febrile	person No Yes Yes Yes Yes 
 Duration	of	exposure,	d	
 (source)	 

— 5	(index	patient) 5	(index	patient);	
11	(patient	2) 

4	(patient	2) 3	(patient	2) 

 Specimen	collection	date	
 (type) 

Jan	19	(throat	swab 
and	serum) 

Jan	21	(throat	
swab	and	serum) 

Jan	26 
(Serum) 

Jan	20 
(throat	swab);	
Jan	26	(serum) 

Jan	20 (throat	
swab);	Jan	26	

(serum) 
 Diagnostic	method Virus	isolation; 

rRT-PCR;	HI 
Virus	isolation; 
rRT-PCR;HI 

HI rRT-PCR;HI rRT-PCR;HI 

 Date of confirmation Jan	19 Jan	21 NA	(negative) NA	(negative) NA	(negative) 
 Laboratory	results H7N9	and 

pH1N1	positive 
H7N9	and 

pH1N1	positive 
Negative Negative Negative 

Clinical	features      
 Exposure	to	onset,	d 1 4 NA NA NA 
 Onset	to	admission,	d 2 6 NA NA NA 
 Onset	to	ICU,	d 7 5 NA NA NA 
 Onset	to	antiviral	drugs,	d 10 6 NA NA NA 
 Onset	to	death,	d 15 10 NA NA NA 
 Days	in	hospital 13 16 23 9 5 
 Date of outcome Jan	23 Jan	24 Jan	17 Jan	23 Jan	22 
 Outcome Died Died Survived Survived Survived 
*H7N9,	avian	influenza	A(H7N9)	virus;	HI,	hemagglutination inhibition;	ICU,	intensive	care	unit;	LPM,	live	poultry	market;	NA,	not	available;	pH1N1,	
influenza	A(H1N1)pdm09	virus;	rRT-PCR,	real-time	reverse	transcription	PCR. 
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median duration of exposure to at least 1 of the case-pa-
tients was 2 hours (IQR 1–3 hours) (Table 1).

Of the contacts of the index case-patient in the hema-
tology ward, 31 close contacts (2 patients, 21 healthcare 
workers, 4 household members, and 4 social contacts) were 
traced. During the 7-day surveillance period, acute respira-
tory symptoms developed in 1 of 2 patients who shared the 
room in the hematology ward and in 2 of 4 social contacts. 
On January 23, a total of 8 throat swabs were collected from 
2 of patients in the hematology ward, 4 household mem-
bers, and 2 social contacts. Of these, only 1 (case-patient 2) 
was found to be infected with H7N9 virus. For patient 2, a 
total of 28 close contacts (3 patients, 21 healthcare work-
ers, and 4 household members) were traced, and none of 
them had symptoms of disease. Three throat swab samples 
collected from the 3 patients were negative for H7N9 virus.

During January 15–19, a total of 27 close contacts of 
the index case-patient when he was in ICU (20 healthcare 
workers and 7 patients sharing the ICU ward) were traced; 
6 of the patients and 4 of the healthcare workers had throat 
swab samples collected. One of symptomatic patients, a 
71-year-old man who had been in the ICU during Janu-
ary 10–19 and had chronic obstructive pulmonary disease, 
pneumonia, and chronic renal failure, was positive for 
pH1N1 virus by rRT-PCR on throat swab samples collect-
ed on January 20. A total of 26 close contacts of the second 
case-patient (20 healthcare workers and 6 patients sharing 
the ICU ward) were traced. None of them none of them had 
signs or symptoms of disease. Throat swab samples were 
not collected.

Ten healthcare workers had contact with the index case-
patient and 10 with the second case-patient for the periods 
these patients were in the infectious disease ward. All throat 
swab samples collected during January 20–24 from these 
20 contacts were negative for H7N9 and pH1N1 viruses by 
rRT-PCR. Overall, serum samples from 84 contacts who 
consented to have serum collected for testing were negative 
for H7N9 virus antibodies by MN and HI assays.

On January 20, a total of 10 environmental samples 
from the LPM that the index case-patient worked in be-
fore his illness (online Technical Appendix Figure 8) were 
collected; 1 of these was positive for H7N9 and H9N2 vi-
ruses, and another was positive for H7N9 virus. Two throat 
swab samples from workers in this LPM were negative for 
influenza A virus. Furthermore, throughout January 2014, 
environment surveillance results in Linhai District showed 
that 17 (60.71%) of 28 LMPs were positive for H7N9 virus 
(online Technical Appendix Figure 9).

Viral Genetic Sequence Analysis of H7N9  
and pH1N1 Viruses
No virus isolate was obtained from the index case-patient, 
but the partial genome of the virus was obtained by direct 

sequencing from his pharyngeal swab specimens. Full-
length membrane protein and nonstructural gene sequences 
and partial hemagglutinin and neuraminidase sequences 
were obtained. A virus isolate was obtained from the sec-
ond case-patient, and the full virus genome was ascertained. 
Alignment of the membrane protein and neuraminidase se-
quences from the index case-patient with the H7N9 virus 
sequences from the virus isolated from the second case-
patient showed that these 2 sequences shared 99.5% and 
100% nucleic acid sequence identity, respectively. Both 
case-patients had viruses that were oseltamivir-sensitive 
(E120V, H276Y and R294K in neuraminidase protein) 
but amantadine-resistant (S31N in matrix 2 protein). The 
pH1N1 virus neuraminidase gene segment from the index 
case-patient was 100% identical to that from the second 
case-patient.

Serum Cytokine Levels
Serum levels of cytokines and chemokines in the index 
case-patient (10 days after illness onset) and the second 
case-patient (9 days after illness onset) were compared 
with those of 21 other patients infected with H7N9 vi-
rus. Levels of 13 cytokines and chemokines (granulocyte 
colony–stimulating factor, growth-regulated oncogene-a, 
interleukin [IL] 10, IL-12p40, IL-16, IL-18, IL-1 receptor 
antagonist, IL-2 receptor antagonist, IL-3, IL-6, IL-8, leu-
kemia inhibitory factor, monocyte chemoattractant pro-
tein-1, monocyte chemoattractant protein 3, and stromal 
cell–derived factors) from the index case-patient and the 
second case- patient were higher than the upper bound of 
the 95% CIs of the mean levels of other patients infected 
with H7N9 virus (Table 2; online Technical Appendix 
Figure 10). In contrast, levels of interferon-gamma (IFN-
g), IL-2, IL-12, and IL-4, which are correlated with adap-
tive immune responses to influenza viruses, were compa-
rable to those observed in healthy persons but much lower 
than those observed in nonimmunocompromised H7N9 
virus–infected patients (online Technical Appendix Fig-
ure 11). The lack of these cytokines, which are associated 
with the development of T helper (Th) 1, Th2, and Th17 
cells, might have led to an incapable adaptive immune re-
sponse in these 2 case-patients and thereby enhanced the 
pathogenicity of the viruses.

Discussion
Although ≈600 cases caused by H7N9 virus have been re-
ported, 41 clustered cases from 20 disease clusters have 
been reported. The clustered cases accounted for only 5.9% 
of the total cases, so there seems to be evidence of limited 
transmission (10). Our study found epidemiologic differ-
ences between 1 nosocomial cluster caused by co-infection 
with H7N9 and pH1N1 viruses and a previously document-
ed family cluster induced by a single H7N9 virus.
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The index case-patient had been exposed to an LPM 
that was retrospectively proven to be positive for influenza 
H7N9 virus. The second case-patient had no avian expo-
sure but experienced onset of clinical disease within 4 days 
of close contact with the index case-patient. The second 
case-patient was co-infected with H7N9 and pH1N1 virus-
es, as was the index case-patient. Virus genetic sequences 
of H7N9 and pH1N1 viruses from the 2 case-patients were 
identical. These findings strongly suggest nosocomial hu-
man-to-human co-transmission of both influenza viruses in 
2 non–blood-related patients with hematologic disorders. 
The findings also demonstrate a lack of transmission to 
other patients and healthcare workers, reinforcing the con-
tention that H7N9 virus remains poorly transmissible from 
human to human. 

In this particular event, the incubation period was 4 
days, compatible with previous estimates of incubation 
period (11). This incubation period was more plausible 
than the incubation periods of 13 days, 7 days, and 10 
days reported for the Jiangsu (3), Shanghai, and Guang-
dong clusters, respectively (12,13), where infection from 
a common source cannot be ruled out. In other fam-
ily clusters, the index patient’s illness was more severe, 
whereas most of the secondary cases were milder and 
rarely fatal (14,15). The greater disease severity in the 

second case-patient in our study might be attributable to 
the co-infection with influenza pH1N1 virus in combina-
tion with his underlying disease and the delayed initiation 
of antiviral therapy (16).

The exact route of transmission from the index case-
patient to the second case-patient remains unclear. Trans-
mission through respiratory droplets is possible because the 
index case-patient had repeated bouts of coughing, and he 
had several aerosol-generating procedures conducted dur-
ing his hospitalization. Cross-infection through fomites, 
the unwashed hands of healthcare workers or visitors, or 
unsanitary medical equipment might also be possible. Be-
fore the 2 case-patients were confirmed to have H7N9 virus 
infection, no personal protective equipment was used. 

Serologic methods rarely yield an early diagnosis of 
influenza virus. Apart from their retrospective diagnostic 
value, serologic methods are applied in epidemiologic and 
immunologic studies. In our study, we conducted HI and 
MN tests for all contacts of the 2 case-patients under nega-
tive and positive quality control. However, we did not de-
tect any serologic evidence of secondary transmission in 
approximately 84 contacts. The basic reproduction number 
(R0), a measure of transmission potential of H7N9 virus 
compared with pH1N1 virus, was 0.1 versus 1.7, indicating 
that the transmission potential of H7N9 virus was much 
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Table 2. Cytokine	and	chemokine	levels for	controls	compared	with	2	patients	with	confirmed	co-infection	with	avian	influenza	
A(H7N9)	and	A(H1N1)pdm09	viruses,	Taizhou	Hospital,	Zhejiang	Province,	China,	January	2014* 
Cytokine	or	
chemokine 

Healthy	controls,	n	=	6 
 

H7N9-infected	controls.	n	=	21 Index	case-
patient Case-patient	2 Change Mean 95%	CI Mean 95%	CI 

G-CSF 27.6 21.9	to	33.3  47.5 32.1	to	62.9 3421.0 5,759.0  
GROa 260.2 79.6	to	440.8  164.8 89.4 to	240.2 320.8 757.4  
IL-10 0.8 0.4 to	1.2  17.8 12.9 to	22.7 42.2 234.1  
IL-12p40 719.8 59.5 to	1380.1  240.3 28.2 to	508.8 5176.0 585.5  
IL-16 530.0 71.7	to	1131.7  260.8 170.2	to	351.3 627.4 468.51  
IL-18 69.9 31.5	to	108.2  163.7 101.3	to	226.1 530.9 1,501.1  
IL-1Ra 111.8 89.5	to	134.1  218.3 164.3	to	272.2 506.7 1,340.1  
IL-2Ra 79.6 51.2	to	108.1  97.5 49.9 to	145.1 699.9 425.4  
IL-3 101.4 30.9	to	171.8  30.8 0.8 to	62.4 815.3 210.4  
IL-6 4.1 2.8	to	5.4  91.5 50.7 to	132.3 819.6 22,009.0  
IL-8 7.0 2.7 to	11.4  62.2 45.5	to	79.0 1,228.3 2,075.3  
LIF 9.1 0.7	to	17.5  7.9 1.3 to	14.4 34.4 31.2  
MCP-1 7.0 2.9	to	11.0  238.4 91.8	to	384.9 569.7 757.4  
MCP-3 28.5 8.8	to	48.2  8.6 1.4 to	18.7 28.8 39.5  
SDF-1a 83.0 43.4	to	122.6  72.6 37.3	to	107.9 641.8 273.7  
Extaxin 79.7 36.3 to	123.1  108.9 79.1	to	79.1 25.5 36.3  
GM-CSF 0.1 0.04	to	0.1  65.8 44.5	to	87.1 38.8 26.4  
IFN- 66.7 61.3	to	72.1  117.3 91.8	to	142.7 64.3 62.9  
IL-12	p70 8.0 5.3 to	10.7  32.7 25.7	to	39.7 18.0 6.0  
IL-2 3.9 1.9 to	5.8  17.8 13.2 to	22.4 5.3 7.9  
IL-4 2.9 2.2	to	3.5  8.4 6.5	to	10.4 1.2 1.7  
IL-5 1.7 1.1 to	2.2  7.2 4.5	to	10.0 2.1 1.8  
MIG 315.7 189.8	to	441.5  7,860.2 4245.5	to	11,474.9 2,246.4 429.8  
PDGF-bb 532.0 419.8 to	644.3  3,608.5 2,746.0 to	4,471.1 784.5 21.2  
RANTES 613.5 798.5	to	983.5  12,716.5 9,193.1	to	16,239.9 658.5 178.2  
*Levels	are	given	in	pg/mL.	Arrows	indicate	cytokine	and	chemokine	levels	that	were	significantly	higher	()	or	lower	()	in	the	serum	samples	of	the	index	
patient	and	patient	2	compared	with	95%	CIs	of	the	mean	values	of	21	other	patients	infected	with	the	avian	influenza	A(H7N9) virus.	G-CSF,	granulocyte	
colony	stimulating	factor;	GM-CSF,	granulocyte	macrophage colony–stimulating	factor;	GROa,	growth-regulated	oncogene-;	IFN-,	interferon-gamma;	
IL,	interleukin;	MCP,	monocyte	chemoattractant	protein;	MIG,	macrophage-induced	gene	;	PDGF-bb,	platelet-derived	growth	factor	bb;	Ra,	receptor	
antagonist;	RANTES,	regulated	on	activation	normal	T	cell	expressed	and	secreted;	SDF,	stromal	cell–derived	factors. 
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lower than that of pH1N1 virus. Thus, prolonged exposure 
and the immunocompromised status of the 2 case-patients 
might have contributed to the transmission of infection. 
Co-infection of H7N9 and seasonal influenza A(H3N2) 
viruses has been reported in a patient from Jiangsu Prov-
ince, China, but this patient recovered, possibly because of 
his young age (15 years) and early initiation of antiviral  
treatment; evidence of secondary transmission was not ac-
tively sought (17).

Patients with hematologic malignancy, such as chronic 
lymphocytic leukemia and polycythemia vera, have mul-
tiple immune defects (18–21), including defects in T-cell 
function and natural killer cell dysfunction, decreased an-
tibody responses, and abnormal cytokine production (21). 
Patients with such disorders are thus more prone to new 
infections and prolonged virus shedding (18,20,22–28). 
For example, a patient with chronic lymphocytic leukemia 
who was not in an ICU was infected with pH1N1 virus and 
continued to shed virus for 59 days; antiviral resistance 
developed, consistent with the patient’s immunocompro-
mised condition (28). In our study, the index case-patient 
was confirmed as H7N9 virus–positive on day 11 after 
illness onset, which suggests prolonged viral shedding in 
older, immunocompromised patients. However, the conse-
quences of H7N9 patients with hematologic malignancies 
are poorly understood in terms of clinical outcomes and 
transmission potential.

Innate immune dysregulation might contribute to 
the pathogenesis of severe avian influenza (29). In our 
study, the 2 H7N9 virus–infected case-patients who died 
had chronic lymphocytic leukemia and polycythemia 
vera, respectively. Chronic lymphocytic leukemia is as-
sociated with dysfunction of innate and adaptive immu-
nity (21,30,31). Cytokines, such as IL-8, associated with 
acute respiratory distress syndrome (32), and IL-6, associ-
ated with severe cytokine-release syndrome, can occur in 
chronic lymphocytic leukemia patients after treatment with 
rituximab, an anti-CD20 monoclonal antibody (33). The 
underlying disease (polycythemia vera) in the second case-
patient is associated with Janus kinase 2 mutation V617F, 
which leads to constitutive tyrosine phosphorylation activ-
ity that promotes cytokine hypersensitivity, including IL-3 
and stem cell factor (34,35). The abnormal signaling path-
way in cells of patients with polycythemia vera can also 
contribute to growth of fibroblasts and microvascular endo-
thelial cells and induce the production of profibrogenic and 
angiogenic cytokines (36).

Hypercytokinemia has been reported in the periph-
eral blood of H7N9 virus–infected patients with substan-
tially elevated levels of cytokines and chemokines (e.g., 
IL-1b, IL-6, IL-8, IL-10, IL-12, IL-17, monokine induced 
by IFN-g, macrophage inflammatory proteins 1a and 
1b, monocyte chemotactic protein 1, interferon-induced  

protein of 10 kDa, and regulated on activation normal T 
cell expressed and secreted [RANTES]) (5,29,37,38). De-
spite underlying immune defects in the context of steroid 
therapy, the 2 H7N9 virus–infected case-patients in our 
study mounted strong proinflammatory cytokine respons-
es (e.g., production of IL6, IL8, and monocyte chemotac-
tic protein 1), even stronger than those observed in other 
nonimmunocompromised patients with H7N9 infection. 
On the other hand, levels of cytokines known to correlate 
with immune protection against influenza viruses, such as 
IL-2, IL-4 and IFN-g, which contribute to development 
of Th1, Th2, and Th17 cells, were observed to be much 
lower in the 2 case-patients reported here compared with 
other H7N9 virus–infected patients. Thus, disorders of in-
nate immune and adaptive immune responses in these 2 
case-patients might have contributed to the disease sever-
ity and fatal outcomes.

In summary, our findings strongly suggests nosocomi-
al human-to-human co-transmission of H7N9 and pH1N1 
viruses between 2 immunocompromised case-patients with 
hematologic diseases, with no evidence of transmission to 
others. The deaths of these 2 case-patients might have been 
attributable to co-infection with pH1N1 virus, delayed ini-
tiation of antiviral therapy, and the patients’ immunocom-
promised status. These findings suggest the need for aware-
ness and early testing for influenza in hematology units and 
for liberal use of early antiviral treatment if patients exhibit 
ILI symptoms. Implementing rigorous infection control 
practices might minimize cross-transmission. Avoiding the 
use of corticosteroids in patients with infection also needs 
to be emphasized.
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To quantify the effect of hospital and community-based 
transmission and control measures on Clostridium difficile 
infection (CDI), we constructed a transmission model within 
and between hospital, community, and long-term care-fa-
cility settings. By parameterizing the model from national 
databases and calibrating it to C. difficile prevalence and 
CDI incidence, we found that hospitalized patients with CDI 
transmit C. difficile at a rate 15 (95% CI 7.2–32) times that 
of asymptomatic patients. Long-term care facility residents 
transmit at a rate of 27% (95% CI 13%–51%) that of hospi-
talized patients, and persons in the community at a rate of 
0.1% (95% CI 0.062%–0.2%) that of hospitalized patients. 
Despite lower transmission rates for asymptomatic carriers 
and community sources, these transmission routes have 
a substantial effect on hospital-onset CDI because of the 
larger reservoir of hospitalized carriers and persons in the 
community. Asymptomatic carriers and community sources 
should be accounted for when designing and evaluating 
control interventions.

Infection with the nosocomial pathogen Clostridium dif-
ficile is a major risk in healthcare settings and long-term 

care facilities (LTCFs) and has an increasing prevalence in 
the broader community. Infection is diagnosed in >250,000 
hospitalized persons annually in the United States (1). Col-
onization of the gut microbiota with C. difficile can be in-
nocuous and asymptomatic. However, antimicrobial drugs 
disrupt the normal intestinal microbial architecture and can 
enable proliferation of C. difficile (2). An insufficient host 
antibody response to C. difficile toxins A and B can then 
lead to C. difficile infection (CDI). CDI is a severe diarrhe-
al disease that is concentrated among elderly persons and 
those with extended hospital stays or residing in LTCFs. 
The relative risk for CDI, given recent antimicrobial drug 
exposure, differs greatly among antimicrobial drug classes 
and ranges from no relative risk when receiving tetracy-
clines to a 20-fold relative risk when receiving clindamycin 

(2). Despite an increasing interest in C. difficile biology and 
the epidemiology of CDI, fundamental questions about res-
ervoirs and routes of transmission remain unanswered.

Molecular typing and contact tracing studies have esti-
mated that 10%–38% of CDI cases that occur >48 hours af-
ter hospital admission (termed hospital-onset CDI) can be 
attributed to transmission from known symptomatic con-
tacts within the hospital (3–6). These estimates suggest that 
a substantial proportion of CDI arises from other sources, 
such as transmission from patients with asymptomatic col-
onization or community acquisition (3,5,7,8). The relative 
role of these routes of transmission to the epidemiology of 
C. difficile is crucial for determining effectiveness of hos-
pital-based measures to control infection. In addition, tox-
in-targeting treatments, such as vaccines, nontoxigenic C. 
difficile, and monoclonal antibodies, might protect against 
CDI but are unlikely to prevent asymptomatic colonization 
with C. difficile (9). To predict the effectiveness of these 
emerging therapies, it is critical to understand the role of 
asymptomatic carriers in CDI epidemiology.

Mathematical models of C. difficile colonization have 
generated insights regarding the epidemiologic role of 
antimicrobial drugs on CDI outbreaks (10). Such models 
have also quantified the effect of hospital-based control in-
terventions (11–14) and demonstrated the crucial roles of 
asymptomatic colonization and patients with exposure be-
fore hospital admission in sustaining hospital transmission 
(7,13). Most studies have focused on the hospital setting. 
To fully understand the epidemiology of the pathogen and 
to inform decisions regarding control strategies, it is crucial 
to quantify the relative transmission of C. difficile in the 
hospital and in the broader community (8).

To evaluate the relative role of asymptomatic hos-
pital transmission, symptomatic hospital transmission, 
LTCF transmission, and community transmission, we in-
tegrated diverse clinical and epidemiologic data into a dy-
namic model of C. difficile transmission within and among 
hospitals, LTCFs, and community settings in the United 
States. We parameterized our model by using Medicare 
and Healthcare Cost and Utilization Project databases and 
data from published epidemiologic and clinical research. 
To estimate infectivity of symptomatic and asymptomatic 
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patients in the hospital; corresponding infectivity of per-
sons in LTCFs and in the community; and average risks for 
acquiring C. difficile in the hospital, LTCF, and the com-
munity, we fit our model to estimated toxigenic C. difficile 
colonization and CDI incidence in each of these settings. 
Furthermore, we calculated the effect on CDI incidence of 
targeting key aspects of CDI epidemiology with control in-
terventions in each of the 3 settings.

Methods

Definitions
We refer to acquisition of C. difficile from human sources 
as C. difficile transmission and acquisition of C. difficile 
from nonhuman sources as nonhuman acquisition. Asymp-
tomatic persons carrying C. difficile are referred to as colo-
nized. Persons carrying C. difficile and symptomatic for 
diarrheal disease associated with C. difficile are referred to 
as persons with CDI.

Model Structure
Previous models have focused almost exclusively on the 
hospital setting (7,8,10,12). We constructed a new model 
that encompasses C. difficile transmission and symptomat-
ic CDI within a hospital, an LTCF, and an associated mid-
sized community and quantifies patient movement between 
these settings. We parameterized our model with data from 
a combination of sources, including published literature, 
the US Census, national hospital and LTCF surveys, and 
the Healthcare Cost and Utilization Project and Medicare 
databases (online Technical Appendix, http://wwwnc.cdc.
gov/EID/article/22/4/15-0455-Techapp1.pdf).

We structured our model in compartments (Figure 1) 
composed of patients who are currently receiving antimi-
crobial drugs, those who have a history of antimicrobial 
drug use and an increased risk for CDI, or those who do 
not have a recent history of receiving antimicrobial drugs. 
Consistent with clinical observations (15), we assumed that 
the increased risk for CDI after antimicrobial drug use re-
verted to normal in an average of 45 days. Uncolonized 
patients could become asymptomatically colonized with 
C. difficile because of transmission from asymptomatic 
patients, transmission from patients with CDI, or through 
acquisition from background sources in the community. 
Asymptomatically colonized patients could remain asymp-
tomatic, spontaneously clear their colonization, or develop 
symptomatic CDI. Patients with CDI could recover and be 
at temporarily increased risk for recolonization, could re-
cover and remain colonized and at risk for recurrence, or 
could die from the disease. We included 3 CDI and recur-
rence classes, each with a successively higher likelihood of 
recurrence, to reflect clinical observations of the increas-
ing likelihood of recurrence after multiple CDI episodes 

(16–18). We assumed that all patients with CDI were first 
asymptomatically colonized before symptoms developed.

We embedded this epidemiologic model within a model 
of patient flow between the hospital, LTCF, and community 
(Figure 2), parameterized from national hospital and long-
term-care-facility survey data. Patients with CDI remained 
hospitalized for an additional 3.1 days (95% CI 2.3–4.0 days) 
(19–21). Patients with CDI had a 96% (95% CI 93%–99%) 
probability of being given a diagnosis and subjected to isola-
tion protocols that reduced transmission by 53% (95% CI 
37%–72%) (22–25). We further assumed that persons in the 
community and in an LTCF in whom CDI developed were 
hospitalized with probabilities of 26% (95% CI 23%–28%) 
and 27% (95% CI 23%–32%), respectively (Table 1) (26,27).

Demographics
To represent demographically stratified CDI risk between 
the 3 settings, we modeled 5 demographic groups: persons 
<50 years of age, those 50–65 years of age without concur-
rent conditions, those 50–65 years of age with concurrent 
conditions, those >65 years of age without concurrent con-
ditions, and those >65 years of age with concurrent condi-
tions. Therefore, our full model consisted of base epide-
miology (Figure 1) applied to each of the 5 demographic 
groups, and each group populated and moved between the 
hospital, LTCF, and the community (Figure 2) at rates cali-
brated from published C. difficile literature, US hospital 
discharge and census data, and Medicare and Healthcare 
Cost and Utilization Project databases (online Technical 
Appendix Table 4). We assumed that colonized patients 
with concurrent conditions are at greater risk for develop-
ment of CDI (online Technical Appendix).
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Figure 1. Compartmental model structure for Clostridium difficile 
infection (CDI) within each setting (hospital, long-term care 
facility, and community). Patients are classified as not receiving 
antimicrobial drugs (N), are receiving antimicrobial drugs (A), 
having a recent history of receiving antimicrobial drugs (O), 
uncolonized (U), asymptomatically colonized (C), symptomatically 
infected (CDI), or colonized and subject to recurrence (RC) of 
CDI. Arrows indicate changes in individual epidemiologic status. 
Subscripts indicate primary, secondary, or tertiary CDI.
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Transmission
We specified 5 C. difficile transmission rates: 1) the base 
CDI rate at which patients without a diagnosis and symp-
tomatic CDI transmit in the hospital, 2) the base asymp-
tomatic rate at which asymptomatically colonized patients 
transmit in the hospital, 3) the LTCF transmission rate rep-
resenting the relative infectivity of persons in LTCFs com-
pared with patients in the hospital, 4) the community trans-
mission rate representing the relative infectivity of persons 
in the community compared with patients in the hospital, 
and 5) the rate of C. difficile acquisition from nonhuman 
reservoirs. We further defined the force of colonization as 
the rate at which uncolonized patients become asymptom-
atically colonized with C. difficile and specified 3 separate 
force-of-colonization rates: 1) the hospital, 2) LTCF, and 
3) the community.

For the force of colonization in the hospital, we 
specified that nonisolated symptomatic patients with CDI 
transmit at the base CDI rate, that isolated patients with 
CDI transmit at the base CDI rate multiplied by the prob-
ability that isolation measures are insufficient, and that 

asymptomatically colonized patients transmit at the base 
asymptomatic rate. We assumed direct contact mixing 
and density-dependent transmission, which is consistent 
with the observation that larger hospitals have greater 
CDI incidence than smaller hospitals (36). Environmental 
contamination and transmission mediated by healthcare 
workers were implicitly included by our calibration of 
the base CDI rate and the base asymptomatic rate. Hos-
pital hygiene was separated into 2 components: overall 
hospital hygiene, which influenced transmission from as-
ymptomatically colonized patients and from undiagnosed 
patients with CDI; and the probability of, and effective-
ness of, enhanced isolation protocols for patients given a 
diagnosis of CDI.

For the force of colonization in the LTCF, we made 3 
assumptions. First, enhanced isolation protocols were not 
available. Second, patients with CDI transmit at the base 
CDI rate multiplied by the LTCF transmission rate modi-
fier. Third, asymptomatically colonized patients transmit at 
the base asymptomatic rate multiplied by the LTCF trans-
mission rate modifier.
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Figure 2. Transitions between settings (hospital, LTCF, and the non–healthcare community) for model structure of Clostridium difficile 
infection (CDI). Transitions were parameterized at demographically calibrated, age-specific rates. Hospitalized patients with CDI 
who were given a diagnosis are subject to enhanced isolation protocols that reduce transmission. All hospitalized CDI patients are 
discharged at a slower rate than non–CDI patients, which reflects longer hospitalization attributable to CDI. N, patients not receiving 
antimicrobial drugs; A, patients receiving antimicrobial drugs; O, patients with a recent history of receiving antimicrobial drugs; U, 
uncolonized patients; C, asymptomatically colonized patients; RC, symptomatically infected patients or colonized patients and subject 
to recurrence; LTCF, long-term care facility. Solid arrows indicate changes in individual epidemiologic status and patient movement 
between the hospital, community, and LTCF. Dashed arrows indicate isolation of CDI patients.
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For the force of colonization in the community, we 
assumed that C. difficile could be acquired from nonhu-
man reservoirs (37), that patients with CDI transmit at 
the base CDI rate multiplied by the community transmis-
sion rate modifier, and that asymptomatically colonized 
patients transmit at the base asymptomatic rate multi-
plied by the community transmission rate modifier. Be-
cause there are insufficient published data with which to 
statistically differentiate between human transmission in 
the community and nonhuman acquisition, we estimat-
ed the force of colonization directly during our model 
calibration and then calculated the upper bounds for the 

community transmission rate modifier and for the rate of 
nonhuman acquisition.

Although age, history of antimicrobial drug use, and 
concurrent conditions are predictors of diarrheal CDI, 
they are not predictors of asymptomatic C. difficile colo-
nization (38,39). Therefore, we assumed that the rate at 
which symptomatic CDI developed in colonized patients 
was dependent on age, antimicrobial drug use, concurrent 
conditions, and hospitalization status. Transmission pa-
rameters and force of colonization were independent of 
age, antimicrobial drug use or concurrent conditions (on-
line Technical Appendix).
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Table 1. Epidemiologic	and	clinical	model	parameters	for	infection	with	Clostridium difficile* 
Parameter	description Prior	rate	(95%	CI)† Posterior	rate	(95%	CI)† Reference 
Epidemiology    
All-cause	CDI	mortality	rate,	%   (28) 

  Age,	y    
 <50 4.7	(2.6–7.6) 4.5	(2.6–7.5)  
 50–64 12	(8.7–16) 12	(8.5–16)  
 >65 16.6	(14–19) 17	(14–19)  

 Rate	at	which	patients	complete	antimicrobial	drug	
course 

0.22	(0.17–2.29) 0.22	(0.17–2.29) (29) 

  Rate	at	which	recurrence	develops	in	recovered	
patients 

0.13	(0.24–1) 0.2	(0.32–1.05) (30) 

  Rate	at	which	patients	not	receiving	antimicrobial	drugs	
at	increased	risk	for	CDI	revert	to	normal	risk 

0.038	(0.012–0.062) 0.033	(0.014–0.056) (15) 

  Rate	of	recovery	from	CDI 0.099	(0.090–0.11) 0.099	(0.092–0.11) (22) 
  Probability	that	a	patient	recovering	from	primary	CDI	
will	have	>1	recurrence 

22	(13–34) 24	(15–36) (16,17) 

  Probability	that	a	patient	recovering	from	a	first 
recurrence	will	have	a	second	recurrence 

33	(19–48) 34	(20–48) (16,17) 

  Probability	that	a	patient	recovering	from	multiple	
recurrences	will	have	an	additional	recurrence 

56	(42–70) 56	(41–68) (17,18) 

  Relative	risk	for	CDI	developing	while	a	patient	receives	
antimicrobial	drugs 

8.9	(4.9–13.) 8.3	(4.2–12) (2,15) 

  Relative	risk	for	CDI	among	persons	50–65	y	of	age	vs.	
those	<50	y	of	age 

2.2	(1.4–3.4) 2.2	(1.5–3.0) (31) 

  Relative	risk	for	CDI	among	persons	>65	y	of	age	
compared	with	those	<50	y	of	age 

2.9	(1.9–4.4) 3.2	(2.1–4.3) (31) 

  Spontaneous	clearance	of	asymptomatic	C. difficile 
colonization 

0.020	(0.015–0.025) 0.021	(0.016–0.026) (32) 

Hospital	protocols    
 All-cause fraction of community-onset	CDI	in	patients	
who	are	hospitalized 

0.26	(0.23–0.28) 0.26	(0.23–0.28) (26) 

 All-cause	fraction	of	LTCF-onset	CDI	in	patients	who	
are	hospitalized 

0.27	(0.23–0.32) 0.27	(0.23–0.32) (27) 

 Increased	attributable	length	of	stay	for	hospitalized	
patients	with	CDI 

3.1	(2.3–4.0) 3.1	(2.3–4.1) (19–21) 

 Effectiveness	of	enhanced	infection	control	measures	in	
reducing	transmission 

53	(37–72) 52	(37–68) (22,23) 

 Probability	that	a	patient	with	CDI	is	properly	identified	
and	given	enhanced	infection	control	measures 

0.96	(0.93–0.99)‡ 0.96	(0.94–0.99) (24,25) 

Antimicrobial	drug	use	rates    
 Prescription	rate	among	persons	in	community   (33,34) 
   Age,	y    
  <50 0.0013	(0.00095–0.0017) 0.0014	(0.00095–0.0018)  
  50–64 0.0014	(0.00097–0.0018) 0.0014	(0.00097–0.0017)  
  >65 0.0017	(0.0013–0.0021) 0.0017	(0.0013–0.0022)  
 Prescription	rate	among	patients	in	hospital 0.37	(0.22–0.66) 0.37	(0.21–0.68) (29) 
 Prescription	rate	among	patients	in	LTCF 0.0054	(0.0027–0.009) 0.0052	(0.0026–0.0087) (35) 
*CDI,	C. difficile infection;	LTCF,	long-term	care	facility.	 
†Parameter	rates	are	per	day	unless	otherwise	indicated. 
‡A	total	of	73%	of	sites	initiated	protocols	before	laboratory	confirmation	and	27%	initiated	protocols	after	confirmation.	Sensitivity	was	86%	for	
laboratory	tests, which	yielded	an	effective	diagnosis	rate	of	0.73	+	0.27	×	0.86 = 0.96. 

 



RESEARCH

Calibration
We used the Markov Chain Monte Carlo Metropolis al-
gorithm (40) to calibrate our stochastic model and com-
bined prior parameter densities (Table 1) with epidemio-
logic data, including asymptomatic prevalence and CDI 
incidence in the hospital, LTCF, and community (online 
Technical Appendix Table 2). This analysis yielded an 
ensemble of 1,000 parameter sets that estimated the joint 
posterior distribution for parameters with prior literature 
estimates (Table 1) for the 5 transmission parameters and 
for the base rate at which CDI developed in asymptom-
atically colonized persons (Table 2). Details of coding, 
the stochastic model, and calibration are provided in the 
online Technical Appendix.

Epidemiologic Analysis
To estimate relative infectivity of a hospitalized patient with 
CDI compared with a hospitalized asymptomatically colo-
nized patient, accounting for isolation protocols, we com-
puted the ratio of 1) the base CDI transmission rate from a 
hospitalized patient with CDI multiplied by the probability 
that the patient is either not given a diagnosis or that isolation 
protocols are improperly implemented to 2) the base asymp-
tomatic transmission rate from a hospitalized, asymptomati-
cally colonized patient. To generate a posterior distribution 
for this ratio, we repeated this calculation for each of the 
1,000 runs in our posterior sample. To estimate the average 
risk for a person to become exposed to and colonized with C. 
difficile, for each of the runs, we computed the average force 
of colonization within the hospital, community, and LTCF.

To estimate an upper bound for the community 
transmission rate and for nonhuman acquisition, we first  

computed the daily average community force of coloniza-
tion, which represents the sum of C. difficile transmission 
from other persons in the community plus acquisition from 
nonhuman reservoirs. By setting the nonhuman acquisition 
rate to 0, we calculated an upper bound for the commu-
nity transmission rate. Likewise, by setting the community 
transmission rate to 0, we calculated an upper bound for 
nonhuman acquisition. We repeated this step for each of 
the 1,000 runs and generated posterior distributions for the 
upper bounds of the community transmission rate and the 
nonhuman acquisition rate.

Control Strategy Analysis
To quantify the effect of transmission control interventions 
on CDI incidence, we varied each of the following factors: 
CDI diagnosis rate of a hospitalized patient with CDI, ef-
fectiveness of isolation protocols for a patient given a diag-
nosis, overall hospital hygiene, improvements in commu-
nity transmission, and improvements in LTCF transmission 
across a range from 0 to double the model-fitted maximum 
likelihood estimate and while sampling all other model pa-
rameters from their posterior distributions. We used linear 
regression to determine the reduction for hospital-onset CDI, 
community-onset CDI, and LTCF-onset CDI incidence per 
1% improvement in each transmission control intervention.

To compute the effect of different classes of antimicro-
bial drugs on CDI incidence, we varied the antimicrobial 
drug risk ratio in the hospital from 1, which is representative 
of low-risk antimicrobial drugs (e.g., tetracyclines), to 20, 
which is representative of high-risk antimicro- bial drugs 
(e.g., clindamycin) (2). While varying the antimicrobial 
drug risk ratio, we sampled all other parameters, including 

612	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

 

 

 
Table 2. Calibrated	posterior	estimates	of	previously	unknown	epidemiologic	parameters	for	infection	with	Clostridium difficile* 
Parameter	description  Posterior	rate	(95%	CI) 
Hospital	force	of	colonization† 0.023	(0.017–0.032) 
Base	CDI	transmission	rate	within	hospital† 1.2	×	102 (0.65–2.1	×	102) 
Base	CDI	transmission	rate	within	hospital	accounting	for	isolation/control	measures† 6.0	×	103 (3.6–9.7	×	103) 
Base	asymptomatic	transmission	rate	within	hospital† 4.0	×	104 (2.4–5.5	×	104) 
Relative	transmission	from	patients	with	CDI	compared	with	asymptomatically	colonized	patients,	
accounting	for	isolation/control	measures‡ 

15	(7.2–32) 

LTCF	force	of	colonization† 3.7	×	103 (0.96–7.7	×	103) 
LTCF	transmission	rate,	relative	to	hospital‡ 0.13	(0.068–0.22) 
LTCF	transmission	rate,	relative	to	hospital,	accounting	for	hospital	CDI	isolation/control	measures‡ 0.27	(0.13–0.51) 
Community	force	of	colonization† 1.2	×	103 (0.50–2.3	×	103) 
Community	transmission	rate,	relative	to	hospital‡§ 5.2	×	104 (3.3–8.9	×	104) 
Community	transmission	rate,	relative	to	hospital,	accounting	for	hospital	CDI	isolation/control	
measures‡ § 

1.0	×	103 (0.62–2.0	×	103) 

Rate of community	acquisition	from	nonhuman	reservoirs§ 1.2	×	103 (0.50–2.3	×	103) 
Base	rate	of	CDI	developing	in	hospital†¶ 2.1	×	104 (1.0–4.7	×	104) 
Base	rate	of	CDI	developing	in	LTCF†¶ 8.6	×	105 (1.1–22	×	105) 
Base	rate	of	CDI	developing	in	community†¶ 6.3	×	106 (2.9–12	×	106) 
Base	rate	of	CDI	developing	given	concurrent	conditions†¶ 2.6	(0.78–6.8) 
*CDI,	C. difficile infection;	LTCF,	long-term	care	facility. 
†Parameter	rates	are	per	day.	 
‡Parameter	rate	expresses	relative	risk.	 
§Parameter	rate	represents	an	upper	bound	on	the	risk	for	transmission	or	acquisition	within	the	community. 
¶For a detailed	decomposition	of	the	rate	of	development	of	CDI,	see	the	online	Technical	Appendix	(http://wwwnc.cdc.gov/EID/article/22/4/15-0455-
Techapp1.pdf). 
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community and LTCF antimicrobial drug risk, from their 
posterior distributions, thereby obtaining 95% CIs for our 
estimates of the effect of antimicrobial drug class on CDI 
incidence. We repeated this analysis for antimicrobial drug 
risk in the community and the LTCF. We then calculated 
changes in hospital-onset CDI, community-onset CDI, and 
LTCF CDI incidence as hospital, community, and LTCF 
risk for antimicrobial drug use were varied.

Results

Epidemiology
For within the hospital, we computed that the ratio of trans-
mission from an isolated symptomatic patient with CDI with 
transmission from an asymptomatic patient was 15 (95% 
CI 7.2–32) (Table 2). This high ratio indicates that a symp-
tomatic patient with CDI contributes more to transmission 
than does an asymptomatically colonized patient, even af-
ter accounting for C. difficile protocols. Within the LTCF, 
the transmission rate from a person with CDI to an uncolo-
nized person is 27% (95% CI 13%–51%) that of the hos-
pital, and the transmission rate from an asymptomatically 
colonized person to an uncolonized person is 13% (95% CI 
6.8%–22%) that of the hospital. Within the community, the 
transmission rate from a person with CDI to an uncolonized 
person is 0.1% (95% CI 0.062%–0.2%) that of the hospital, 
and the transmission rate from an asymptomatically colo-
nized person to an uncolonized person is 0.052% (95% CI 
0.033%–0.089%) that of the hospital (Table 2).

To estimate the average risk for a person to become ex-
posed to and be colonized with C. difficile, we computed the 
force of colonization. We calculated that an uncolonized per-
son in the hospital has a probability of 2.3% (95% CI 1.7%–
3.2%) per day of acquiring C. difficile and becoming a car-
rier (with or without symptoms); an uncolonized person in 
the community has a probability of 0.12% (95% CI 0.050%–
0.23%) per day, and a person in an LTCF has a probability 
of 0.37% (95% CI 0.096%–0.77%) per day (Table 2). These 

results provide a quantitative estimate of the average risk for 
C. difficile exposure to persons in each setting.

Control Strategy
To estimate the effect of transmission control interventions 
on CDI incidence, we computed the percentage reduction 
in hospital-onset CDI, community-onset CDI, and LTCF 
CDI per percentage improvement in hospital CDI diagnosis 
rate, effectiveness of isolation protocols, overall hospital 
hygiene, transmission in the community, and transmission 
in an LTCF (Figure 3). We found that CDI diagnosis rate, 
effectiveness of isolation, overall hospital hygiene, and 
transmission in the community, but not transmission in an 
LTCF, affected hospital-onset CDI. In addition, communi-
ty-onset CDI and LTCF CDI were not affected by hospital-
based transmission interventions.

As the relative risk for antimicrobial drug class pre-
scribed within each of the settings was increased, the CDI 
incidence likewise increased within that setting (Figure 4). 
However, there was no relationship between the antimicro-
bial drug class prescribed within a location and CDI inci-
dence in another location. Specifically, we estimated that for 
every unit increase in antimicrobial drug risk ratio, the CDI 
incidence increased by 160% (95% CI 98%–320%) in the 
hospital, 33% (95% CI 13%–83%) in the LTCF, and 6.4% 
(95% CI 3.9%–13%) in the community. These results indi-
cate that the effect of antimicrobial drug risk on CDI inci-
dence is intertwined with C. difficile transmission dynamics, 
which differ between the hospital, LTCF, and community.

Discussion
Through stochastic simulation and Bayesian model cali-
bration, we estimated C. difficile transmission rates within 
and outside the healthcare setting. We also quantified the 
effect on CDI incidence of control interventions that reduce 
these transmission rates. We found that a person with CDI 
in an LTCF transmits at a rate 27% that for a comparable 
patient in the hospital, and a colonized person or a person 
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Figure 3. Effectiveness of Clostridium difficile infection (CDI) control parameters on incidence of infection quantified as percentage 
change in hospital-onset CDI (HO-CDI), community-onset CDI (CO-CDI), and long-term care facility (LTCF)–onset CDI (LO-CDI), 
quantified as percentage change in incidence per 1% change in each of 5 transmission parameters. Error bars indicate 95% CIs. LTCF, 
long-term care facility.
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with CDI in the community transmits C. difficile to others 
at a rate <0.1% that of a comparable patient in the hospital. 
Despite the lower community transmission rate, we found 
that because of the much larger pool of colonized persons 
in the community, interventions that reduce community 
transmission hold substantial potential to reduce hospital-
onset CDI by reducing the number of patients entering the 
hospital with asymptomatic colonization. Moreover, our 
results show that in the hospital, symptomatic CDI patients 
under isolation and infection control measures nonethe-
less transmit CDI to uncolonized patients at a rate that is 
15 times greater than that of asymptomatic carriers. This 
higher rate of transmission indicates that toxin-targeting 
treatments (such as vaccines); nontoxigenic C. difficile; 
and monoclonal antibodies, which might protect against 
symptomatic CDI but not against asymptomatic coloniza-
tion, could be effective tools for reducing not only primary 
CDI cases but also for further transmission (9).

Our epidemiologic results underscore the need for 
incorporating and understanding transmission dynamics 
within and outside healthcare settings when evaluating C. 
difficile control strategies. Although C. difficile transmis-
sion rates are lower among asymptomatically colonized 
persons, residents of LTCFs, and persons in the community 
than in hospitalized patients with symptomatic CDI, over-
all CDI incidence is driven by several factors: transmission, 
antimicrobial drug use, and underlying population health. 
We found that, per unit increase in relative antimicrobial 
drug risk, CDI incidence increases by a factor of 160% in 
the hospital and 33% in the LTCF but only by a factor of 
6.4% in the community. This finding is a consequence of 
amplification by concentration. 

When we compared patients in the hospital and LTCF 
with persons in the community, we found that patients are 

closer to each other, are more frequently receiving antimi-
crobial drugs, and tend to have poorer overall health or may 
be immunocompromised. These attributes combine to yield 
a greater risk for infection and transmission. This finding 
of amplification-by-concentration has major implications 
for antimicrobial drug risk management: those antimicro-
bial drugs strongly associated with CDI, such as clindamy-
cin, cephalosporins, and fluoroquinolones (2), will have a 
more detrimental effect on overall CDI incidence in a high-
transmission setting, such as a hospital, than they will in 
a moderate-transmission setting, such as an LTCF, or in a 
low-transmission setting, such as the community.

We found no major effect of hospital-based transmis-
sion interventions on LTCF-onset CDI or of LTCF-based 
transmission interventions on hospital-onset CDI. This 
finding suggests that although C. difficile can be introduced 
by a patient who acquired the bacteria in the hospital, CDI 
outbreaks in LTCFs are driven primarily from within and 
are best mitigated by targeted transmission interventions 
within the facility. Likewise, any interventions to reduce 
transmission within an LTCF will have limited effect on 
hospital-onset CDI because LTCF transmission interven-
tions will not influence continued introduction of C. dif-
ficile to the hospital from the community.

The control strategies we evaluated (Figure 3) are rep-
resentative of a broad range of interventions. For example, 
an improvement in hospital isolation effectiveness could 
be achieved through enhanced hospital staff adherence to 
precautions, or alternatively through an increased capacity 
to keep a patient with CDI in isolation for the duration of 
the disease. An improvement in the LTCF transmission rate 
could be achieved through an improvement to LTCF staff 
hygiene and cleanliness, through an increased availability 
of private facilities for residents, or through the isolation of 
LTCF residents with CDI.

Although there are few data with which to differentiate 
the sources of community-associated C. difficile, we were 
able to use a community C. difficile colonization study (37) 
to calibrate our model. From our calibrated model, we es-
timated the overall community force of colonization and 
calculated an upper bound for the community transmission 
rate. Future studies of similar design but with greater sta-
tistical power than the study used for our calibration (37), 
which survey healthy, nonhospitalized adults for asymp-
tomatic C. difficile carriage while differentiating commu-
nity risk factors, would provide the necessary data with 
which our model could directly quantify transmission from 
human sources and acquisition from nonhuman reservoirs.

Our analyses demonstrated that C. difficile transmission 
among healthcare settings and the community is intercon-
nected, and there are comparable effects of community-
based transmission and hospital-based transmission on hos-
pital-onset CDI. We found that the effect of antimicrobial 
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Figure 4. Increase in Clostridium difficile infection (CDI) incidence 
from use of antimicrobial drugs for in hospital-onset (HO-CDI), 
community-onset (CO-CDI), and long-term care facility–onset 
(LO-CDI) illnesses classified by drug risk ratio for CDI. Clostridium 
difficile infection (CDI) incidence from use of antimicrobial 
drugs for low through high CDI risk. Change in CDI incidence is 
measured as a multiple of the CDI incidence for an antimicrobial 
drug risk ratio = 1.0. Error bars indicate 95% CIs.
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drug use on CDI incidence is modulated by transmission dy-
namics, with specific antimicrobial drugs exacerbating inci-
dence, and doing so to a greater degree in high-transmission 
settings than in low-transmission settings. These results un-
derscore the need for empirical quantification of community-
associated transmission and the need of understanding trans-
mission dynamics in all settings when evaluating C. difficile 
interventions and control strategies.
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Microevolution associated with emergence and expansion of 
new epidemic clones of bacterial pathogens holds the key 
to epidemiologic success. To determine microevolution as-
sociated with monophasic Salmonella Typhimurium during 
an epidemic, we performed comparative whole-genome 
sequencing and phylogenomic analysis of isolates from the 
United Kingdom and Italy during 2005–2012. These isolates 
formed a single clade distinct from recent monophasic epi-
demic clones previously described from North America and 
Spain. The UK monophasic epidemic clones showed a novel 
genomic island encoding resistance to heavy metals and a 
composite transposon encoding antimicrobial drug resistance 
genes not present in other Salmonella Typhimurium isolates, 
which may have contributed to epidemiologic success. A re-
markable amount of genotypic variation accumulated during 
clonal expansion that occurred during the epidemic, including 
multiple independent acquisitions of a novel prophage carry-
ing the sopE gene and multiple deletion events affecting the 
phase II flagellin locus. This high level of microevolution may 
affect antigenicity, pathogenicity, and transmission.

Salmonella enterica is one of the most common enteric 
pathogens of humans and animals. An estimated 94 mil-

lion cases of nontyphoidal salmonellosis occur worldwide 
each year, causing considerable illness and death; in the 
United States, the associated economic burden estimated 
by the US Centers for Disease Control and Prevention is 
>$2 billion US per year (1,2). 

S. enterica consists of >2,500 serovars, of which S. en-
terica serovar Typhimurium (Salmonella Typhimurium) is 

the most ubiquitous in zoonotic reservoirs for human infec-
tion and the environment (3). Over the past half century, the 
epidemiology of Salmonella Typhimurium has been charac-
terized by successive waves of dominant multidrug-resistant 
clones (4). During 1966–2010 in Europe, where variants are 
distinguished by definitive (phage) type (DT), Salmonella 
Typhimurium DT9, DT204, DT104, and DT193 emerged 
successively as multidrug-resistant strains (5). Epidemic 
strains dominate for 4–15 years before being replaced by 
a new dominant phage type. The emergence and spread of 
Salmonella Typhimurium DT104 was global (6) and largely 
responsible for the increased multidrug-resistant Salmonella 
isolates in Europe and North America in the 1990s (7). As 
DT104 incidence has waned in the United Kingdom, mono-
phasic variants of Salmonella Typhimurium with the anti-
genic formula 1,4,[5],12:i:- have emerged (8), although it is 
not clear if this current monophasic Salmonella Typhimuri-
um epidemic is related to other epidemics of monophasic 
variants previously reported in North America (9), Spain 
(10), and elsewhere in Europe (11). Analysis of the genomic 
deletions in the phase II flagellum locus responsible for the 
monophasic phenotype suggested that multiple independent 
clones may be emerging in the United States and Europe (9). 

The first description of a monophasic Salmonella 
Typhimurium epidemic in Europe was that of a “Spanish 
clone,” which emerged rapidly during 1997 and was char-
acterized by a deletion in the allantoin–glyoxylate operon 
and the fljAB operon, phage type U302, and resistance 
pattern ACSuGSTSxT (resistant to ampicillin, chloram-
phenicol, sulfonamide, gentamicin, streptomycin, tetracy-
cline, and co-trimoxazole) (10). Since this time, many Eu-
ropean countries have reported increased incidence of this 
serotype, particularly associated with pig herds (12–15) 
but later with cattle (16,17). However, in contrast to the 
Spanish clone, these current monophasic Salmonella Ty-
phimurium epidemic strains have commonly been associ-
ated with phage types DT193 or DT120 and a predominant  
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ASSuT tetraresistance pattern (resistant to ampicillin, 
streptomycin, sulfonamide, and tetracycline), suggesting 
that the epidemics are distinct.

The molecular basis for the success of epidemic clones 
of bacterial pathogens has implications for the surveil-
lance and management of infectious diseases. Epidemio-
logic success depends on selective advantage of epidemic 
clones, resulting from their unique genotype. The current 
multidrug-resistant Salmonella 4,[5],12:i:- epidemic in the 
Europe was first reported around 2005 and is mainly asso-
ciated with isolates of phage types DT193 and DT120 (18). 

We investigated the phylogenetic relationship of 
206 strains of Salmonella Typhimurium (Salmonella 
1,4,[5]:i:1,2) and monophasic Salmonella Typhimurium 
(Salmonella 1,4,[5],12:i:-), isolated from humans, live-
stock, or contaminated food from the United Kingdom or 
Italy from 1993 through 2010. We report the whole-genome 
sequence variation of Salmonella Typhimurium and Sal-
monella 1, 4,[5],12:i:- isolates from the United Kingdom 
and Italy and the application of these data to phylogenetic 
reconstruction of the epidemic. We address the questions of 
whether the monophasic Salmonella Typhimurium isolates 
in the United Kingdom are part of a single epidemic and 
how they are related to previously circulating biphasic and 
monophasic Salmonella Typhimurium strains. 

Materials and Methods
We used bacterial isolates from strain collections held by 
the Animal and Plant Health Agency (Addlestone, UK); 
Public Health England (Colindale, London, UK); or the 
National Regional Laboratory for Salmonella, Istituto 
Zooprofilattico Sperimentale delle Venezie (Legnaro, Ita-
ly). The serotype and phage type were determined as pre-
viously described (19). The presence of the fljB locus and 
the occupancy of the thrW locus was initially determined 
by PCR amplification as previously described (11). Strain 
selection was intended to represent the diversity of Salmo-
nella Typhimurium in the United Kingdom and not to be 
representative of the epidemiology (online Technical Ap-
pendix 1, http://wwwnc.cdc.gov/EID/article/22/4/15-0531-
Techapp1.xlsx). 

To determine antimicrobial drug sensitivity, we tested 
isolates from animals in the United Kingdom and Italy for 
susceptibility to antimicrobial drugs according to standard 
procedure (20). Resistance or susceptibility were interpret-
ed on the basis of British Society for Antimicrobial Chemo-
therapy break points; we report the intermediate category 
as resistant. We determined antimicrobial drug sensitivity 
of isolates from human patients in the United Kingdom 
by using a modified break-point technique on Iso-Sens-
itest agar (Oxoid, Basingstoke, UK) (online Technical 
Appendix 2, http://wwwnc.cdc.gov/EID/article/22/4/15-
0531-Techapp2.pdf). The MIC for copper sulfate was the  

concentration at which bacterial growth optical density 600 
nm was >0.1 after culture (without shaking) at 37°C for 
24 hours in Luria Bertani (Oxoid) broth buffered with 25 
mmol/L HEPES (4-[2-hydroxyethyl]-1-piperazineethane-
sulfonic acid) at pH7. We then determined the whole-ge-
nome sequence by using the HiSeq Illumina (http://www.
illumina.com) platform, sequence analysis, de novo assem-
bly, annotation, and PCR amplification (online Technical 
Appendix 2).

Results

Salmonella 4,[5],12:i:- Strains
We determined that contemporary Salmonella 4,[5],12:i:- 
strains in the United Kingdom are part of a single clonally 
expanding clade. We constructed a maximum-likelihood 
phylogeny of all 97 monophasic and 142 Salmonella Ty-
phimurium strains (online Technical Appendix 1) by us-
ing 12,793 variable sites in the genome, with reference to 
the whole-genome sequence of reference strain SL1344, 
excluding single-nucleotide polymorphisms (SNPs) in 
prophage, insertion sequence elements, and repetitive se-
quences (Figure 1). Most (77 of 97) monophasic strains 
were from a single distinct clade that seemed to be part of 
the current monophasic Salmonella Typhimurium epidem-
ic because they were the most abundant and most recently 
isolated strains. However, older monophasic isolates were 
also found in at least 3 other clades within the Salmonella 
Typhimurium tree (Figure 1, indicated with *). A clade con-
taining 8 isolates including 2 DT191a (Figure 1, indicated 
with†) was closely related to a Salmonella 1,4,[5],12:i:- iso-
late from the North American epidemic strain CVM23701 
(9). Only 6 SNPs distinguished this isolate from strain 
H07 474 0455. In addition, a clade containing 6 Salmo-
nella Typhimurium var. Copenhagen (4,12:i:1,2) strains 
(e.g., H070160417) and a clade containing 4 isolates (e.g., 
H103720606) contained monophasic strains.

Phylogenetics of Monophasic Salmonella Typhimurium 
A maximum-likelihood phylogenetic tree, reconstructed 
by using variable sites within the whole-genome sequence 
with reference to the draft genome sequence of a represen-
tative strain from within the epidemic (strain SO4698-09), 
indicated a clonally expanding clade with a maximum root-
to-tip distance of ≈70 SNPs. This finding indicated that all 
strains in the tree shared a common ancestor in the recent 
past (Figure 2). All isolates from this monophasic clade 
were of sequence type 34. The phage type of monopha-
sic epidemic isolates varied according to phylogeny. Most 
isolates were DT193 (38 of 62 typed) or DT120 (9) and 
various other phage types including DT7 (3), DT191a (1), 
DT21 (1), DT21var (1), U311 (3), U302 (2), and RDNC 
(3). However, although virtually all isolates in subclades 
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A and B were DT193, the phage type was highly variable 
in subclade C. Biphasic DT193 strains (e.g., 4061-1997; 
Figure 1) isolated before 2005 were not direct ancestors of 
the current monophasic Salmonella Typhimurium epidem-
ic because they were present on a distinct lineage. Indeed, 
DT193 isolates were present on 4 distinct lineages within 
the phylogenetic tree, highlighting the polyphyletic nature 
of this phage type (Figure 1). Isolates from UK animals in 

subclade C were relatively scarce; 1 of 21 isolates in this 
subclade was from a UK animal. Instead, isolates from this 
subclade came predominantly from humans in the United 
Kingdom and humans and animals in Italy. In contrast, iso-
lates from subclade A were mostly (18 of 32) of livestock 
origin; only 5 were of human origin. Clade B contained an 
approximately equal number of human and livestock iso-
lates. Furthermore, although isolates from UK pigs were 
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Figure 1. Phylogeny of Salmonella 
enterica serovar Typhimurium 
(Salmonella Typhimurium) and 
Salmonella 1,4,[5],12:i:- isolates 
from the United Kingdom and Italy, 
2005–2010. Maximum-likelihood tree 
of 212 Salmonella Typhimurium and 
monophasic isolates was constructed 
by using 12,793 single-nucleotide 
polymorphisms (SNPs) outside 
of prophage elements, insertion 
sequence elements and sequence 
repeats identified by reference to 
the whole-genome sequence of 
Salmonella Typhimurium strain 
SL1344. The tree is rooted with 
Salmonella Enteritidis whole-genome 
sequence as an outgroup (note 
shown). The lineage containing the 
Salmonella 1,4,[5],12:i:- current 
UK epidemic group is conflated 
for simplicity (filled triangle). The 
designation of the isolates (left 
column) and phage type are shown 
(right column). *Monophasic isolates 
outside of the main epidemic clade. 
†Monophasic clade closely related 
to the monophasic clone CVM23701 
from North America (9). DT, definitive 
(phage) type; ND, not determined. 
Scale bar indicates the approximate 
number of SNPs determined by 
genetic distance and the number of 
SNPs used to construct the tree. An 
expanded version of this figure is 
available online (http://wwwnc.cdc.
gov/EID/article/22/4/15-0531-F1.htm).
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present in all 3 subclades, isolates from UK cattle were 
present only in subclade A, consistent with epidemiologic 
reports that the epidemic originated in pig herds and later 
spread to cattle herds (17). Despite analysis inclusion of 
only 6 isolates from birds, these were distributed through-
out the tree, suggesting multiple transmission events into 
these animal populations. The distribution of isolates from 
humans and livestock (pigs, cattle, and sheep) within sub-
clades of the phylogenetic tree of UK monophasic isolates 

was also strikingly uneven. Most (64 of 77) isolates were 
ASSuT tetraresistant, and the corresponding resistance 
genes were detected in de novo assembled sequences (on-
line Technical Appendix 2 Figure 1), suggesting that the 
most recent common ancestor (MRCA) of the clade had 
this complement of resistance genes. However, during 
clonal expansion, 7 strains had lost their resistance genes 
entirely and another 7 had an altered complement of resis-
tance genes.

Novel Genetic Island Encoding Resistance  
to Heavy Metals
A large novel genomic island (designated SGI-3) specific to 
the monophasic Salmonella Typhimurium epidemic clade 
is inserted at the yjdC locus (online Technical Appendix 2 
Figure 2) in strain SO4698-09. The island contained ≈90 
genes, some of which had sequences similar to those asso-
ciated with plasmid transfer and conjugation, and an inte-
grase gene, suggesting that the island may have originated 
by integration of a plasmid. Determination of the accessory 
genome indicated that the island was present in 74 of 77 
isolates within the monophasic clade (Figure 2) but was 
absent from all strains from outside the clade. Ancestral 
state reconstruction performed by using ACCTRAN (21) 
(online Technical Appendix 2 Figure 3, panel A) suggest-
ed that this island was probably introduced shortly before 
clonal expansion of the monophasic clade. Three clusters 
of genes similar to genes involved in resistance to heavy 
metals are present on the island. Consistent with the is-
land contributing to enhanced resistance to copper sulfate, 
a common animal feed additive, the MIC (p = 0.015) for 
copper sulfate was significantly greater for isolates within 
the monophasic Salmonella Typhimurium clade (24.2 ± 1.9 
mmol/L) than for Salmonella Typhimurium isolates from 
outside this clade (21.2 ± 1.1 mmol/L) that did not encode 
the island (online Technical Appendix 2 Figure 4).

Genotypic Variation in the fljBA and thrW Loci  
and Loss of the Virulence Plasmid
The monophasic phenotype results from the absence of 
phase-2 flagellin monomer FljB. The presence of the fljBA 
genes and the neighboring genome sequence of Salmonella 
Typhimurium and monophasic variants, determined by 
mapping raw sequence read data to the fljB locus region 
of the SL1344 whole-genome sequence (online Techni-
cal Appendix 2 Figure 5, panel A), indicated that the UK 
epidemic strains are monophasic because of multiple in-
dependent deletion events that occurred during clonal ex-
pansion. Four Salmonella Typhimurium isolates (2 DT7 
isolates [SO5416–06 and H09164 0090], 1 DT135 isolate 
[SO6221–07], and 1 DT177 isolate [H08390 0191]) that 
were closely related and shared a common ancestor with the 
monophasic epidemic strains (Figure 1) encoded the entire 
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Figure 2. Phylogeny of Salmonella 1,4,[5],12:i:- epidemic 
clade isolates from the United Kingdom and Italy, 1993–2010. 
Maximum-likelihood tree of 77 Salmonella 1,4,[5],12:i:- isolates 
rooted with Salmonella Typhimurium strain SL1344 was 
constructed by using 1,058 single-nucleotide polymorphisms 
(SNPs) outside of prophage elements, insertion sequence 
elements, and sequence repeats identified with reference to 
whole-genome sequence of Salmonella Typhimurium strain 
SO4698-09. Subclades A (blue lineages), B (red lineages), 
and C (green lineages) are indicated. Strain designations are 
color coded for isolates from humans (red) and animals (blue). 
Epidemiologic data for the source of isolate, phage type,  
country of origin, presence of the virulence plasmid (pSLT), 
presence of the sopE gene, occupancy of the thrW locus, and 
presence of Salmonella genetic island 3 are indicated (right).  
Scale bar indicates the approximate number of SNPs  
determined by genetic distance and the number of SNPs  
used to construct the tree. An expanded version of this figure is 
available online (http://wwwnc.cdc.gov/EID/article/22/ 
4/15-0531-F2.htm).
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fljBA locus, indicating that the MRCA with these strains 
and the epidemic strains was biphasic. In contrast, 67 of 
77 monophasic Salmonella Typhimurium strains from the 
epidemic clade lacked at least part of the fljBA locus, result-
ing from deletions ranging in size and with a distribution 
that was consistent with the phylogenetic relationship of 
the strains (online Technical Appendix 2 Figure 5, panel 
A). The 8 epidemic strains that did not have a deletion in 
the fljB locus were deeply rooted in the tree, consistent with 
multiple deletion events (1–36 kb) occurring since clonal 
expansion of the clade. Most deletions shared a common 
junction in the intergenic region of fljB and iroB. Because 
it was not possible to assemble short read sequence data 
across the fljB locus deletion region, to investigate the na-
ture of the deletion, we generated long read sequence data 
for a representative isolate SO4698–09 by using the PacBio 
sequencing platform (Pacific Biosciences, Menlo Park, 
CA, USA). A single contig assembly of these data revealed 
a 15,726-bp deletion of the genome relative to SL1344 and 
a 27,473-bp insertion of a novel sequence (online Techni-
cal Appendix 2 Figure 5, panel B). The inserted sequence 
was similar to sequences of several genes from transposon 
Tn21, mercury resistance genes (merTABCDE and merR), 
and antimicrobial drug resistance genes, consistent with the 
resistance profile of this strain (strA, strB, sul2, tet[B], and 
blaTEM-1). The composite transposon insertion was not pres-
ent in closely related isolates (e.g., SO5416-06) (Figure 1) 
that were outside of the monophasic clade, suggesting that 
it was acquired by the MRCA of the monophasic clade and 
not before clonal expansion. The deletions in the fljB locus 
of monophasic strains from outside the main clade from the 
United Kingdom were distinct from that in the UK mono-
phasic clade but identical to those described for strains 
from epidemics in North America (e.g., CVM23701) (9) 
and Spain (e.g., 1115/25) (10) (online Technical Appendix 
2 Figure 5, panel A).

In addition to hypervariability at the fljB locus, isolates 
from the epidemic group exhibited sporadic loss of the vir-
ulence plasmid pSLT. The pattern of plasmid loss within 
the clade could be most parsimoniously explained by loss 
during clonal expansion. Of note, the loss of pSLT was not 
uniform across the monophasic tree. Although only 13% 
and 20% of isolates tested contained pSLT in subclades A 
and C, respectively, in contrast, >70% of isolates in sub-
clade B contained the plasmid (Figure 2).

sopE Virulence Gene 
The sopE virulence gene was acquired on a novel pro-
phage, mTmV (monophasic Salmonella Typhimurium 
V), by multiple independent events during clonal expan-
sion of the epidemic clade. The thrW locus of contem-
porary monophasic Salmonella Typhimurium isolates has 
been reported to harbor either a prophage, a novel genetic  

island, or neither (11). In strain SO4698-09, the thrW 
locus contains the novel genetic island described previ-
ously but also an additional prophage element encoding 
the sopE gene that together total 55 kb. Determination of 
the accessory genome by using the Roary pan genome 
pipeline (22) indicated that 23 of 77 monophasic isolates 
from the epidemic clade contained the sopE gene (Figure 
2). SopE is a guanine exchange factor involved in subver-
sion of the host enterocyte cytoskeleton, a key component 
of the infection process (11,23,24). The sopE gene was 
present in 6 distinct clusters of the monophasic clade, and 
ancestral state reconstruction indicated that multiple in-
dependent acquisitions followed by clonal expansion of 
the sopE -positive variant was the most likely explana-
tion for their distribution (online Technical Appendix 2 
Figure 3, panel B). The sopE gene of strain SO4698-09 
is present on a 55-kb region, designated mTmV phage, 
which was absent from strain SL1344 and shared the 
greatest similarity with the Shigella flexneri V prophage 
(online Technical Appendix 2 Figure 6) (25). The  mTmV 
phage from SO4698-09 was not related to the FELS-2 
prophage of Salmonella Typhimurium strain SL1344, 
which also encodes the sopE gene, except in a 2,443-bp 
region that encoded the sopE gene and flanking sequence. 
Examination of partial assemblies of other monophasic 
strains encoding sopE revealed that the gene was associ-
ated with the same prophage and inserted between the ge-
nome region corresponding to the thrW locus. These data 
indicated that a novel sopE phage entered the genome on 
at least 6 occasions during the clonal expansion of the 
epidemic clade. Because the sopE gene was present in 
phylogenetic clusters toward the terminal branches of the 
monophasic clade tree and subsequently exhibited clon-
al expansion, we addressed the question of whether the 
proportion of strains that encoded the sopE gene in our 
strain collection each year changed during 2005–2010. 
The frequency distribution for each year was determined 
from collated data from 59 strains for which date of isola-
tion and sequence data were available and an additional 
41 randomly selected monophasic strains from the United 
Kingdom for which the presence of the sopE gene was 
determined by PCR (Figure 3; online Technical Appen-
dix 2 Table). Increased frequency, ranging from none in 
2005 and 2006 to 40% in 2010, suggested that acquisition 
of this gene may have conferred a competitive advantage.

Discussion
We identified a remarkable level of microevolution dur-
ing clonal expansion of the epidemic. Such expansion may 
affect the antigenicity, pathogenicity, and transmission of 
monophasic Salmonella Typhimurium.

The phylogenetic relationships of Salmonella 
1,4,[5],12:i:- isolated from the United States and Europe 
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since the late 1990s is unclear from reports to date. Our 
analyses suggest that at least 3 distinct epidemics have been 
associated with Salmonella 1,4,[5],12:i:- and that most of 
the monophasic isolates from livestock and humans in the 
United Kingdom since 2006 are not directly related to iso-
lates from either the epidemic in Spain around 1997 (10) 
or the epidemic in the United States around 2004 and 2007 
(9). Instead, the UK epidemic is related to that reported in 
Germany and elsewhere since around 2005 (11). The US 
clone is characterized by a large deletion in the fljB lo-
cus and acquisition of a prophage, neither of which were 
present in the UK monophasic clone. Furthermore, the 
whole-genome sequence for a single isolate from the US 
epidemic (CVM23701) placed this isolate in a small clade 
of monophasic isolates from the United Kingdom isolated 
around 1995, distinct from the current UK clade. The clone 
from Spain is characterized by variable size deletions in the 
fljB locus, all distinct from deletions observed in the UK 
isolates, and a deletion in the allantoin metabolism locus, 
also absent from the main UK clade. The MRCA of the 
UK Salmonella 1,4,[5],12:i:- epidemic in our strain collec-
tion was shared with a biphasic Salmonella Typhimurium 
isolate with DT7 (strain H091640090), a relatively rare 
phage type that has not been associated with epidemics 
in the epidemiologic record. The common ancestor with 
strain H091640090 probably existed in the recent past (≈20 
years) because only ≈10 SNPs have accumulated in the ge-
nome since the lineages diverged, according to the short-
term substitution rate (1–2 SNPs/genome/y) previously 
reported for Salmonella epidemics (26,27).

Because virtually all monophasic strains from the cur-
rent epidemic clade encoded SGI-3 but isolates from out-
side the clade did not, initiation of clonal expansion was 
probably accompanied by the acquisition of this genomic 
island. SGI-3 encodes resistance to heavy metals, includ-
ing copper and zinc, which is potentially relevant because 
these are supplements commonly added to pig feed as mi-
cronutrients and general antimicrobials (28). Indeed, in the 
European Union, heavy metals have been used increasingly 
in response to the ban on nonspecific use of antimicrobial 
drugs in animal feed for growth promotion (29). Concen-
tration of heavy metals in pig intestines may represent sub-
stantial selective pressure contributing to the success of 
this clone. Indeed, a recent study reported that an enhanced 
MIC (20–24 mmol/L) compared with the baseline MIC (16 
mmol/L) for copper sulfate was significantly more likely to 
be found in isolates from pig feces (30).

A remarkable feature of the monophasic Salmonella 
Typhimurium epidemic in the United Kingdom is the con-
siderable number of polymorphisms that affect coding ca-
pacity that occurred during the short period (≈10–15 years) 
of clonal expansion of the epidemic clade. These include 
a complex pattern of deletions in the fljB locus and sur-

rounding genome sequence, insertions in the thrW locus, 
and acquisition of a novel phage carrying the sopE gene. 
These polymorphisms seem to be stable and not deleteri-
ous because they all appear in parts of the tree that have 
subsequently undergone further clonal expansion. Dele-
tions in the fljB locus that occurred subsequent to the initial 
clonal expansion of the epidemic clade accounted for the 
monophasic phenotype exhibited by most of these isolates. 
The high frequency of deletions in this locus may be the 
result of a composite Tn21-like transposable element that 
is inserted in the hin–iroB intergenic region, a well-known 
characteristic of such insertions (31).

The acquisition of the sopE gene on a novel pro-
phage element that occurred through multiple recent 
independent events may strongly affect the patho-
genesis and epidemiology of the current epidem-
ic. Lysogeny by phages carrying the sopE gene has 
been associated with epidemic strains of Salmonella  
Typhimurium and of other Salmonella serotypes (32). The 
expression of SopE may increase the fitness of the patho-
gen, a possibility consistent with the observation that re-
cent acquisition of the sopE gene by monophasic epidemic 
isolates has been followed by an increase in the frequency 
of sopE-positive isolates. The ability to induce inflam-
matory diarrhea is a main strategy for the transmission of 
Salmonella Typhimurium. SopE is a guanine exchange 
factor that activates both cdc42 and rac1; sopE2 activates 
only cdc42 (33). All Salmonella Typhimurium strains se-
quenced to date encode the sopE2 gene that exhibits 59% 
identity with SopE. The additional activity of SopE has a 
marked effect on the outcome of the interaction of Salmo-
nella Typhimurium with the intestinal mucosa, resulting in  
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Figure 3. Frequency (proportion) of carriage of the sopE gene 
in Salmonella 1,4,[5],12:i:- epidemic isolates from the United 
Kingdom and Italy for each year during 2005–2010. The presence 
of the sopE gene was detected in draft genome assemblies by 
sequence comparison or by PCR amplification of genomic DNA 
by using primers specific for the sopE gene of randomly selected 
monophasic isolates from each year. The number of isolates 
investigated for each year is indicated above the bar.
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increased amounts of salmonellae in the intestinal lumen and 
shedding in the feces. SopE expression results in increased 
production of host nitrate, a valuable electron acceptor used 
by Salmonella Typhimurium for respiration (34).

In conclusion, our findings indicate that the current 
monophasic Salmonella Typhimurium clone associated 
with many animal species and human clinical infections in 
the United Kingdom arose recently. Subsequent microevo-
lution in a short time has resulted in considerable genotypic 
variation affecting antigens, virulence factors, and resis-
tance loci. Some genomic features, such as resistance to 
heavy metals, may have resulted in initial selection for the 
current clone, while more recent horizontal gene transfer 
or deletions and plasmid loss may have generated variation 
selected during the epidemic.

Addendum
It has come to the authors’ attention that the designation 
“Salmonella Genetic Island 3 (SGI-3)” has been previ-
ously assigned to a 31-kb genomic island in a strain of 
Salmonella Mississippi (http://dx.doi.org/10.1371/journal.
pone.0041247). To avoid confusion in the literature, we 
propose that the SGI-3 referred in our manuscript be desig-
nated SGI-4 in future reference.
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Denmark has a high incidence of invasive listeriosis (0.9 
cases/100,000 population in 2012). We analyzed patient 
data, clinical outcome, and trends in pulsed-field gel electro-
phoresis (PFGE) and multilocus sequence typing (MLST) of 
Listeria monocytogenes strains isolated in Denmark during 
2002–2012. We performed 2-enzyme PFGE and serotyp-
ing on 559 isolates and MLST on 92 isolates and identified 
some correlation between molecular type and clinical out-
come and patient characteristics. We found 178 different 
PFGE types, but isolates from 122 cases belonged to just 2 
closely related PFGE types, clonal complex 8 and sequence 
type 8. These 2 types were the main cause of a peak in in-
cidence of invasive listeriosis during 2005–2009, possibly 
representing an outbreak or the presence of a highly preva-
lent clone. However, current typing methods could not fully 
confirm these possibilities, highlighting the need for more 
refined discriminatory typing methods to identify outbreaks 
within frequently occurring L. monocytogenes PFGE types.

Listeriosis is a foodborne infection that can cause life-
threatening illnesses, including bloodstream infec-

tions (BSI) and central nervous system (CNS) infections. 
Listeriosis is caused by the Gram-positive and ubiquitous 
bacterium Listeria monocytogenes and mainly affects the 
elderly, immunocompromised persons, and pregnant wom-
en. Even though pregnant women often have mild or no 
clinical symptoms, L. monocytogenes can cause severe sys-
temic infection in fetuses and neonates; infection in utero 
can lead to preterm birth or abortion and stillbirth (1).

Most listeriosis cases are sporadic, but outbreaks do 
occur. Ready-to-eat products, such as delicatessen meats, 
soft cheeses and smoked seafood, have repeatedly been 
identified by foodborne disease control programs as sourc-
es of outbreaks and products that put humans at risk for lis-
teriosis (2–4). For surveillance of outbreaks and trace-back 
of contaminated sources, highly discriminative molecular 

subtyping methods are instrumental in supporting the epi-
demiologic investigation. Pulsed-field gel electrophoresis 
(PFGE) has been considered the standard typing method for 
L. monocytogenes (5,6). The advantage of PFGE is mainly 
its high discriminative power. However, compared with se-
quence-based typing methods, such as multilocus sequence 
typing (MLST), PFGE has ambiguity in interpreting data 
and lacks standard nomenclature; thus, PFGE has difficul-
ties in readily comparing international data. In addition, 
MLST provides information on phylogenetic relationship. 
L. monocytogenes is genetically heterogeneous and can be 
divided into 4 genetic lineages (I–IV) that have different 
pathogenic properties. Isolates from food and from human 
cases most frequently belong to lineages I and II (7).

In Denmark, the annual incidence of listeriosis in-
creased from 0.5 cases per 100,000 population in 2002–2003 
to a peak of 1.8 cases in 2009 and 0.9 cases in 2012, and is 
now among the highest incidences reported globally (8,9). 
Similar increasing trends have been reported from other Eu-
ropean countries during the same period (4). The high but 
variable incidence calls for further examination of the possi-
ble explanations. We retrospectively analyzed trends related 
to patient data and PFGE- and MLST-types of L. monocy-
togenes strains occurring in Denmark during 2002–2012. In 
addition, we assessed the possible association between clini-
cal aspects of the disease and strain genotype.

Materials and Methods

Case Information
This study comprises all culture-confirmed cases of inva-
sive listeriosis in humans in Denmark during 2002–2012. 
In Denmark, listeriosis is notifiable by diagnostic labora-
tories to the reference laboratory at Statens Serum Institut 
(SSI) in Copenhagen. Reportable information is patient age 
and sex, sample isolation site, date of specimen collection, 
and hospital and hospital department at which the speci-
men was collected. The case definition for listeriosis used 
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in Denmark is in accordance with the case definition by the 
European Commission (10). Cases are categorized accord-
ing to the site of isolation of L. monocytogenes (usually 
blood or cerebrospinal fluid), clinical diagnosis, or both. 
Hence, case-patients are grouped according to those with 
BSIs, CNS infections, pregnancy-associated infections, or 
other infections. Pregnancy-associated infections comprise 
listeriosis in neonates in the first month of life and mater-
nal–fetal infections. A pregnancy-associated infection is 
counted as a single case and is reported as an infection in 
the mother. From the Danish Civil Registry System, we 
collected information on vital status to estimate the case-
fatality rate (CFR) for non–pregnancy-associated cases. 
We defined a fatal case as death occurring within 30 days 
of the date the diagnostic specimen was collected.

Characterization of Bacterial Isolates
The diagnostic laboratories not only notify SSI of listerio-
sis cases but also refer isolated bacteria to SSI for pheno-
typic confirmation and typing. Serotypes were established 
by agglutination with BD Difco Listeria O Antisera Type 
1 and 4 (Becton, Dickinson and Company, Sparks, MD, 
USA) on all isolates and with PCR serogrouping on a sub-
set of isolates (11). During 2006–2012, L. monocytogenes 
isolates from human cases were routinely typed by PFGE 
at the SSI as a means to survey for outbreaks. PFGE was 
performed according to the PulseNet protocol, using the re-
striction enzymes AscI and ApaI (6). For the isolates from 
2002 through 2005, PFGE was performed retrospectively 
as part of this study. We used BioNumerics software ver-
sion 6.6 (Applied Maths, Sint-Martens-Latum, Belgium) 
to analyze gels and assign bands. The combined AscI and 
ApaI profiles defined the pulsotype. Isolates were consid-
ered having the same pulsotype if they had identical band 
patterns (no single-band differences) with both enzymes. 
We calculated similarity between band patterns by using 
the Dice coefficient, with optimization and tolerance set at 
1% for both enzymes. We constructed a dendrogram based 
on the combined AscI and ApaI profiles using UPGMA. 
Based on this dendrogram, MLST, and PCR serogroup, the 
genetic lineage of each isolate was determined (7,12).

We selected 92 isolates for MLST analysis. Isolates 
were selected in proportion to the number of cases from 
each year, the different clinical manifestations, the dis-
tribution of geography and age groups, and so that they 
represented both common and rare pulsotypes (online 
Technical Appendix Figure 1, http://wwwnc.cdc.gov/
EID/article/22/4/15-0998-Techapp1.pdf). For 74 iso-
lates, MLST alleles were extracted from whole-genome 
sequencing data from Illumina platforms (Illumina Inc., 
San Diego, CA, USA) by mapping the raw reads to each 
of the 7 MLST loci sequences from L. monocytogenes 
strain EDG-e. Mapping was done using an in-house 

pipeline based on BWA (Burrows–Wheeler Aligner,  
http://bio-bwa.sourceforge.net/) and SAMtools (Sequence 
Alignment/Map, http://www.htslib.org/). For 18 isolates, 
MLST alleles were determined by conventional PCR and 
Sanger sequencing according to the MLST scheme by 
Ragon et al. (12). MLST sequence type (ST) and clonal 
complex (CC) were assigned by using the Institut Pasteur L. 
monocytogenes MLST sequence type database (http://www.
pasteur.fr/recherche/genopole/PF8/mlst/Lmono.html). Iso-
lates of the same 2-enzyme pulsotype generally belong 
to the same CC and, in most instances, the same ST (13); 
therefore, isolates of the same pulsotypes as those typed by 
MLST were assigned to a presumptive ST and CC. We de-
fined a cluster as the occurrence of at least 3 cases with in-
distinguishable pulsotypes within a period of 14 weeks (14).

Statistical Analyses
Difference in age between groups of patients was assessed 
by using the Wilcoxon rank-sum test. Categorical variables 
were compared using χ2 or Fisher exact test, when appro-
priate. Relative risks (RRs) with accompanying 95% CIs 
were calculated; p<0.05 using 2-sided tests indicated statis-
tical significance. We used SAS version 9.4 software (SAS 
Institute, Inc., Cary, NC, USA) for statistical calculations.

Results

Description of Cases and Origin of Bacterial Isolates
In Denmark, 570 cases of invasive listeriosis were noti-
fied during 2002–2012; of these, 52% were in women. All 
patients were hospitalized. For 559 (98%) cases, an iso-
late of L. monocytogenes was referred to SSI. Of the in-
fections, 73% were BSIs, 19% were CNS infections, 4% 
were pregnancy-associated infections, and 4% were other 
infections (Table 1). On average, the proportion of BSIs 
varied from 69% in 2002–2004 to 78% in 2005–2009 
and fell to 66% in 2010–2012; the proportion of CNS 
infections increased from 16% in 2002–2004 to 25% in 
2010–2012. Median age of patients with non–pregnancy-
associated infections was 71 years; no difference in age 
was found between patients with BSIs and CNS infec-
tions. Of all registered cases, 150 resulted in death within 
30 days of the sample collection date; 95 of patients with 
fatal disease were >70 years of age. The overall CFR for 
non–pregnancy-associated cases was 27% (range 17%–
40%, by year). CFR varied with age: 22% for patients 
<70 years of age versus 33% for patients >70 years (p = 
0.004). Overall, we observed similar CFRs for CNS infec-
tions and BSIs and for male and female patients.

Genetic Lineage and Serotype
Cluster analysis of combined AscI and ApaI pattern di-
vided the isolates into 3 genetic lineages (online Technical  
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Appendix Figure 1), as did PCR serogrouping and MLST. 
We found that 42% of isolates belonged to lineage I and 
58% to lineage II; 1 isolate belonged to lineage III/IV (PCR 
serogroup L). Within the lineage I isolates, 82% (193/235) 
were serotype 4 and 18% (42/235) were serotype 1. Of the 
42 serotype 1 lineage I isolates, 12 were typed by PCR 
serogrouping and were PCR serogroup IIb. All lineage II 
isolates belonged to serotype 1, predominantly serogroup 
1/2a, as determined by PCR serogroup (online Technical 
Appendix Figure 1).

Molecular Typing
PFGE divided the strains into 122 AscI and 140 ApaI pro-
files, for a total of 178 combinations (pulsotypes), which 
we identified by year (Figure 1). During the 11-year period, 

116 pulsotypes (representing 21% of typed cases) occurred 
only once, and 56 pulsotypes (representing 43% of cases) 
were seen 2–13 times. The 5 most common pulsotypes rep-
resented 82, 40, 40, 17, and 14 cases. 

The 92 isolates selected for MLST belonged to 53 pul-
sotypes and 28 different STs. These 53 pulsotypes repre-
sented 69% (387/559) of all reported isolates. The 10 most 
frequent STs among these 387 isolates were CC8/ST8 (121 
cases), CC2/ST2 (52 cases), CC6/ST6 (48 cases), CC1/ST1 
(36 cases), CC9/ST9 (22 cases), CC155/ST155 (27 cases), 
CC7/ST7 (15 cases), and CC5/ST5 and CC14/ST399 (10 
cases each) (online Technical Appendix Figure 2). 

The 2 most common pulsotypes, 40–42 and 38–48, 
were represented by 122 (82 and 40, respectively) iso-
lates. These pulsotypes differed by only 2 bands in the AscI 
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Table 1. Characteristics	of	reported	cases	of	human	listeriosis	by	year,	Denmark,	2002–2012* 

Year 
No.	cases	
reported 

Incidence	per	
105 population 

Median	
patient age,	
y	(range)† 

Infection	type,	no.	(%) 

CFR,	%† CNS BSI 
Pregnancy-
associated Other‡ 

2002 28 0.52 69	(1–90) 6	(21) 18	(64) 1	(4) 3	(11) 26 
2003 28 0.52 76	(23–95) 5 (18) 18	(64) 3	(11) 2	(7) 24 
2004 41 0.76 74	(44–98) 5	(12) 31	(76) 4	(10) 1	(2) 27 
2005 44 0.81 68	(23–95) 4	(9) 39	(89) 0	(0) 1	(2) 23 
2006 58 1.07 70	(8–91) 13	(22) 43	(74) 2	(2) 0	(0) 20 
2007 59 1.08 67	(19–96) 11	(19) 45	(76) 0	(0) 3	(5) 32 
2008 55 1.00 70	(1–93) 4	(7) 45	(82) 1	(2) 5	(9) 33 
2009 98 1.78 74	(44–98) 18	(18) 74	(76) 4	(4) 2	(2) 29 
2010 61 1.10 75	(2–91) 15	(25) 40	(66) 6	(10) 0	(0) 40 
2011 48 0.86 70	(2–96) 9	(19) 36	(75) 0	(0) 3	(6) 25 
2012 50 0.90 74	(24–93) 15	(30) 30	(60) 2 (4) 3	(6) 17 
Total 570 0.95 71	(1–98) 105	(18) 419	(74) 23	(4) 23	(4) 27 
*BSI,	blood	stream	infection;	CFR,	case-fatality	rate;	CNS,	central	nervous	system. 
†Calculated for non–pregnancy-associated	cases	only. 
‡Includes peritonitis, pleuritis, arthritis,	abscesses,	and	osteitis. 

 

Figure 1. Distribution 
of pulsotypes of Listeria 
monocytogenes isolates from 
humans with listeriosis, Denmark, 
2002–2012.
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pattern and 1 band in the ApaI pattern (Figure 2). During 
2005–2009, a total of 36% (range 18%–40%) of the iso-
lates belonged to these 2 pulsotypes (Figure 1). Isolates of 
pulsotypes 40–42 and 38–48 were ST8, except for 1 isolate 
belonging to ST120. Both ST8 and ST120 belong to CC8. 
Pulsotype 3–23, which was found in 40 cases and mostly 
seen in 2009–2010, was CC2/ST2.

Relationship between Typing and Epidemiologic Data
We summarized the subtyping and clinical data related to 
the pulsotypes associated with >8 cases in this study (Ta-
ble 2). Isolates of pulsotypes belonging to genetic lineage 
I generally were responsible for a higher proportion of 
CNS and pregnancy-associated cases than isolates of pul-
sotypes belonging to genetic lineage II. Isolates belong-
ing to the 2 most common pulsotypes, 40–42 and 38–48, 
which belong to CC8, were responsible for high propor-
tions of BSIs, corresponding to the high number of BSIs 
seen in the years when these types were predominant. Of 
note, none of the CC8 isolates caused pregnancy-associ-
ated cases. In contrast, isolates of pulsotype 3–23 (CC2/
ST2) alone caused 6 pregnancy-associated cases in 2009–
2010. The remaining 17 pregnancy-associated cases were 
caused by 14 pulsotypes.

Over time, the distribution of lineages by clinical 
manifestation (BSI and CNS infection) and age (for BSI) 
revealed that the number of BSIs in patients >60 years of 
age, especially with lineage II isolates, showed an increas-
ing tendency, peaking in 2009 and then declining (Figure 
3). Overall, a slightly increasing tendency was seen for 
CNS infections caused by lineage I isolates.

We found a statistically significant difference in the 
clinical manifestation of disease caused by lineage I and 
II. BSIs were more common in patients infected with lin-
eage II strains than in those infected with lineage I strains 
(79.8% vs. 66.8%, respectively; p<0.001), CNS infections 
were more common among patients with lineage I strains 
than those with lineage II strains (22.5% vs. 14.9%, re-
spectively; p<0.001), and more pregnancy-associated cases 
were caused by lineage 1 than lineage II strains (7.7% vs. 
1.6%, respectively; p<0.001). We found no difference in 
the age of patients infected with isolates of genetic lineage 
I or II; median age was 71 years for both groups of pa-
tients. We observed a moderate effect of genetic lineage on 
the CFR; 29.6% of patients infected with lineage II strains 
died, versus 23.0% infected with lineage I strains.

The RR of death from infection with a lineage II strain 
compared with a lineage I strain was 1.28 (95% CI 0.95–
1.73). However, among persons with CNS infections, the 
effect of lineage was greater (RR 3.31; 95% CI 1.55–7.09), 
but age was an effect modifier in the sense that for patients 
<70 years of age, the RR of death from CNS infection with 
a lineage II strain, versus a lineage I strain, was 6.07 (95% 
CI 1.44–25.45), and for patients >70 years of age, the RR 
was 2.11 (95% CI 0.88–5.05). Effects of lineage and age on 
CFR were not seen among patients with BSIs.

Cluster Detection
In the retrospective analysis of PFGE data, we detected 29 
clusters comprising 174 cases (Table 3). The 3 most fre-
quent pulsotypes each formed more than 1 cluster. Overall, 
13 clusters involved the 2 pulsotypes belonging to CC8, 
and 8 of the 13 clusters occurred during 2005–2009 where 
these 2 types were highly prevalent. We found 4 clusters 
defined by pulsotypes that were seen only at the time of the 
cluster (n = 3) or in the year the cluster was present (n = 1). 
One of these 4 clusters, the cluster with pulsotype 71–43, 
was a confirmed outbreak (15).

Discussion
This study provides insights into the dynamics of the pul-
sotypes of L. monocytogenes isolates through a period 
with an increasing incidence of listeriosis in Denmark. We 
found that during 2005–2009, an increase in the number 
of cases was mainly driven by the emergence of isolates 
of L. monocytogenes of genetic lineage II (serotype 1/2a). 
Throughout the study period, we found a high proportion of 
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Figure 2. Pulsed-field gel electrophoresis (PFGE) profiles with 
AscI (A) and ApaI (B) restriction enzymes of the 2 most common 
pulsotypes, 40–42 and 38–48, in Denmark, 2002–2012. A) Lane 
1, pulsotype 38–48, GX6A16.0038 DK; lane 2, pulsotype 40–42, 
GX6A16.0040; lane 3, markers. B) Lane 1, pulsotype 38–48, 
GX6A12.0048 DK; lane 2, pulsotype 40–42, GX6A12.0042 DK; 
lane 3, markers. Both pulsotypes belong to clonal complex 8.
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sporadic cases caused by unique or infrequent pulsotypes. 
Nevertheless, a remarkably high proportion, 36%, of the 
infections in 2005–2009 were caused by isolates of CC8 
with 2 closely related pulsotypes.

CC8 is globally distributed (16). In Switzerland, CC8 
was the most prevalent clone during 2011–2013 (17), and 
in Canada, a CC8/ST120 clone caused both sporadic cas-
es and outbreaks during 1988–2010 (18). The PFGE types 
of the CC8 isolates from Canada are quite similar to the 
CC8 pulsotypes reported in our study (19). In line with 
the epidemiologic findings in Canada, the CC8 clone in 
Denmark caused no pregnancy-associated infections and 

mostly caused infections in the elderly. This propensity 
for CC8 pulsotypes to infect older persons rather than 
pregnant women may reflect different food preferences 
between the 2 groups at risk for listeriosis as well as the 
frequency of exposure to food substances contaminated 
with CC8 L. monocytogenes; alternatively, this propen-
sity may be related to the virulence potential of this spe-
cific clone. Recent research has suggested that the CC8 
strains from Canada possess a strong capacity for biofilm 
formation, which may support persistence within food 
production environments and subsequent contamination 
of foods (20). Similar abilities could be harbored by the 
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Table 2. Clinical	and	subtype	data	associated	with	the	most	common	PFGE	pulsotypes	of	Listeria monocytogenes isolates from 
persons	with	listeriosis,	Denmark,	2002–2012* 

Pulsotype ST/CC 

Genetic	
lineage	(PCR	
serogroup) No.	cases 

Median patient 
age,	y	(range)† 

Infection	type,	no. (%) 

CFR,	%† BSI CNS	 
Pregnancy-
associated Other‡ 

40–42 8/8 II (IIa) 82 71	(8–91) 68	(83) 11	(13) 0	(0) 3	(4) 30 
38–48 8/8§ II (IIa) 40 69	(24–91) 31 (78) 7	(18) 0	(0) 2	(5) 25 
3–23 2/2 I	(IVb) 40 69	(1–90) 23	(58) 11	(28) 6	(15) 0	(0) 29 
43–63 155/155 II (IIa) 17 75	(42–95) 15	(88) 1	(6) 0	(0) 1	(6) 41 
27–20 6/6 I	(IVb) 14 74	(57–98) 11	(79) 3	(21) 0	(0) 0	(0) 29 
25–1 1/1 I	(IVb) 13 67	(2–83) 6	(46) 6	(46) 0	(0) 1	(8) 23 
41–43 9/9 II (IIc) 11 72	(53–93) 9	(82) 1	(9) 0	(0) 1	(9) 45 
22–2 1/1 I	(IVb) 11 72	(37–90) 5	(46) 4	(36) 2	(18) 0	(0) 11 
44–61 155/155 II (IIa) 10 76	(49–91) 7	(70) 2	(20) 1	(10) 0	(0) 33 
71–43¶ 9/9 II (IIa) 8 77	(44–94) 7 (88) 1	(13) 0	(0) 0	(0) 25 
67–92 1/1 I	(IVb) 8 74	(63–98) 7 (88) 1	(13) 0	(0) 0	(0) 25 
27–18 6/6 I	(IVb) 8 52	(50–76) 3	(38) 4	(50) 1	(13) 0	(0) 29 
12–38 7/7 II (IIa) 8 73	(51–90) 3	(38) 5	(63) 0	(0) 0	(0) 13 
35–26 59/59 I (IIb) 8 70	(55–80) 4	(50) 2	(25) 2	(25) 0	(0) 17 
*Data	are	for	pulsotypes	found	in	>8	cases.	Pulsotype	is	for	combined	AscI and ApaI	pattern.	BSI,	blood	stream	infection;	CC,	clonal	complex;	CFR,	case-
fatality	rate;	CNS,	central	nervous	system;	PFGE,	pulsed-field gel electrophoresis;	ST,	sequence	type. 
†Calculated for non–pregnancy-associated	cases	only. 
‡Includes	peritonitis,	pleuritis,	arthritis,	abscesses,	and	osteitis. 
§One	of	the	5	representative	isolates	selected	for	multilocus	sequence	typing	for	this	pulsotype	was	ST120/CC8. 
¶Confirmed	outbreak	described	previously	(15). 

 

Figure 3. Distribution 
of lineages of Listeria 
monocytogenes isolates by 
disease manifestation, Denmark, 
2002–2012. Only blood stream 
infections (BSIs) and central 
nervous system (CNS) infections 
are shown. For BSIs, the 
distribution by age is also shown.
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CC8 isolates from Denmark, but further examination is 
needed to confirm this. 

Nakari et al. (21) found that an increase in listeriosis in 
Finland in 2010 was partly caused by a specific AscI type, 
Lm96, which caused 19% of human cases and was the most 
prevalent type found in food isolates in Finland in 2010. 
Of note, Lm96 was identical to the AscI profile 38 in Den-
mark, the second most common AscI profile belonging to 
CC8. The type was found in a specific fishery production 
plant in Finland and in cold-smoked rainbow trout products 
from the plant. A persistent contamination of the plant was 
suspected because the same PFGE type had been found in 
earlier years. An enquiry via the Food and Waterborne Dis-
eases Network revealed that Lm96 was a common profile 
in several European countries and had been isolated from 
various food categories in addition to fishery products (21).

The fact that closely related or even identical pulso-
types have been found in the same period raises the question 
whether the contamination of food could originate from a 

common source (e.g., a fish farm). Studies have shown that 
L. monocytogenes isolates found in fish farms and raw fish 
material often belonged to the same pulsotypes as isolates 
from the final product, indicating that raw fish material can 
be important sources of L. monocytogenes contamination 
of final fishery products (22,23). For several years, cold-
smoked fishery products have been among the important 
suspected sources of infections in Denmark. Ready-to-eat 
fishery products are consumed in large amounts and are the 
food category most often found to be contaminated with L. 
monocytogenes in the European Union (3,4,24). Lambertz 
et al. (25) compared isolates of L. monocytogenes recov-
ered in 2010 from ready-to-eat foods and processing plants 
in Sweden with clinical isolates obtained from listeriosis 
patients during 2005–2010. They found that the most com-
mon human pulsotype was also the most common pulso-
type among the isolates from ready-to-eat foods, and 17 of 
19 food isolates of this pulsotype originated from fishery 
products from a processing plant not in Sweden. Similar 
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Table 3. Clusters	of	identical	pulsotypes	of	Listeria monocytogenes isolates,	Denmark,	2002–2012* 

Year(s) No.	cases 
Time	range	for	the	

cluster,	d 
Genetic	lineage	
(PCR	serogroup) ST/CC Pulsotype 

Clusters	with	pulsotypes	other	
than	the	3	highly	frequent	types 

     

 2003† 3 40 I	(ND) 224/224 181–218 
 2004 3 90 I	(IVb) 6/6 27–20 
 2005‡ 3 97 I	(ND) 5/5 31–30 
 2005–2006 3 42 I	(IVb) 1/1 25–1 
 2006 3 66 II	(IIa) 155/155 44–61 
 2006† 4 103 II	(ND) 391/89 21–34 
 2009 4 41 II	(IIa) 155/155 43–63 
 2009†§ 8 5 II	(IIa) 9/9 71–43 
 2009 4 130 I	(IIb) 59/59 35–26 
 2009 3 97 I	(IVb) 1/1 67–92 
 2010 3 60 II	(IIc) 9/9 41–43 
 2010 3 28 I	(IVb) 1/1 22–2 
 2011 4 108 II	(IIa) 18/18 101–126 
Clusters	with	the	3	highly	
frequent	pulsotypes 

     

 2004 3 84 II	(IIa) 8/8 38–48 
 2005 3 81 II	(IIa) 8/8 38–48 
 2006–2007 11 191 II	(IIa) 8/8 38–48 
 2007 6 164 II	(IIa) 8/8 38–48 
 2008 3 81 II	(IIa) 8/8 38–48 
 2005 5 86 II	(IIa) 8/8 40–42 
 2006–2007 12 230 II	(IIa) 8/8 40–42 
 2007–2008 23 421 II	(IIa) 8/8 40–42 
 2008–2009 6 83 II	(IIa) 8/8 40–42 
 2009–2010 15 310 II	(IIa) 8/8 40–42 
 2010 3 44 II	(IIa) 8/8 40–42 
 2011 3 55 II	(IIa) 8/8 40–42 
 2012 3 75 II	(IIa) 8/8 40–42 
 2007 3 46 I (IVb) 2/2 3–23 
 2009–2010¶ 8 148 I	(IVb) 2/2 3–23 
 2010# 19 253 I	(IVb) 2/2 3–23 
*A	cluster	was	defined	as	>3	cases	with	identical	pulsotypes	within	14	weeks.	ST,	sequence	type;	CC,	clonal	complex;	ND	not	determined. 
†This type only seen this 1 time during	the	study	period. 
‡This type only seen in 2005. 
§Confirmed	outbreak	with	meals-on-wheels	food	delivery	as	source	of	infection,	described	previously	(15). 
¶Cluster	investigated	but	no	common	source	identified. 
#May	be	part	of	the	former	cluster	(marked	with	¶)	with	this	pulsotype	3–23.The	cluster	included	5	pregnancy-associated	cases.	Cluster	investigation	
could	not	determine	a	common	source	of	infection,	but	smoked	salmon	was	suspected	based	upon	interview	data. 
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findings were made in Norway by Lunestad et al. (26). 
Whether the CC8 isolates described in our study reflect 
the presence of a common pulsotype with many unrelated 
sources or a long-term cluster with a common source of 
infection is difficult to determine.

Since 2006 in Denmark, 2-enzyme PFGE has been used 
to type human isolates of L. monocytogenes. Listeriosis 
clusters caused by L. monocytogenes pulsotypes 40–42 and 
38–48 were defined separately and restricted to predefined 
periods of weeks. During 2006–2007, basic epidemiologic 
information was collected and, if possible, patients were 
contacted, but no standardized questionnaire existed. How-
ever, no correlation between cases and a common source of 
infection was established, and it was concluded the cases 
were caused by common L. monocytogenes pulsotypes 
(Steen Ethelberg, unpub. data). Our findings show that the 
prevalence of both pulsotypes increased during 2005–2009 
and substantially decreased beginning in 2010. This pat-
tern could indicate that a common source caused infections 
through several years. Some pulsotypes are more common 
than others, and isolates of these pulsotypes might not be 
epidemiologically linked. Consequently, common pulso-
types create challenges in defining cluster detection levels 
(27). Our findings show that with a cluster detection level 
of 3 cases with identical pulsotypes within a period of 14 
weeks, possible true clusters of rare pulsotypes are discov-
ered, but the number of detected clusters associated with 
common pulsotypes is apparently overestimated. Having 
different cluster detection levels based on the frequency of 
the pulsotypes may enhance the chance of detecting true 
clusters (27,28). On the other hand, because clones of L. 
monocytogenes can persist in food processing plants for 
several years, exhibiting little genetic variation and caus-
ing infections spanning several years (29), narrow temporal 
cluster definitions may not always be appropriate for cases 
of listeriosis with identical pulsotypes. Our results point to 
the need for typing methods that can provide higher resolu-
tion of common pulsotypes but also phylogenetically link 
related pulsotypes and, thus, improve the epidemiologic 
investigations of suspected outbreaks. Whole-genome 
sequencing seems to be able to fulfill these needs, as has 
already been shown in several outbreaks with listeriosis 
(19,30,31). In addition, optimizing epidemiologic informa-
tion through routine interviews of all cases of listeriosis has 
also proven powerful in finding common sources of infec-
tions as well as defining outbreaks involving strains of dif-
ferent genotypes (2,32,33). Last, real-time comparison of 
subtyping results between isolates recovered from foods 
and humans would substantially increase the knowledge on 
possible sources of infection and enhance the chances of 
successful outbreak investigations.

We found a substantial increase in BSIs among patients 
>60 years of age with lineage II isolates during 2005–2009, 

which, for the most part, explained the increased incidence 
seen in those years. Our findings concur with those from 
studies in England and Wales, in which Gillespie et al. (34) 
found that an increase in cases of listeriosis in 2001–2007 
was mainly related to persons >60 years of age with bac-
teremia. Similarly, other European countries have reported 
an increase in infections caused by serotype 1/2a (35,36). 
Our study did not include data on concurrent conditions, so-
cioeconomic factors, or medications used by persons with 
listeriosis, which could have contributed with further ex-
planatory variables, as in the study by Gillespie et al. (34), 
in which patients with cancer and patients receiving stom-
ach acid inhibitors were mainly affected by the increase.

We found some associations between specific molecu-
lar types and clinical manifestations. The pulsotype 3–23, 
belonging to CC2/ST2 and serotype 4b, accounted for 6 
of 23 pregnancy-associated infections; 5 of these occurred 
in autumn 2010 and were probably linked. Pulsotypes be-
longing to CC1, CC2, and CC6 showed high proportions 
of CNS infections, which is in accord with our finding 
that lineage I was associated with more CNS infections 
and pregnancy-associated cases. In contrast with a previ-
ous study from Denmark (37), we found that the CFR for 
patients infected with lineage II (serotype 1/2a and 1/2c) 
isolates was slightly higher than that for patients infected 
with lineage I (serotype 4b and 1/2b) isolates. Compared 
with lineage I, lineage II was significantly associated with 
a higher mortality rate for patients <70 years of age with 
CNS infections but not for patients >70 years of age with 
CNS infections. However, this study would have been 
strengthened if we had had information on concurrent con-
ditions, as they could be confounding this association.

Our findings show that retrospective typing of isolates 
gives new insight into the epidemiology of listeriosis. By 
PFGE typing, we found a high diversity of L. monocyto-
genes in clinical cases but also a small number of frequent 
types representing a substantial fraction of all cases. Pos-
sibly, these types represent epidemiologically linked cases 
(outbreaks) or, alternatively, ubiquitous types present in 
many unrelated food sources and infections. New discrimi-
natory typing methods are necessary to clarify the clonality 
of these common types. In the near future, whole-genome 
sequencing is likely to be the method of choice for such 
analyses. Several studies have reported on the genetic diver-
sity of L. monocytogenes based on MLST, making it pos-
sible to compare typing data globally (13,16,36,38). By the 
addition of MLST, we could compare types our study with 
those in other countries, making it clear that some of the 
common clones in our study had also been found in other 
countries, thus paving the way for a better understanding 
of internationally occurring clones. To enhance the sur-
veillance of listeriosis, continuous typing with highly dis-
criminatory methods combined with timely collection of 
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patients’ histories of food intake could significantly improve 
the chances of detecting, solving, and stopping outbreaks. 
Moreover, human and food isolates should be typed by the 
same methods and compared on a regular basis.
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ed by Murray in 1924 as Bacterium monocytogenes. In 1927, 

Pirie proposed the genus Listerella in honor of British surgeon 
Sir Joseph Lister (1827–1912), an early advocate of antiseptic 
surgery. It was not until 1939 that Pirie realized that this genus 
had already been taken by a slime mold (also named in honor 
of Lister, by Jahn in 1906). In 1940, he proposed the alternative 
name Listeria. The mouthwash Listerine was also named after 
Lister, in 1979 by Lawrence and Bosch, when it was marketed as 
a surgical antiseptic.
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Extended-spectrum β-lactamase (ESBL)– and plasmid-
encoded ampC (pAmpC)–producing Enterobacteriaceae 
might spread from farm animals to humans through food. 
However, most studies have been limited in number of 
isolates tested and areas studied. We examined genetic 
relatedness of 716 isolates from 4,854 samples collect-
ed from humans, farm animals, and foods in Sweden to 
determine whether foods and farm animals might act as 
reservoirs and dissemination routes for ESBL/pAmpC-pro-
ducing Escherichia coli. Results showed that clonal spread 
to humans appears unlikely. However, we found limited 
dissemination of genes encoding ESBL/pAmpC and plas-
mids carrying these genes from foods and farm animals to 
healthy humans and patients. Poultry and chicken meat 
might be a reservoir and dissemination route to humans. 
Although we found no evidence of clonal spread of ESBL/
pAmpC-producing E. coli from farm animals or foods to 
humans, ESBL/pAmpC-producing E. coli with identical 
genes and plasmids were present in farm animals, foods,  
and humans.

In 2012, the Panel on Biologic Hazards of the European 
Food Safety Authority (EFSA) concluded that a risk ex-

ists for transmission of extended-spectrum b-lactamase 
(ESBL)– and plasmid-encoded AmpC (pAmpC)–produc-
ing Enterobacteriaceae from farm animals, particularly 
poultry, to humans through the food chain (1). This conclu-
sion is problematic because ESBL and pAmpC hydrolyze 
extended-spectrum cephalosporins, which are one of the 
most widely used antimicrobial drug classes (2). Extend-
ed-spectrum cephalosporins are also listed by the World 
Health Organization as being critically useful antimicrobial 
drugs in human medicine (2). Therefore, the high frequen-

cy of ESBL/pAmpC-producing Escherichia coli reported 
for farm animals, particularly broilers, in Europe is of great 
concern (3). A recent systematic review by Lazarus et al. 
(4) reported the same conclusion as the EFSA but also that 
the magnitude of transmission and its geographic extent are 
still unclear. In addition, these authors reported a lack of 
studies on a national level and no comparisons of isolates 
from animals or food with isolates from human asymptom-
atic carriage (4).

In Sweden, antimicrobial drugs are used less often in 
animals and humans than in other countries in Europe and 
the frequency of ESBL/pAmpC-producing E. coli is low-
er (5,6). However, one exception in Sweden is the large 
frequency of pAmpC-producing E. coli in poultry and 
domestic chicken meat (7–10). In addition, Sweden has 
a low population density of humans and animals. There-
fore, the situation in Sweden with regards to dissemina-
tion of ESBL/pAmpC-producing E. coli could be differ-
ent from that for previous studies from other countries in 
Europe, which reported potential transmission of ESBL/
pAmpC-producing E. coli from farm animals by foods to 
humans (11–13).

The objective of this study was to investigate poten-
tial dissemination of ESBL/pAmpC-producing E. coli 
isolates among foods, farm animals, patients with blood-
stream infections, and presumed healthy human carriers in 
the community in Sweden. This objective was achieved by 
comparing genetic relatedness of ESBL/pAmpC-producing 
isolates from foods intended for retail markets, farm ani-
mals, and humans in Sweden. The study was conducted on 
a national level, tested a large collection of isolates from 
diverse sectors, and was undertaken in cooperation with 
governmental agencies for human health, animal health, 
and food safety. We aimed to improve overall knowledge 
regarding the influence of farm animals and foods on the 
frequency of ESBLs and pAmpCs in humans.

Limited Dissemination of Extended-
Spectrum β-Lactamase–  

and Plasmid-Encoded AmpC– 
Producing Escherichia coli from 
Food and Farm Animals, Sweden
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Materials and Methods

Datasets and Isolates
A total of 716 ESBL/pAmpC-producing E. coli isolates 
from 4,854 samples obtained during 2010–2013 were 
available for analysis (Table 1). Isolates were from com-
munity carriers (n = 103); patients with bloodstream 
infections (n = 387); broilers (n = 32), laying hens (n = 
10), pigs (n = 3), calves (n = 9), and chicken meat (n = 
74) from Sweden; imported chicken meat (n = 84); im-
ported beef/pork (n = 16); and imported leafy greens (n 
= 2). ESBL/pAmpC-producing E. coli isolates have not 
been found in samples of beef or pork from Sweden (5). 
All isolates were obtained by using equivalent methods. 
Samples from farm animals and foods were screened by 
using cefotaxime, and samples from community carri-
ers were screened by using cefpodoxime. Isolates from 
bloodstream infections have reduced susceptibility to 
ceftazidime or cefotaxime and were submitted to the Pub-
lic Health Agency of Sweden by 18 clinical microbiology 
laboratories (S. Ny et al., unpub. data). 

Isolates from broilers and chicken meat in Sweden 
obtained during 2010, community carriers, and blood-
stream infections were subjected to ESBL/pAmpC  
gene sequencing, multilocus sequence typing (MLST), 
transfer of plasmids, and subsequent plasmid repli-
con typing (7–9) (S. Ny et al., unpub. data). When data 
was lacking in previous studies (10,14,15; M. Egervärn  
et al., unpub. data), analyses were performed in our study 
as described.

Characterization of Isolates
MLST was performed by using an MLST Database (http://
mlst.warwick.ac.uk/mlst/dbs/Ecoli), and sequence types 
(STs) were identified by using BioNumerics versions 7.0 or 
7.1 (Applied Maths, Ghent, Belgium). Transfer of plasmids 
carrying genes encoding ESBL/pAmpC was performed by 
electroporation to ElectroMax DH10B cells (Life Tech-
nologies, Carlsbad, CA, USA), and transformation of plas-
mids was confirmed by detection of genes as described (8). 
Plasmid replicon typing was performed on transformants 
by using the PBRT Kit (Diatheva, Fano, Italy). For trans-
formants positive for incompatibility group incI1, the plas-
mid was subjected to plasmid MLST (pMLST) by using a 
Plasmid MLST database (http://pubmlst.org/plasmid/).

Statistical Analysis
Descriptive statistics were used to describe different da-
tasets. Further analysis was undertaken by creating dif-
ferent profiles on the basis of ST type, replicon type, and 
ESBL/pAmpC gene. 

Results

Overlap of Genes Encoding ESBL and pAmpC
Overlap between sectors (humans, farm animals, and 
foods) was defined as identical genetic traits in at least 1 
isolate from human samples and 1 isolate from farm ani-
mal or food samples. A total of 24 genes encoding ESBL 
or pAmpC were identified across all sectors. blaCMY-2 and 
blaCTX-M-1 were the only genes present in all sectors and the 
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Table 1. Characteristics of Escherichia coli isolates	from	various	sources	tested	for	ESBL	and	pAmpC,	Sweden* 

Category and source Year 
No.	

samples 
%	Positive	
for ESBL 

%	Positive	
for pAmpC Reference 

Human      
 Community carriers 2011–2013 2,134 4.3 0.4 S.	Ny	et	al.,	unpub.	data 
 Bloodstream	infections 2011–2012 387† 92.5 7.5 S.	Ny	et	al.,	unpub.	data 
Farm	animals      
 Broilers 2010 100 6.0 28.0 (7,9) 
 Laying hens 2012 69 4.4 8.7 (14) 
 Pigs 2011 184 1.6 0 (14) 
 Calves 2011–2012 729 0.7 0.5 (15) 
Meat      
 Domestically	produced	chicken 2010 100 4.0 40.0 (8) 
 Domestically	produced	chicken 2013 59 0 50.8 (14) 
 Imported	chicken	(Europe) 2010–2011,	2013‡ 109 19.3 21.1 (10),	S. Börjesson	et	al.,	unpub.	

data 
 Imported	chicken	(South	America) 2010–2011 43 90.7 4.7 (10) 
 Imported	beef	(Europe) 2010–2011 136 5.9 0 (10) 
 Imported	beef	(South	America) 2010–2011 42 0 0 (10) 
 Domestically	produced	pork 2011 100 0 0 (14) 
 Imported	pork	(Europe) 2010–2011 119 5.9 0.8 (10) 
Leafy greens      
 Sweden 2012–2013 147 0 0 M.	Egervärn	et	al.,	unpub.	data 
 Imported 2012–2013 375 0.5 0 M.	Egervärn	et	al.,	unpub.	data 
 Mixed origin 2012–2013 108 0 0 M.Egervärn	et	al.,	unpub.	data 
*ESBL,	extended-spectrum β-lactamase;	pAmpC,	plasmid-encoded	AmpC. 
†These	are	not	samples,	but	hospital	isolates	from	bloodstream	infections	submitted	to	the	Public	Health	Agency	of	Sweden	and	confirmed	as	producers	
of	ESBL	and	pAmpC. 
‡Only	samples	from	chicken	meat from Denmark. 
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only genes identified in poultry from Sweden (laying hens 
and broilers) and chicken meat (domestically produced) 
(Figure 1; online Technical Appendix, http://wwwnc.cdc.
gov/EID/article/22/4/15-1142-Techapp1.pdf). These genes 
were also commonly detected in chicken meat from Eu-
rope. blaCTX-M-1 was the most common gene in isolates from 
imported beef/pork, and it was also identified in 2 isolates 
from imported leafy greens. ESBL/pAmpC-producing iso-
lates in chicken meat from South America had a different 
gene distribution dominated by blaCTX-M-2 and blaCTX-M-8 
(Figure 1). blaCMY-2, blaCTX-M-1, blaCTX-M-2, and blaCTX-M-8 were 
present in isolates from community carriers and blood-
stream infections, but were not the most common genes 
(Figure 1; online Technical Appendix).

The 2 most common genes identified in isolates from 
community carriers and bloodstream infections (blaCTX-M-15 
and blaCTX-M-14) were not isolated from chicken meat or 
poultry from Sweden (Figure 1; online Technical Appen-
dix). blaCTX-M-15 was present in isolates from pigs and calves 
in Sweden (n = 4) and imported beef (n = 2), and blaCTX-M-14 
was detected in 1 isolate from imported pork. Other genes 
identified in isolates from humans that also were detected 
in farm animals or meat were blaCTX-M-3 (pig from Sweden), 
blaSHV-12 (imported chicken meat), and blaTEM-52 (pigs from 
Sweden, and imported chicken meat and pork) (Figure 1; 
online Technical Appendix).

Overlap of Plasmid Replicon Types
We found a difference between sectors with regards to 
replicon types of plasmids carrying ESBL/pAmpCs genes 
(Figure 2). In isolates from chicken meat and poultry from 
Sweden, incI1 and incK plasmids were primarily detected. 
IncI1 was the most common replicon type in isolates from 

imported beef/pork. IncI1 and incK plasmids were also de-
tected in isolates from humans, but to a lesser extent (Figure 
2). Isolates from humans had mainly plasmids belonging 
to different incF replicon types, which were present only 
occasionally in isolates from poultry in Sweden, chicken 
meat, and imported beef/pork. Some plasmids could not be 
transferred by electroporation. This finding was especially 
common for human isolates carrying blaCTX-M-15 and isolates 
carrying blaCTX-M-2 from imported chicken meat (S. Ny et 
al., unpub. data) (10).

Overlap of Plasmids and Genes Encoding ESBL  
and pAmpC
The following combinations found in foods or farm animals 
were also identified in humans isolates: incK-blaCMY-2, incI1-
blaCMY-2, incI1- blaCTX-M-1, incI1-blaCTX-M-15, incI1-blaCTX-M-8, 
incFII-blaCTX-M-1, incFII-blaCTX-M-14, incI1-blaTEM-52, incN-bla 
CTX-M-1, and incA/C-blaCMY-2 (online Technical Appendix). 
In poultry and chicken meat from Sweden, the combina-
tions incK-blaCMY-2, incI1-blaCMY-2, and incI1- blaCTX-M-1 
were primarily identified. These combinations were also 
identified in imported chicken meat and pigs/calves from 
Sweden (online Technical Appendix). In isolates from hu-
mans, these 3 combinations constituted in 9% and 4% of 
isolates from community carriers and bloodstream infec-
tions respectively. The combination incI1-blaCTX-M-8 was 
identified in chicken meat from South America and was 
also identified in 2 isolates from bloodstream infections 
(online Technical Appendix) (S. Ny et al., unpub. data).

The 2 most common combinations identified in iso-
lates from humans that overlapped with farm animals or 
foods were incI1-blaCTX-M-15 and incFII-blaCTX-M-15. These 
combinations were identified in 1 isolate from pig/calves 

636	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

Figure 1. Frequency of 
overlapping extended-spectrum 
β-lactamase– and plasmid-
encoded AmpC genes in 
Escherichia coli isolates from 
various sources, Sweden. Data 
for leafy greens were excluded 
because there were only 2 isolates 
(both blaCTX-M-1) from this source.
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in Sweden and 2 isolates from imported beef/pork (online 
Technical Appendix).

Because incI1 plasmids with identical genes over-
lapped in different sectors (online Technical Appendix), 
pMLST was performed to further discriminate between 
incI1 plasmids. Eight different overlapping incI1 plasmid 
STs (pSTs) were identified in isolates from community car-
riers (6 isolates), bloodstream infections (10 isolates), poul-
try from Sweden (15 isolates), chicken meat from Sweden 
(17 isolates), imported chicken meat (23 isolates), calves/
pigs from Sweden (2 isolates), imported beef/pork (7 iso-
lates), and leafy greens (1 isolate) (Table 2).

Overlap of E. coli STs and Plasmid Genes Encoding 
ESBL and pAmpC
When we compared clonal distributions on the basis of 
E. coli MLST, plasmid replicon type, and ESBL/pAmpC 
genes, 3 overlapping combinations (ST155-incI1-bla 
CXT-M-1, ST10-incI1-blaCXT-M-15 and ST57-incK-blaCMY-2) 
were identified (online Technical Appendix). These 3 
combinations constituted 17 (2%) of 715 isolates tested. 
For the combination ST155-incI1-blaCXT-M-1, incI1 from 
community carriers and imported chicken meat belonged 
to pST3, and the 3 incI1 plasmids from poultry in Sweden 
belonged to a pST3-like incI1 (nontypeable sogS gene) 
(Table 2). The incI1 in the isolate from bloodstream in-
fections with the overlapping combination ST10-incI1-
blaCXT-M-15 belonged to pST172, and the others belonged 
to pST37 (community carriers) and pST31 (calves from 
Sweden and imported beef). This finding decreased the 
total number of overlapping clones from 17 to 11: 2  
from community carriers, 3 from imported chicken meat, 
and 6 from poultry in Sweden. Thus, the only clonal  
overlap identified consisted of isolates from farm animals, 
foods and community carriers.

Discussion
ESBL/pAmpC-producing E. coli in food and farm animals 
in Sweden appears to have had a limited effect on pres-
ence among human community carriers and the increasing 
problem with ESBL/pAmpC in healthcare facilities in this 
country, as shown in this study by low clonal overlap of 
isolates from community carriers, imported chicken meat, 
and poultry from Sweden. In addition, no overlap of iso-
lates from bloodstream infections and isolates from foods 
or animals was identified. Thus, our findings confirmed 
results of previous analysis of risk factors associated with 
community carriage in Sweden, which indicated that pre-
ferred diets of humans do not increase the risk of becoming 
a carrier of ESBL/pAmpC-producing E. coli (S. Ny et al., 
unpub. data). However, one risk factor identified for being 
a community carrier was travel to Asia and Africa, which 
is supported by previous studies showing an increased 
carriage rate in healthy residents of Sweden after visits to 
these areas (16,17).

The finding that farm animals are a limited dissemina-
tion route to humans has also been reported in a study con-
ducted in the United Kingdom, the Netherlands, and Germa-
ny, which showed limited overlap of ESBL-positive E. coli 
isolates of human and animal origin (18). However, another 
study in Germany reported a major set of similar subtypes 
of ESBL-positive E. coli (11). Unfortunately it is difficult to 
make further comparisons between the results of the current 
study and these 2 studies because different molecular meth-
ods were used (11,18). In addition, the other 2 studies did 
not include pAmpC-producing E. coli in their evaluations.

Nonetheless, results of the current study indicate that 
limited dissemination of ESBL/pAmpC genes or plasmids 
could have occurred between sectors. This conclusion is 
based on the fact that 4 plasmid/gene combinations (incK-
blaCMY-2, incI1-blaCMY-2, incI1- blaCTX-M-1, and incI1-blaCTX-M-8)  
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Figure 2. Frequency of 
overlapping plasmid replicon 
types containing extended-
spectrum β-lactamase– and 
plasmid-encoded AmpC genes 
in Escherichia coli isolates from 
various sources, Sweden. Data 
for leafy greens were excluded 
because there were only 2 
isolates (incI1 and incI2). Other 
replicon types also include 
nontypeable plasmids. Gray bar 
indicates plasmids that could not 
be transferred by electroporation, 
primarily isolates with blaCTX-M-15 
and blaCTX-M-2.
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identified in isolates from humans can be considered to be 
animal associated. IncK-blaCMY-2 and incI1-blaCMY-2 was the 
most prevalent combination in isolates from poultry in Swe-
den and domestically produced chicken meat and were also 
found in pigs and calves in Sweden.

Furthermore, IncI1-blaCTX-M-1 and incI1-blaCTX-M-8 were 
common in imported foods, primarily chicken meat, and 
incI1-blaCTX-M-1 was detected in farm animals and chicken 
meat in Sweden. It has also been suggested that incI1 and 
incK plasmids might have emerged from animal reservoirs 
(19). Results of our study support this suggestion because 
a clear difference in plasmids carrying the genes encod-
ing ESBL/pAmpC from farm animal/foods and human iso-
lates was observed (Figure 2). The hypothesis that ESBL/
pAmpC genes and plasmids from foods/animals could have 
disseminated to humans in Sweden is further supported by 
the fact that incI1 plasmids with the same pMLST types 
were identified in different sectors (Table 2; online Techni-
cal Appendix).

In our study, incI1-pST3-blaCTX-M-1 and incI1-pST12-
blaCMY-2 plasmids were identified in isolates from humans, 
farm animals, and foods. IncI1-pST3-blaCTX-M-1 is of par-
ticular interest because it has been commonly identified in 
poultry in Europe and might have spread to other animal 
species and humans (12,20,21). Another example of pos-
sible ESBL/pAmpC plasmid spread from foods to humans 
was detection of 2 bloodstream infection isolates carrying 
incI1-pST114-blaCTX-M-8 (Table 2). A recent study in the 
Netherlands that used whole-genome sequencing also con-
cluded that it is not clonal dissemination, but rather plas-
mids and genes that are being disseminated between human 
and animals, mainly poultry (22).

The results of this study also confirm the conclusion 
of the EFSA that chicken meat can be a dissemination 
route for ESBL/pAmpC to humans, with poultry serving 
as the reservoir (1). However, this reservoir so far appears 
to have had a restricted effect on bloodstream infections 

and community carriers in Sweden. Only 2 of 103 isolates 
from community carriers were identified as possibly be-
ing associated with poultry on the basis of ST plasmid–
gene combinations of isolates. Our results indicate that, 
in Sweden, 0.09% of the population might be expected 
to carry poultry-associated isolates. In addition, only 3% 
of isolates from bloodstream infection and 5% from com-
munity carriers carried identical plasmid–gene combina-
tions to those identified in isolates from chicken meat and 
poultry in Sweden.

These results contradict the findings of studies in the 
Netherlands, which report larger clonal overlap (>40%) 
of ESBL-producing isolates (pAmpC was not included) 
from humans, broilers, and chicken meat (12,13). Two 
other studies from the Netherlands reported that 19% of 
human clinical isolates have identical plasmid-ESBL gene 
combinations and 4% plasmid-blaCMY-2 combinations as 
those identified for poultry (12,23). The considerable dif-
ference between Sweden and the Netherlands is difficult 
to explain, but it could be influenced by differences in hu-
man and animal population densities, farming intensity, 
climate, biosafety, and hygiene practices. The low rate 
of antimicrobial drug use in poultry in Sweden compared 
with that in the Netherlands might have also influenced 
the differences (6). With regards to isolates from pigs/
calves and imported pork/beef, these isolates had gene 
and plasmid–gene combinations comparable with those 
of human isolates. In addition, prevalences were much 
lower in isolates from pigs/calves and imported pork/
beef than in chicken meat/poultry. Thus, it is likely that 
most of these isolates could be examples of human-to- 
animal spread.

The results of our study suggest that, to control the in-
crease in ESBL/pAmpC in the human healthcare system 
in Sweden, minimizing transmission between humans 
should be prioritized. However, the high prevalence of 
ESBL/pAmpC in chicken meat and poultry in Sweden is  
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Table 2. Overlapping	plasmid	multilocus	sequence	types	for	114	incI1	plasmids	carrying	ESBL/pAmpC	genes	in	Escherichia coli 
isolates	from	various	sources,	Sweden* 
Plasmid	multilocus	
sequence	type 

ESBL/pAmpC	
gene Category	(no.) E. coli multilocus	sequence	type 

3 blaCTX-M-1 Community	carriers	(4),	bloodstream	infections	(1),	poultry	
(9),	chicken	meat	from	Sweden	(3),	imported	chicken	meat	

(2),	imported	beef/pork	(4),	leafy	greens	(1) 

57,	80,	88,	117,	131,	135,	141,155,	
219,	602,	752,	744,	847,	1335	
1594,1607,1640,	4162,	4367 

3-like† blaCTX-M-1 Bloodstream	infections	(1),	poultry	(3) 62,155 
7 blaCTX-M-1 Blood	stream	infections	(3),	imported	chicken	meat	(5) 117,	453,	746,	752,	2500,	4373 
31 blaCTX-M-15 Community	carriers	(1),	bloodstream	infections	(1),	pigs	or	

calves	(1),	imported	beef/pork	(2) 
10,	162,	349 

114 blaCTX-M-8 Bloodstream	infections	(2),	imported	chicken	meat	(9) 10,	155,	533	1304,	1773,	4362 
36 blaTEM-52 Bloodstream	infections	(1),	imported	chicken	meat	(2),	pigs	

or	calves	(1),	imported	pork/beef	(1) 
10,	86,155,	297,	2169 

2 blaCMY-2 Bloodstream	infections	(1),	chicken	meat	from	Sweden	(2) 10,	58,	299 
12 blaCMY-2 Community	carriers	(1),	poultry	(3),	chicken	meat	from 

Sweden	(12),	imported	chicken	meat	(5) 
10,	38,	48,	58,	69,	117,	131,	206,	

297,	1079 
*ESBL,	extended-spectrum β-lactamase;	pAmpC,	plasmid-encoded	AmpC. 
†The sogS	gene	could	not	be	detected	by	PCR. 
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problematic, and precautionary efforts should be made 
to reduce this prevalence in Sweden and internation-
ally. Changes in the molecular epidemiology of ESBL/
pAmpC might occur quickly, and foods and farm ani-
mals could play a more critical role in the near future. 
Therefore continuous monitoring and comparative anal-
yses of ESBL/pAmpC from farm animals, foods, and 
humans, as well as limiting spread within and between 
different sectors are needed. To reduce the frequency 
and transfer of ESBL/pAmpC, continued collaboration 
between professionals and agencies working in human 
healthcare, animal healthcare, and the food industry is 
needed. In addition, collaboration with environmental 
professionals is also essential.

In Sweden, foods and farm animals appear to be lim-
ited contributors to ESBL/pAmpC-producing E. coli in 
community carriers and its increasing prevalence in hu-
man bloodstream infections. However, foods might func-
tion as a dissemination route, and farm animals might 
function as a potential reservoir for genes encoding 
ESBL/pAmpC and plasmids carrying these genes. On a 
gene/plasmid level, there is an overlap between food/farm 
animals, primarily poultry, and humans, but compared 
with results from other studies in Europe, this overlap  
is limited.
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Thousands of persons have survived Ebola virus disease. 
Almost all survivors describe symptoms that persist or de-
velop after hospital discharge. A cross-sectional survey of 
the symptoms of all survivors from the Ebola treatment unit 
(ETU) at 34th Regimental Military Hospital, Freetown, Si-
erra Leone (MH34), was conducted after discharge at their 
initial follow-up appointment within 3 weeks after their sec-
ond negative PCR result. From its opening on December 
1, 2014, through March 31, 2015, the MH34 ETU treated 
84 persons (8–70 years of age) with PCR-confirmed Ebola 
virus disease, of whom 44 survived. Survivors reported 
musculoskeletal pain (70%), headache (48%), and ocular 
problems (14%). Those who reported headache had had 
lower admission cycle threshold Ebola PCR than did those 
who did not (p<0.03). This complete survivor cohort from 
1 ETU enables analysis of the proportion of symptoms of 
post-Ebola syndrome. The Ebola epidemic is waning, but 
the effects of the disease will remain.

Thousands of persons have now survived Ebola virus dis-
ease (EVD). During efforts to control the current Ebola-

Zaire outbreak, attention has focused on containing spread 
of infection and improving survival. In Sierra Leone, 4,051–
5,115 persons are confirmed to have survived from among 
8,704 confirmed cases and 3,589 confirmed deaths (1).

Survivors report a range of sequelae loosely described 
as post-Ebola syndrome. Follow-up clinics were not al-
ways planned as part of the emergency response. However, 
survivors from the Ebola treatment unit (ETU) at the 34th 
Regimental Military Hospital (MH34), Wilberforce Bar-
racks, Freetown, Sierra Leone, were all followed up in an 
outpatient clinic within 2 weeks after discharge. Although 
resources to care for survivors, including basic equipment 
(e.g., adequate stethoscopes), were scarce, each survivor 
was seen by a physician who made contemporaneous struc-
tured notes, which afforded an opportunity to document 
post-Ebola syndrome during these first weeks.

What proportion of Ebola survivors have sequelae is not 
clear. Little is known about post-Ebola syndrome or whether 

it is an entity distinct from an appropriate response to the 
traumatic events of EVD. Abdominal pain, vision loss, hear-
ing loss, impotence, bleeding, psychological problems, and 
general weakness were listed qualitatively as symptoms of 
post-Ebola syndrome after the Ebola-Sudan outbreak in 
Uganda in 2000 (2). Arthralgia and ocular diseases were 
noted in 19 survivors (selected according to availability) 
who were followed up after the 1995 Ebola-Zaire outbreak 
in Kikwit (3,4); in the same outbreak, arthralgia, myalgia, ab-
dominal pain, extreme fatigue, and anorexia were more com-
mon in Ebola survivors than in their household contacts (5). 
From the current outbreak, survivors reported arthralgia and 
anorexia (which in this context includes loss of appetite with-
out weight loss) in a telephone-administered questionnaire in 
Guinea several months after discharge (6). Because none of 
these studies comprised an unselected cohort of survivors, 
interpretation of proportions was difficult. Other reports 
referred to anecdotes of pain, weakness, difficulty hearing, 
and mental disturbances (7,8). These observations suggest 
complaints that might be expected. Descriptions of the pro-
portions of survivors needing care for the most common 
problems are needed to plan health care for the thousands 
of survivors. We report the symptoms described by all EVD 
survivors from 1 ETU in the initial weeks after discharge.

Methods
The MH34 ETU can accommodate 30 persons with con-
firmed EVD plus 20 persons with suspected EVD; it also 
contains a doffing area. MH34 opened on December 1, 
2014, with 115 staff, including 3 physicians and catered to 
patients who fell ill in western Freetown and surrounding 
areas. The ETU admitted 355 patients (84 PCR-positive pa-
tients) and discharged 44 survivors during December 2014–
March 2015. The area for persons with confirmed EVD is 
a permanent building with several 1–4-bed rooms that have 
electric lighting and ceiling fans. Three hot meals per day 
are provided, generally rice with protein, such as fish or 
chicken; each meal is provided with 2 bags of water, and 
more water is freely available. Staff members of this small 
ETU are all permanent Sierra Leonean healthcare workers.

Patients were admitted to the confirmed Ebola ward 
when Ebola virus (EBOV) infection was confirmed by real-
time PCR. For some patients, a cycle threshold (Ct) result 
also was available. Although Ct results were not standard-
ized between PCR platforms or between laboratories, a low 
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Ct reflects a high viral load. Patients were staged on arrival 
to the ETU, as follows:

• �Stage 1: influenza-like illness (i.e., fever, myalgia. 
lethargy, fatigue, headache, sore throat, conjuncti-
val injection).

• �Stage 2: multisystem features, including “wet” gastro-
intestinal symptoms (vomiting, diarrhea), neurologic 
symptoms (headaches, confusion), vascular symptoms 
and signs (capillary leak, respiratory distress, hypoten-
sion), rash.

• �Stage 3: internal and external bleeding, multiorgan 
failure.

Patients were treated for Ebola with supportive care 
(9). Antimicrobial drugs were administered empirically, 
and artesunate, paracetamol, and 500 mL intravenous 
Ringer’s lactate were administered on arrival. Ongoing 
treatment included further boluses of intravenous fluid; an-
tiemetic medication and proton pump inhibitors were ad-
ministered in accordance with clinical need. Some patients 
participated in a compassionate use open nonrandomized 
study of a single unit of convalescent whole blood (CWB), 
results of which are pending.

Discharge criteria were as follows: 2 consecutive neg-
ative PCR results for Ebola virus on separate days; medical 
fitness, in the opinion of his/her physician; and adequate 
social provisions, including release of the house and house-
hold members from quarantine. During the convalescent 
period, many patients ate >1 serving of each meal, 3 time 
per day. Although they were not routinely weighed, most 
patients visibly gained weight.

On leaving the ETU, all survivors were issued a sur-
vivor’s certificate and invited to a follow-up appointment 
within 2 weeks after discharge. Some survivors were seen 
before this appointment because of clinical need.

Contact with survivors was maintained by mobile 
phone. Confirmation of identification has not proved prob-
lematic because the survivors and healthcare workers had 
come to know each other well. Appointments are made by 
mobile phone and unscheduled visits by patients to the hos-
pital. All survivors attended their follow-up visits. Patients 
were examined by 1 of 3 experienced physicians.

A follow-up appointment was established as a stan-
dard of care in this ETU from the outset at the height of 
the epidemic. Handwritten clinical notes documented 
presenting complaints, symptoms, and signs. These notes 
were subsequently used to develop appropriate preprinted 
clinical documentation. Age, sex, presenting complaints, 
and history of transfusion with CWB were noted for each 
patient. Preexisting conditions were rare in this cohort of 
patients and not included in this data extraction. At that 
time, facilities and equipment for survivors were limited; 
for example, all stethoscopes had been incinerated; blood 

pressure cuffs, ophthalmoscopes, and specialist opinions 
were not available.

Data Analysis
We determined 95% CIs and conducted hypothesis testing 
of binomial outcomes (binomial frequency test) continu-
ous outcomes (Mann-Whitney U) and analyzed them using 
Stata version 9 (StataCorp LP, College Station, TX, USA). 
Graphics were produced by using Stata version 9 and R 
version 3.1.1 (R Foundation for Statistical Computing, Vi-
enna, Austria).

Results

Demography
During December 1, 2014–March 30, 2015, the MH34 
ETU treated 84 persons with PCR-confirmed EVD. Of 
these, 44 (52%) survived; 23 were female, and patient 
ages were 8–70 years (median 35 years; interquartile range 
[IQR] 20–37 years); age was not documented for 1 patient 
(Figure 1; Table 1).

Acute EVD Episode
Information about the acute EVD episode was available for 
12 (27%) of the 44 survivors. Sex and ages of these 12 sur-
vivors did not differ significantly from those of the full set. 
For these 12 persons, median length of ETU stay was 15.5 
days (range 9–17 days, IQR 13.5–16.6 days). For the 11 
survivors for whom Ct results were available, median Ct at 
ETU admission (admission Ct) was 28 (range 23–37, IQR 
23–31). Two patients were admitted in clinical stage 1 and 
9 in clinical stage 2. 

Twenty-three (52%) survivors received CWB. Ages of 
survivors receiving transfusions did not differ significantly 
from those of survivors who did not (p = 0.8). The frequencies 
of symptoms did not differ significantly between survivors  
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Figure 1. Age distribution of patients at Ebola survivors clinic 
at the 34th Regimental Military Hospital, Wilberforce Barracks, 
Freetown, Sierra Leone. Cycle threshold levels at hospital 
admission by age are shown in Table 1.
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who received CWB and those who did not (p = 0.5). Our 
study was not designed to assess efficacy or toxicity of CWB.

Post-Ebola Syndrome Complaints
At the time of data extraction, each survivor had attended 
at least 2 appointments. All survivors had >1 post-Ebola 
complaint (median 2, maximum 5). A total of 117 separate 
complaints were reported: 31 (70% [95% CI 55%–83%]) 
patients had musculoskeletal pain, 21 (48% [95% CI 32%–
63%]) had headaches, and 6 (14% [95% CI 5%–27%]) had 
ocular problems.

In their initial follow-up appointment, patients who 
reported headache had had admission Ct results that were 
significantly lower (correlating to a higher viral load) than 
those who did not subsequently report headache (with head-
ache: n = 6, median Ct 24 [IQR 23–28]; without headache: 
n = 5, median Ct 31 [IQR 30–31]; p<0.03 by Mann-Whit-
ney U test) (Table 2; Figure 2). There was no significant 
difference in admission Ct or clinical stage, or length of 
stay in the ETU for acute Ebola or clinical stage, between 
patients who had ocular problems or musculoskeletal pain 
and those who did not (Table 2; Figure 2). 

One patient died after deteriorating respiratory symp-
toms and left-sided pleural effusion. He was a 25-year-old 
man in whom EVD was diagnosed on January 26; he re-
ceived supportive care and 1 unit of CWB. His first nega-
tive PCR result was on February 8 and his confirmatory 
negative test on February 11; he was discharged home. At 
his 14-day follow-up visit, he had weight loss, cough, and 
dyspnea on exertion. At his second outpatient appointment, 

he was admitted to the general medical ward of MH34 
on March 3 with left-sided pleural effusion. A pleural tap 
yielded only a small quantity of blood-stained fluid that 
was insufficient for analysis. He died on March 8, 2015, 
one month after his recovery from acute EVD. In adher-
ence to safe-burial policy, a postmortem examination was 
not performed. His diagnosis remains unclear, but postvi-
ral effusion is possible, with tuberculosis pleural effusion a 
differential diagnosis.

Musculoskeletal Pain
Because in our experience and in the local context the dis-
tinction between myalgia and arthralgia can be physician-
dependent, we merged these complaints. However, for the 
purpose of comparisons with other studies, we determined 
that 12 (27% [95% CI 15%–42%]) of the 44 survivors had 
arthralgia, 15 (34% [95% CI 20%–50%]) had myalgia, and 
4 (9% [95% CI 3%–22%]) had both (Table 3). We found no 
significant differences between the proportion of male and 
female survivors, or between children (<18 years of age) 
and adults, who had musculoskeletal pain.

Patients described musculoskeletal pain various-
ly as problems with walking or moving or pain specific 
to 1 area (such as knees, thighs, or back) or generalized 
musculoskeletal pain. (21%–52%). Most often, patients 
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Table 1. Ct results	at	hospital	admission	for	44	patients	with	post-
Ebola	syndrome,	by	sex,	Sierra	Leone* 

Category 
Patient	sex 

All	patients M F 
No.	patients 21 22 44 
Ct at	admission    
 Median 30 25 25 
 Range 10–52 8–70 8–70 
 IQR 22–37 20–34 20–37 
*Age	distribution	of	all	patients	is	shown	in	Figure	1.	Ct,	cycle	threshold;	
IQR,	interquartile	range. 

 

 

 

 
Table 2. Ct results	at	hospital	admission	for	patients	with	post-
Ebola	syndrome	who	reported	1	of	the	3	most	common	
symptoms,	Sierra	Leone* 

Category 
Ocular		
problems 

Musculoskeletal	
pain Headache 

Yes,	no.	patients 3 7 6 
 Ct at	admission    
  Median 31 25 24 
  IQR 25–37 23–30 23–28 
No,	no.	patients 8 4 5 
 Ct at	admission    
  Median 27 29 31 
  IQR 23–29 25–34 30–31 
p	value† 0.2 0.5 0.03 
*Box-and-whisker	plots	illustrating	symptom	appearances	are	shown	in	
Figure	2.	Some	patients	reported	>1	symptom.	Boldface	indicates	
significance.	Ct,	cycle	threshold;	IQR,	interquartile	range. 
†By	Mann-Whitney	U	test. 

 

Figure 2. Comparison of the most common post-Ebola syndrome symptoms with admission Ct results, 34th Regimental Military 
Hospital, Wilberforce Barracks, Freetown, Sierra Leone. A) Headache, B) musculoskeletal pain, C) ocular problems. Specific Ct levels 
are shown in Table 2. *Indicates significant difference (p<0.03). Ct, cycle threshold.
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characterized their musculoskeletal pain as a general pain 
rather than pain in a specific joint or area, as reflected in 
the recorded symptoms. Unspecified joint pain accounted 
for 14 of the 19 times joint pain was recorded (73% [95% 
CI 49%–90%]) and generalized body pain for 8 of the 19 
times body pain was recorded (42% [95% CI 20%–67%]). 
Some patients recorded >1 symptom.

Examination indicated no joint inflammation or ef-
fusion, such as might be expected in a reactive condition, 
and patients retained full range of movement. Functional 
disability ranged from mild to moderate. For example, 1 
man in his 20s continues to play football but now takes ac-
etaminophen to facilitate this activity. A woman in her 40s 
requires assistance to step into a bath and cannot continue 
normal household work; she walked unaided into the clinic 
but needed assistance to step up into the clinic room and to 
sit and stand. Most of her musculoskeletal symptoms are 
relieved by simple analgesics.

Headache
Of the 21 (48% [95% CI 32%–63%]) survivors who re-
ported having headache, 2 (10% [95% CI 1%–30%]) were 
girls 8 and 11 years of age. The proportion of male and 
female survivors reporting headaches did not differ sig-
nificantly (p = 1 by χ2 test). Headache was generally de-
scribed as affecting the full head, with no diurnal pattern 
and being constant. Ocular symptoms might coincide, but 
no visual phenomena, such as might be found in migraines, 
were reported.

Ocular Symptoms
Among the 6 (14% [95% CI 5%–27%]) survivors who 
reported ocular problems, symptoms were eye pain, 
clear discharge, red eyes, and blurred vision (Table 4). 
These symptoms appeared within 2 weeks after dis-
charge and were not present at or before ETU discharge. 

Eye discharge was treated with topical chloramphenicol. 
Ophthalmology services for survivors are currently un-
der development.

Combinations of Musculoskeletal Pain, Headache,  
and Ocular Problems
Musculoskeletal pain and headache overlapped substan-
tially. Eighteen (58% [95% CI 40%–75%]) of the 31 sur-
vivors with musculoskeletal pain reported headache, and 
18 (86% [95% CI 64%–97%]) of the 21 survivors with 
headache reported musculoskeletal pain. Two (6% [95% 
CI 1%–21%]) survivors with musculoskeletal pain report-
ed ocular problems, and 2 (33% [95% CI 4%–78%]) with 
ocular problems reported musculoskeletal pain. Two (6 
% [95% CI 1%–30%]) survivors with headache reported 
ocular problems. One survivor had all 3 complaints (i.e., 
3% [95% CI 1%–17%] of survivors with musculoskeletal 
pain; 5% [95% CI 0%–24%] of those with headache, and 
17% [95% CI 0%–64%] with of those with ocular prob-
lems) (Figure 3).
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Table 3. Musculoskeletal	symptoms	described	by 31	patients 
with	post-Ebola	syndrome,	Sierra	Leone* 

Area	of	pain 
Patient	sex 

Total M F 
Joints    
 Joint, unspecified 5 9 14 
 Knee, unspecified 2 0 2 
 Right	knee	joint 0 1 1 
 Shoulder	joint 1 1 2 
Body    
 Generalized	body 4 4 8 
 Upper	back 1 3 4 
 Musculoskeletal,	unspecified 2 0 2 
 Left	thigh 1 1 2 
 Lower	limb 0 1 1 
 Right	thigh 1 0 1 
 Gluteal	muscle 1 0 1 
*Values	are	no.	patients.	Some	survivors	reported	>1 area	of	pain.	The	
proportion	of	male	and	female survivors	with	musculoskeletal	pain did	not	
differ	significantly (2,	p	=	0.7). 

 

 

 

 
Table 4. Ocular	symptoms	described	by	6	patients	with	post-
Ebola	syndrome,	Sierra	Leone 
Patient	age,	y/sex Symptom 
8/F Eye	pain 
14/F Clear	eye	discharge 
20/F Clear	eye	discharge 
28/F Red	eyes	and	blurred	vision	on	the	left 
29/F Red	eyes 
46/M Blurred	vision 

 

Figure 3. Scale Venn diagram illustrating the overlap between 
the 3 main symptom groups among persons with post-Ebola 
syndrome seen at the Ebola survivors clinic at the 34th 
Regimental Military Hospital, Wilberforce Barracks, Freetown, 
Sierra Leone. Seven patients did not have any of the 3 main 
symptom groups.
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Other Symptoms
Twenty-six (59% [95% CI 43%–74%]) of the 44 survivors 
reported other symptoms. Five (11% [95% CI 4%–25%]) 
reported cough; 4 (9% [95% CI 3%–22%]) each reported 
abdominal pain, chest pain, or itching; 3 (7% [95% CI 1%–
19%]) each reported insomnia, fever, or loss of appetite; 
2 (5% [95% CI 1%–15%]) each reported labored speech, 
epigastric pain, or rash; and 1 (2% [95% CI 0%–12%]) re-
ported weight loss, hiccups, increased appetite, chest pain, 
sneezing, diarrhea, vomiting, left sided weakness with fa-
cial nerve palsy, breathlessness, rash, dry flaky skin, ear-
ache, fever blister/cold sore, left scrotal swelling, nasal 
congestion, and tremors (Table 5).

Discussion
We documented symptoms of EVD survivors in the initial 
3 weeks after negative Ebola virus PCR results and 2 weeks 
after ETU discharge. The dominant clinical features of this 
survivor cohort were musculoskeletal pain, headache, and 
ocular problems. Symptoms did not differ by survivor sex 
or age. Symptoms did not appear to be affected by use of 
CWB to manage acute EVD; however, this finding should 
be interpreted with caution because this report is not a pro-
spective study and not designed to consider the effect of 
CWB on post-Ebola syndrome. Whether this collection of 
signs and symptoms after acute EVD constitutes a separate 
syndrome might be semantic. Because experience of survi-
vors in the weeks after EVD, although varied, has common 
features, we propose that the term post-Ebola syndrome is 
useful to describe these phenomena.

Our findings are consistent with some aspects of pre-
vious reports (2,5) but vary from others. For example, the 
prevalence of extreme fatigue and anorexia reported in 
Kikwit and Guinea (5,6) was not dominant in the cohort 
reported here. This finding might be due to the period of 
inpatient convalescence of survivors at MH34 with sub-
stantial nutritional support.

We hypothesize that the pathogenesis of pain, particu-
larly muscle pain, is a sequelae of widespread myositis or 
rhabdomyolysis during acute EVD. This hypothesis would 
be consistent with laboratory data reporting raised trans-
aminases and disseminated intravascular coagulation from 
a previous outbreak of Ebola (10) in Sudan. Future research 
would benefit from a comparison of a survivor cohort with 
a matched group who had not had Ebola and, if this pain is 
more common in Ebola survivors (as was found in Kikwit 
[5]), further elucidation of its etiology would be useful in 
determining treatment strategies.

Post-Ebola syndrome includes, but is not restricted 
to, musculoskeletal pain, headache, and ocular problems. 
Because some complications occur weeks or months after 
acute onset of EVD, some symptoms might be underesti-
mated in this cohort (2,5). Since these data were extracted, 

clinical facilities and documentation has improved, so future 
information is likely to be more detailed in terms of spe-
cific diagnosis, and scope, particularly in regard to psycho-
social health and ophthalmology. Previous outbreaks have 
reported psychosocial problems (2), although they are not 
included in all reports (5). Psychosocial problems also were 
evident in the survivors in our study but not captured in the 
documentation. Improved collaboration with MH34’s men-
tal health team should improve both the care and documenta-
tion. Anecdotal evidence from the survivors’ clinic suggests 
that more subtle neurologic problems, such as specific nerve 
palsies, might feature more heavily in a follow-up study.

Survivors who reported headache had had lower Ct re-
sults than did those who did not. Although patients with 
higher initial viral loads might be more likely to have cen-
tral nervous system involvement, and then have a higher 
probability of headache as a post-Ebola sequelae; Ct values 
are not standardized among platforms or laboratories. This 
intertest variability, together with the small sample sizes 
in this data extraction, suggests any association should be 
interpreted with caution. We propose that this association 
warrants further investigation. Headaches could also repre-
sent ongoing tension headaches or might result from under-
lying undiagnosed changes in vision.

We would expect the criteria and definition of  post- 
Ebola syndrome to continue to develop and that the sur-
vivors will continue to face fresh challenges. During the 
height of the Ebola epidemic, when these consultations 
took place, resources and equipment for assessing survivors 
were limited. Our survey documents symptoms only in the 
first 3 weeks after ETU discharge. Subsequent follow-up 
might be more detailed and benefit from increased resourc-
es, and symptoms continue to develop with time. Indeed, 
Ebola virus can cross the blood–brain barrier during the 
acute illness (11) and persists in some compartments for 
several months (12). Areas for development include com-
parison of symptoms to community controls, psychosocial 
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Table 5. Post-Ebola	complaints other	than	headache,	
musculoskeletal pain, or	ocular problems	among	44	survivors,	
Sierra	Leone 
Complaint No.	(%;	95%	CI,	%) 
Cough 5	(11;	4–25) 
Abdominal	pain 4	(9;	3–22) 
Chest	pain 4	(9;	3–22) 
Itching 4	(9;	3–22) 
Insomnia 3	(7;	1–19) 
Fever 3	(7;	1–19) 
Loss	of	appetite 3	(7;	1–19) 
Labored	speech 2	(5;	1–15) 
Epigastric	pain 2	(5;	1–15) 
Rash 2	(5;	1–5) 
Other* 1	(2;	0–12) 
*Weight	loss,	hiccups,	increased	appetite,	chest	pain,	sneezing,	diarrhea,	
vomiting,	left	sided	weakness	with	facial	nerve	palsy,	breathlessness,	
rash,	dry	flaky	skin,	earache,	fever	blister/cold	sore,	left	scrotal	swelling,	
nasal	congestion,	tremors. 
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problems, causes of ocular problems and musculoskeletal 
pain, and longitudinal description of the clinical picture.

Because musculoskeletal pain is a common complaint 
in the general population in Sierra Leone, a community-
controlled comparison is needed. In survivors of the Kik-
wit Ebola-Zaire outbreak in 1995, Rowe et al. reported 
that their key features—arthralgia, myalgia, abdominal 
pain, fatigue, and anorexia—were more common in survi-
vors than in household contacts, whereas fever, headache, 
diarrhea, dyspnea, hiccups, and hemorrhage were the 
same in both groups (5). A topic for future research is the 
longitudinal course of recovery. Wendo et al. (2) reported 
that 1 year after the Ebola-Zaire outbreak in Uganda, 25% 
of patients were still reporting to clinic. Therefore, we can 
expect some survivors to have long-term clinical needs. 
The epidemic is waning but the effects of the disease it 
caused will remain.
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Middle East respiratory syndrome coronavirus (MERS-CoV) 
infections sharply increased in the Arabian Peninsula during 
spring 2014. In Abu Dhabi, United Arab Emirates, these in-
fections occurred primarily among healthcare workers and 
patients. To identify and describe epidemiologic and clinical 
characteristics of persons with healthcare-associated infec-
tion, we reviewed laboratory-confirmed MERS-CoV cases 
reported to the Health Authority of Abu Dhabi during Janu-
ary 1, 2013–May 9, 2014. Of 65 case-patients identified with 
MERS-CoV infection, 27 (42%) had healthcare-associated 
cases. Epidemiologic and genetic sequencing findings sug-
gest that 3 healthcare clusters of MERS-CoV infection oc-
curred, including 1 that resulted in 20 infected persons in 1 
hospital. MERS-CoV in healthcare settings spread predomi-
nantly before MERS-CoV infection was diagnosed, under-
scoring the importance of increasing awareness and infection 
control measures at first points of entry to healthcare facilities.

Middle East respiratory syndrome coronavirus (MERS-
CoV) is a novel coronavirus first identified in the 

Middle East region in 2012. Epidemiologic aspects of this 
virus remain poorly defined, but human-to-human transmis-
sion of MERS-CoV in healthcare facilities is recognized as 

a means of spreading infection (1–7). In Saudi Arabia, the 
country with the greatest number of MERS-CoV infections, 
exposures in healthcare facilities have resulted in repeated 
outbreaks and have been linked to spread of disease after the 
virus has been introduced from other sources (e.g., zoonotic) 
(5,6,8–11). The 2015 outbreak in South Korea is a dramatic 
example of extensive healthcare-associated transmission 
after a single introduction of MERS-CoV by an infected 
traveler; that introduction resulted in >180 documented in-
fections in hospitals lacking adequate infection prevention 
measures (12,13). Because healthcare settings have the po-
tential to contribute substantially to the spread of MERS-
CoV infections, improving our understanding of infection 
risk and transmission patterns remains an urgent priority.

By early September 2015, a total of 74 patients with 
laboratory-confirmed MERS-CoV infection were reported 
in the United Arab Emirates (UAE); most were reported 
from Abu Dhabi during March–April 2014, when the Ara-
bian Peninsula had a sharp increase in infections,  primar-
ily involving healthcare workers (HCWs) and patients with 
recent healthcare exposure (8,9,11). The extensive case 
investigation and contact tracing by HCWs and the Health 
Authority of Abu Dhabi in response to this increase pro-
vide resources to inform our understanding of MERS-CoV 
infections acquired and spread in healthcare settings. We 
describe the epidemiologic and clinical characteristics of 
healthcare-associated MERS-CoV infections in Abu Dhabi 
and characterize the size and suspected transmission pat-
terns in healthcare settings.

Methods

Setting
Abu Dhabi is the largest of the 7 emirates of UAE. It has 
≈2.3 million residents, including 1.9 million expatriates, 
and 35 hospitals (14).
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Case and Contact Investigation Methods
In January 2013, a standardized public health protocol for 
MERS-CoV response was established in Abu Dhabi. Case-
patients were defined as persons reported to the Health 
Authority of Abu Dhabi with laboratory confirmation of 
MERS-CoV infection by PCR performed on a respiratory 
sample (15,16). Our analysis included all case-patients re-
ported during January 1, 2013–May 9, 2014. Activities in-
volved in this investigation were reviewed by the US Cen-
ters for Disease Control and Prevention (CDC) and by the 
Health Authority of Abu Dhabi and were determined to be 
an urgent public health response that did not constitute hu-
man subjects research.

Health Authority staff conducted detailed investiga-
tions of case-patients and their close contacts, interview-
ing case-patients or family proxies to collect demographic, 
clinical, and risk-factor information during the 14 days 
before illness onset. Additional information about clinical 
exposures was collected from HCW case-patients (e.g., use 
of personal protective equipment [PPE]). After laboratory 
confirmation, all case-patients were hospitalized with air-
borne precautions until they had 2 consecutive PCR-neg-
ative MERS-CoV tests on specimens collected at least 48 
hours apart. Close contacts, which included anyone who 
lived with, visited, provided care for, or had other similarly 
close contact with case-patients while they were symptom-
atic, were identified from interviews and other sources (e.g., 
hospital documentation). The contacts were interviewed 
and had nasopharyngeal, sputum, or tracheal aspirate sam-
ples collected for PCR testing, regardless of symptoms. 

Sources of Exposure
Medical and public health records were used to catego-
rize sources of exposure. Infections of case-patients who 
worked at, were admitted to, or visited a healthcare facil-
ity during the 14 days before symptom onset were consid-
ered to be healthcare-associated if exposure to a known 
MERS-CoV case-patient occurred exclusively in this set-
ting. Healthcare exposure to a case-patient was charac-
terized as either confirmed (i.e., persons who had been 
within 2 m of a symptomatic case) (15,17) or probable 
(i.e., persons who had been in the same hospital unit for 
>1 hour, had a common HCW, or had moved into a bed 
or dialysis station vacated by a symptomatic case) (18). 
Probable exposure was assumed for continuously hospi-
talized case-patients in whom symptoms of infection de-
veloped >14 days after admission.

Identification and Description of Clusters
Case investigations were used to construct cluster diagrams 
depicting suspected healthcare-associated transmission 
pathways. Healthcare-associated clusters were defined as 
>1 epidemiologically related, healthcare-associated case-

patient in the same healthcare setting (i.e., with confirmed 
or probable exposure). Healthcare-associated clusters con-
sisted of >1 source case (i.e., case-patient with the earliest 
date of symptom onset in the healthcare-associated cluster) 
and >1 secondary case (i.e., case-patient with confirmed 
exposure to the source case). Healthcare-associated clus-
ters could also include tertiary and quaternary cases (i.e., 
case-patients exposed only to secondary and tertiary cases, 
respectively). Clinical records were used to assess probable 
exposures for healthcare-associated case-patients with no 
confirmed exposure; cases with confirmed exposure were 
not assessed for probable exposure because confirmed ex-
posure was assumed to confer the greatest risk.

Laboratory Analysis

PCR
Nasopharyngeal swab, sputum, or tracheal aspirate sam-
ples were tested at a central laboratory (Molecular Diag-
nostic Laboratory at Sheikh Khalifa Medical City Hospi-
tal) in Abu Dhabi by using real-time reverse transcription 
PCR (rRT-PCR) for the upstream E gene and open reading 
frame 1 (19,20). A convenience sample of positive isolates 
was validated by using the nucleocapsid-based rRT-PCR 
assay at CDC (21).

Sequencing
Genetic sequencing was performed on a subset of isolates 
from 8 case-patients (7 from healthcare-associated clusters 
and 1 non–healthcare related). Full genome sequencing 
from original respiratory samples was determined by us-
ing the Sanger method (direct genome walking PCR) and 
next-generation sequencing approaches (Illumina MiSeq 
sequencer, http://www.illumina.com/systems/miseq.html) 
(22,23). Sequences were aligned by using MUSCLE (24) 
within the MEGA5 program (25).

Statistical Analysis
Descriptive analysis of healthcare-associated cases and 
clusters was conducted by using SAS version 9.3 (SAS 
Institute, Inc., Cary, NC, USA). Fisher exact test and in-
dependent t-test were used to compare clinical and de-
mographic characteristics of source-cases and healthcare-
associated cases; a 2-sided α level of 0.05 was used to 
determine significance.

Results

Case and Contact Investigation
Of 65 MERS-CoV case-patients identified during our in-
vestigation period (July 1, 2013–May 9, 2014) in Abu-
Dhabi, 27 (42%) were healthcare associated; 19 (70%) of 
the 27 were HCWs; 6 (22%) were hospitalized patients, 
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and 2 (7%) were hospital visitors (Table 1). An addition-
al 16 case-patients had worked at or visited a healthcare 
facility in the month before illness but did not meet the 
healthcare-associated case definition and were excluded 
from this analysis; 8 of the 16 excluded case-patients were 
HCWs with confirmed exposure to a symptomatic case-pa-
tient outside the healthcare setting (i.e., household); 8 had  

visited a healthcare facility but had no probable or con-
firmed exposure in this setting. 

Source Cases
All 3 source case-patients in the healthcare-associated 
clusters were men with a median age of 59 years; 2 had a 
history of camel exposure in the 14 days before symptom 
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Table 1. Descriptive	epidemiology	of	30	cases	of	MERS-CoV	infection	transmitted	in	healthcare	settings,	Abu	Dhabi,	January	1,	2013–
May	9,	2014* 

Demographic	and	clinical	characteristic 
Source	case-
patients,	n	=	3‡ 

Healthcare-associated	case-patients† 

Signif§ 
All	HCA	case-
patients,	n	=	27 

HCWs,	 
n	=	19 

Patients,	 
n	=	6 

Visitors,	 
n	=	2 

Median	age,	y	(range) 59	(30–83) 43		(27–82) 39	(27–63) 65	(40–73) 44	(34–54)  
Male	sex 3	(100) 17	(63) 11	(58) 5	(83) 1	(50)  
Expatriate¶ 1	(33) 26	(96) 18	(95) 6	(100) 2	(100) 0.02 
Exposures	within	14	d	before	symptom	onset#  
 Travel 0 2	(7) 1	(5) 0 1	(50)  
 Camel 2	(67) 0 0 0 0 0.01 
Symptoms  
 Any	symptoms	reported 3	(100) 16	(59) 10	(53) 5	(83) 1	(50)  
 Documented	fever	or	symptom	of	 
 respiratory	illness**	 

3	(100) 13	(48) 8	(42) 5	(83) 0  

 Documented fever (≥38.5°C) 3	(100) 9	(33) 6	(32) 3	(50) 0  
 Shortness	of	breath 3	(100) 5	(19) 0 5	(83) 0 0.01 
 Fatigue/malaise 2	(67) 8	(30) 4	(21) 3	(50) 1	(50)  
 Cough 2	(67) 7	(26) 4	(21) 3	(50) 0  
 Cough	with	sputum	production 2	(67) 2	(7) 0 2	(33) 0 0.04 
 Rhinorrhea 2	(67) 2	(7) 2	(11) 0 0 0.04 
 Muscle	aches 2	(67 7	(26 5	(26) 1	(17) 1	(50)  
 Chest	pain 1	(33) 2	(7) 1	(5) 1	(17) 0  
 Joint	pain 2	(67) 2	(7) 2	(11) 0 0 0.04 
 Headache 2	(67) 4	(15) 3	(16) 1	(17) 0  
 Sore	throat 1	(33) 5	(19) 5	(26) 0 0  
 Wheezing 1	(33) 3	(11) 1	(5) 2	(33) 0  
 Vomiting/nausea 1	(33 1	(4) 0 1	(17) 0  
Medical	history  
 Any	underlying	conditions 2	(67) 15	(56) 7	(37) 6	(100) 2	(100)  
 Diabetes	mellitus 1	(33) 6	(22) 1	(5) 4	(67) 1	(50)  
 Dementia 1	(33) 0 0 0 0  
 Malignancy 1	(33) 0 0 0 0   
 Receiving	immunosuppressant 1	(33) 0 0 0 0  
 Chronic	pulmonary	disease 0 2	(7) 0 2	(33) 0  
 Renal	disease 0 5	(19) 0 4	(67) 1	(50)  
 Congestive	heart	failure 0 1	(4) 0 1	(17) 0  
 Obese††   0 2	(7) 1	(5) 1	(17) 0  
 Hypertension 0 12	(44) 5	(26) 5	(83) 2	(100)  
 Hyperlipidemia 0 7	(26) 4	(21) 2	(33) 1	(50)  
 Asthma 0 2	(7) 2	(11) 0 0  
 Ischemic	heart	disease 0 3	(11) 1	(5) 2	(33) 0  
Severity	of	symptoms  
 Care	in	ICU 3	(100) 5	(19) 0 5	(83) 0 0.01 
 Supplemental	O2 required 3	(100) 6	(22) 0 6	(100) 0 0.02 
 Intubated 3	(100) 3	(11) 0 3	(50) 0 <0.01 
 Died 2	(67) 2	(7) 0 2	(33) 0 0.04 
Reason	tested	for	MERS-CoV  
 Screening	as	part	of	contact	investigation 0 24	(89) 19	(100) 3	(50) 2	(100) <0.01 
 Symptoms	consistent	with	MERS-CoV 3	(100) 3	(11) 0 3	(50) 0 <0.01 
*Values	are	no.	(%)	patients	except	as	indicated.	HCA,	healthcare-associated;	HCWs,	healthcare	workers;	MERS-CoV,	Middle	East	respiratory	syndrome	
coronavirus;	Signif,	statistically	significant.	 
†HCA case-patients	include	HCWs,	patients,	and	hospital	visitors	but	does	not	include	source	case-patients.	 
‡Source case-patients	are	those	with	the	earliest	date	of	onset	of	symptoms	in	an	HCA	cluster	of	case-patients. 
§Comparison	between	type	of	case	(source	case	vs.	HCA	case)	determined	by	Fisher	exact	test.	Only	significant	values	are	shown. 
¶Nationalities:	Philippines,	India,	Somalia,	Bangladesh,	Egypt,	Jordan,	Oman,	Pakistan,	Sudan,	and	Syria. 
#For	case-patients	with	no	reported	symptoms,	date	of	positive	sample	collection	was	used	in	place	of	symptom	onset. 
**Symptoms	of	respiratory	illness	are	cough,	shortness	of	breath,	or wheezing.	 
††Obesity	status	was	determined	by	clinical	staff. 
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onset (Table 1). All were symptomatic, were admitted to 
intensive care, required supplemental oxygen, and were in-
tubated; 2 died (67% case-fatality rate).

Healthcare-Associated Cases
Of the 27 healthcare-associated case-patients, 17 (63%) 
were male; median age was 43 years. None had a history 
of camel exposure during the 14 days before symptom on-
set. Disease severity varied by type of case; source case-
patients had the greatest disease severity (Table 1). Fewer 
than half (42%) of HCW case-patients reported fever or 
symptoms of respiratory disease, and none required inten-
sive care. The proportion of patients who died was sig-
nificantly lower among healthcare-associated case-patients 
(2/27 [7%]) than among source case-patients (2/3 [67%]); 
death among healthcare-associated case-patients occurred 
only among hospital patients (2/6 [33%]).

Identification and Description of Clusters
From the epidemiologic and genetic investigation, we iden-
tified 3 healthcare-associated clusters at 3 hospitals during 
our investigation period. The clusters ranged in size from 3 
to 21 case-patients (Figure 1).

Cluster I, July 2013
The source case-patient for cluster I (patient I-A; Figure 
1) was an 82-year-old UAE resident who owned a farm 
with camels, had no travel history or contact with another 
case-patient, and was hospitalized in Abu Dhabi with respi-
ratory symptoms in July 2013. Two days later, the patient 
was transferred by ambulance to another hospital ≈350 km 
away, where he tested positive by PCR for MERS-CoV, 
developed acute respiratory distress syndrome, and died.

Among 277 healthcare contacts identified in the 2 hos-
pitals and among transport staff, 4 healthcare-associated 
case-patients were detected through PCR screening of 
respiratory specimens, including the nurse who accompa-
nied the source case-patient in the ambulance (patient I-B; 
Figure 1) and 3 HCWs who were involved in the patient’s 
evaluation or early care at the second hospital (1 physician, 
2 nurses; patients I-C, I-D, and I-E; Figure 1). All infected 
HCWs had close contact with the case-patient without re-
spiratory protection before the MERS-CoV diagnosis.

Cluster II, March–April 2014
The source case-patient for cluster II (patient II-A; Figure 
1) was a 68-year-old UAE resident who owned a farm and 
reported direct contact with camels. He had no travel his-
tory, no contact with a known case, and no healthcare facil-
ity contact during the 14 days before symptom onset. In 
March 2014, this patient was hospitalized in Abu Dhabi 
with respiratory symptoms; MERS-CoV was diagnosed 4 
days later.

Among 90 healthcare contacts identified, 2 healthcare-
associated case-patients were detected. A secondary case-
patient (patient II-B; Figure 1) who shared a room with the 
symptomatic source case-patient before the MERS-CoV 
diagnosis subsequently developed respiratory symptoms, 
was readmitted to the hospital, was diagnosed with MERS-
CoV, and died. Screening of contacts identified a tertiary 
case-patient (patient II-C; Figure 1) who had a probable 
exposure to patient II-B in hemodialysis (before diagnosis) 
and no exposure to the source case-patient.

Cluster III, March–April 2014
The source case-patient for cluster III (patient III-A; Figure 
1) was a 45-year-old expatriate who had no travel history, 
no animal contact, and no healthcare facility contact dur-
ing the 14 days before symptom onset. He worked in the 
storage room at a paramedic dispatch station, a nonclinical 
facility located in a police station where no patient contact 
occurs. An extensive epidemiologic investigation of house-
hold and work contacts revealed no known exposure to a 
case before symptom onset and no link to cluster II, which 
occurred at a hospital >350 km away. No known case-pa-
tients were transported by paramedics in this unit.

On March 29, the source case-patient developed respi-
ratory symptoms. From April 2–6, he was assessed at an 
emergency department (ED) in Abu Dhabi on 3 occasions 
for fever, cough, shortness of breath, and pneumonia. He 
was examined in an ED room (with a curtain divider) under 
standard precautions and was given a surgical mask and ox-
ygen, which staff reported he removed repeatedly because 
of difficulty breathing. On April 6, he was admitted to a 
general medical unit (unit A), where he received care for 
5 hours before being transferred to the intensive care unit 
(ICU) and placed on airborne infection isolation precau-
tions. A MERS-CoV diagnosis was confirmed on April 9, 
and he died the next day.

PCR screening of respiratory specimens from 224 pos-
sible healthcare contacts from the ED, ICU, and medical 
wards identified 15 healthcare-associated case-patients 
(Figure 1). Ten were secondary case-patients who had 
exposure to the source case-patient during ED visits (pa-
tient III-B on April 2; patients III-C–K on April 6); 1 was 
a HCW who cared for the source case-patient in the ICU 
after the MERS-CoV diagnosis (patient III-L); and 4 were 
tertiary case-patients among HCWs who had no exposure 
to the source case-patient but had confirmed exposure to 
infected co-workers in radiology (patient III-M), the hos-
pital transport unit (patient III-N), and the ED (patients 
III-O and III-P) (Figure 2). Attack rates among healthcare 
contacts with confirmed exposure to the source case-patient 
were estimated to be 16% (10/64 contacts) in the ED and 
radiology department before diagnosis and 5% (1/21 con-
tacts) in the ICU after diagnosis.
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A second subcluster of illnesses was detected in unit A 
(i.e., general medical unit of hospital of admission) when a 
74-year-old hospital patient (patient III-Q) who had been 
admitted to the unit in February developed new onset of 
shortness of breath on April 12 and had a MERS-CoV–
positive sample collected the same day. During the 14 
days before symptom onset, the patient was continuously 
hospitalized, had no travel history, no animal contact, and 
no confirmed exposure to a case-patient; however, she had 
resided in a room adjacent to patient III-A (source case-
patient of cluster III) in unit A for 5 hours on April 6–7. 
During this period, no close contact with patient III-A oc-
curred, and no documented common healthcare contacts or 
common equipment was identified; consequently, this case 
constitutes a probable rather than confirmed exposure.

Subsequent screening of 83 healthcare contacts of patient 
III-Q identified 2 healthcare-associated case-patients, includ-
ing patient III-Q’s daughter (patient III-R, tertiary case), who 
had been staying in the patient’s hospital room, and a nurse 
who provided care to patient III-Q in unit A (patient III-S, ter-
tiary case). Further screening of 12 patients who received care 
from the infected nurse while she was symptomatic identi-
fied 2 more case-patients (patients III-T and III-U, quaternary 
cases), who were bedbound chronic care patients hospitalized 
for >4 weeks before their MERS-CoV–positive sample col-
lection date. No cases were identified among the 50 additional 
healthcare contacts screened from Unit A; these contacts in-
cluded the remaining 42 HCWs who worked on Unit A and 
the 8 patients who had shared a room with patient III-T. In 
total, 20 healthcare-associated cases (12 secondary, 6 tertiary, 
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Figure 1. Transmission of Middle 
East respiratory syndrome 
coronavirus (MERS-CoV) infections 
in 3 healthcare setting clusters, Abu 
Dhabi, January 2013–May 2014. 
A) Cluster I; B) cluster II; C) cluster 
III. Individual patients are identified 
by cluster and a letter indicating the 
order in which cases occurred (e.g., 
I-A indicates the source case-patient 
for cluster I). Figure panels illustrate 
suspected chains of transmission 
of MERS-CoV infection within the 
3 clusters. Each circle represents 
a case-patient. Arrows connect 
case-patients with likely source 
cases of MERS-CoV infection, with 
arrows pointing in the direction of 
transmission (i.e., from source case-
patient to secondary case-patient). 
Descriptions adjacent to arrows 
indicate the timing or location of 
confirmed (shown with solid arrows) 
and probable (shown with broken 
arrows) exposures between the 
case-patients. Asterisks (*) indicate 
case-patients who reported no fever 
or symptoms of respiratory disease; 
underlining indicates cases for 
which isolates underwent genetic 
sequencing. †Dates of exposure and 
symptom onset for case-patients 
III-B–III-L are summarized in Figure 
2. ‡After identification of MERS-CoV 
in case-patient V, healthcare workers 
in unit A were screened beginning 
March 24, 2014. MERS-CoV was not 
detected from a sputum specimen 
collected from case-patient III-S at 
this time. The MERS-CoV–positive 
specimen was collected on April 24, 
after identification of case-patient III-Q 
on the same ward. HCA, healthcare-
associated; HCW, healthcare worker.
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and 2 quaternary) are attributable to a single introduction in  
the hospital.

A final healthcare-associated case-patient who was 
also cared for in unit A was identified (patient V; Figure 1). 
This 40-year-old expatriate man was admitted to the hospi-
tal in February 2014 with shortness of breath and multiple 
concurrent conditions, including congestive heart failure. 
The patient was cared for in unit A and a dialysis unit dur-
ing February–March; new fever and shortness of breath 
developed on March 18, and he tested positive for MERS-
CoV and was transferred to the ICU, where he died. The 
case-patient was hospitalized during the 14 days before 
symptom onset and had no travel history, animal contact, 
or contact with a known case. No source case or secondary 
cases were identified when 141 healthcare-associated con-
tacts were screened (including patient III-S, a HCW who 

submitted a PCR-negative respiratory specimen during this 
contact investigation).

Laboratory

PCR
All case isolates were laboratory confirmed as positive by 
rRT-PCR for the upstream E gene and open reading frame 
1. Average time between sample collection and laboratory 
results was 1 day (range 0–3 days). All 23 PCR-confirmed 
case isolates included in the validation sample were veri-
fied by using the N2 assay at CDC.

Sequencing
Genetic sequencing was performed on a subset of 8 iso-
lates: 7 from case-patients in healthcare-associated clusters 
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Figure 2. Timeline of exposures, symptom onset, and diagnosis of Middle East respiratory syndrome coronavirus (MERS-CoV) among 
secondary case-patients in a healthcare-associated cluster (cluster III), Abu Dhabi, 2014. Colored boxes indicate key dates for each 
case-patient: green boxes indicate date of interaction between source case (patient III-A) and healthcare providers; pink boxes indicate 
date of symptom onset; blue boxes indicate date of MERS-CoV diagnosis. For 5 case-patients who reported no symptoms, symptom 
onset is not listed; data exclude a secondary case with probable exposure (patient III-Q). SOB, shortness of breath; ICU, intensive care 
unit; PPE, personal protective equipment; duration, duration of exposure; ED, emergency department.
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(patients II-A, III-A–III-C, III-O, III-Q, and III-R) and 1 
from a non–healthcare-related case-patient from Abu Dhabi 
(Table 2). Full genome sequences were deposited in Gen-
Bank (accession nos. KP209306–KP209313). The genome 
sequences are similar (>99%) to other known MERS-CoV 
and clusters most closely with camel-derived MERS-CoV 
strains (GenBank accession nos. KJ650295–KJ650297) 
obtained in Al-Hasa, Saudi Arabia, in 2013, suggesting 
potential camel origin. Comparing complete genome se-
quences to the source case for cluster III (patient III-A) 
showed that all 6 MERS-CoV sequences from cluster III 
are considered to be genetically related, with <2 nt differ-
ences in the genome. The sequence for the source case from 
cluster II (patient II-A) is not considered related (11-nt dif-
ference). The non–healthcare-associated case from 2013 is 
even more divergent (30-nt difference).

Infection Prevention
Of the 14 HCWs (patients I-B–I-E, III-B–III-J, and III-L) 
who became infected with MERS-CoV after caring for 
a source case-patient, 13 (93%) were exposed before the 
patient’s diagnosis. PPE use during care was inconsistent 
among these HCWs (Table 3). The 1 HCW who became 
infected after caring for a recognized case-patient reported 
use of gloves and N95 respirator masks during all patient 
care activities but did not consistently wear a gown and 
recalled an occasion when patient material contaminated 
her clothing (Table 3).

Discussion
MERS-CoV in healthcare settings accounts for >40% of 
all reported infections in Abu Dhabi. We found that health-
care-associated transmission occurred predominantly when 
HCWs, patients, and visitors were exposed to an infected 
person before recognition of MERS-CoV and implementa-
tion of appropriate infection prevention measures. These 
findings underscore the importance of early detection and 
intervention to limit spread of disease.

In the largest healthcare cluster in our investigation, 
1 patient appears to have directly infected 12 persons in 
1 hospital, resulting in a total of 20 healthcare-associated 
infections caused by secondary, tertiary, and quaternary 
transmission. Among ED HCWs, we estimate a 16% attack 
rate, ≈4 times higher than average household transmission 
estimates (4). Our findings add to previously reported ex-
amples of more extensive transmission occurring in health-
care facilities in South Korea, Saudi Arabia, and Jordan 
(5,6,11–13) and suggest that, in the absence of appropri-
ate infection prevention measures, healthcare settings may 
be particularly efficient for MERS-CoV transmission. As 
described during an outbreak of severe acute respiratory 
syndrome, transmission in healthcare settings may be in-
creased by various factors: higher than usual infectiousness 

of patients because of high viral loads or presence of symp-
toms that increase shedding; use of procedures that aero-
solize infectious respiratory illness; close patient–HCW 
proximity during medical encounters; and other not-yet-
identified factors (26). Extensive contact-tracing practices 
in Abu Dhabi, including testing contacts of case-patients 
regardless of symptoms, and whole-genome sequencing 
were essential for fully characterizing the transmission pat-
terns in this cluster.

In our investigation, nearly all healthcare-associated 
transmission events occurred before MERS-CoV was sus-
pected and diagnosed. After diagnosis, >500 patient-days 
of hospital care were provided to case-patients in Abu Dha-
bi; among HCWs providing this care, 1 infection occurred 
in an ICU nurse who reported not fully adhering to recom-
mended prevention measures while she cared for a case-
patient. Although delayed diagnosis contributed to all other 
transmission events, reasons for delays varied, highlighting 
challenges faced by the healthcare community: 1 patient 
was infected early in the outbreak, before high visibility 
of MERS-CoV and prevention policies; 1 patient sought 
care from an ED but had no known epidemiologic risk 
factors for MERS-CoV; 1 hospitalized patient had MERS-
CoV symptoms that could be explained by other concur-
rent conditions; 1 infected HCW with mild illness did not 
report symptoms and continued working while ill. In the 
largest cluster, despite strong hospital and public health 
policies for triaging and isolating patients with respiratory 
symptoms as part of the MERS-CoV response, the source 
case-patient was placed under standard precautions, rather 
than contact and airborne precautions (27). Reasons for not 
implementing protocols in this instance are unknown, but 
the patient’s lack of known risk factors (e.g., exposure to a 
case-patient) likely contributed to low clinical suspicion. 
This cluster underscores the importance of maintaining 
vigilance and adherence to infection prevention policy, 
particularly in regions where known MERS-CoV infec-
tions exist.

The severity of illness associated with MERS-CoV 
infection among case-patients in our investigation ranged 
from asymptomatic to severe disease, as has been previ-
ously reported (4,5,10,18). Severity of symptoms varied 
by type of case; death occurred among 2 of 3 source case-
patients, 1 of 3 infected hospital patients, and no infected 
HCWs, who typically reported mild or no symptoms. We 
identified 3 instances in which transmission appears to 
have occurred from infected HCWs who reported no fever 
or symptoms of respiratory illness (patients III-B, III-G, 
and III-I). Although underreporting of symptoms or failure 
to recognize exposures cannot be ruled out, our findings 
show that increased understanding of transmission risks for 
persons with mild disease and improved strategies for early 
detection of illness are needed (1,4,7).
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This investigation has several limitations. Al-
though the healthcare clusters we describe are sup-
ported epidemiologically and steps were taken to en-
sure that clusters were conservatively constructed 
(e.g., excluding healthcare workers with known ex-
posures in the community), other transmission path-
ways cannot be excluded. Genetic sequencing of a 
limited number of cases supports the epidemiologic  
characterization of cases and clusters, but we were un-
able to sequence and assess the molecular relatedness of 

all case isolates, a step that previous investigations have 
shown to be informative (11,28). On the basis of the cur-
rent understanding of the mutation rate of MERS-CoV, 
the genetic differences observed in case isolates from 
clusters II and III are consistent with 2 separate introduc-
tions (11); however, we cannot rule out the possibility that 
these clusters are related. Furthermore, transmission path-
ways were generated on the basis of self-reporting or oth-
er documentation, and exposures may have been missed 
or forgotten. Such lapses might explain the difficulty in 
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Table 2.	Nucleotide	sequence	variations	of	MERS-CoV	full	genomes	from	8	case-patients	in	Abu	Dhabi,	January	1,	2013–May	9,	
2014* 

Genome	position,	nt 
Patients	associated	with	healthcare	clusters 

Patient	V† III-A III-B III-C III-O III-Q III-R II-A 
381 C       T 
1,226 T      C C 
2,015 T      C  
3,110 C       T 
3,280 T      C C 
3,799 G       A 
3,968 C       T 
4,625 C       T 
5,065 T       C 
5,152 A   G     
5,381 C       T 
6,189 C       T 
7,124 G      T T 
7,610 C      T  
11,631 C       T 
11,766 T       C 
11,785 Y	(T/C) C T T T T C C 
13,331 T      C  
15,592 A       G 
16,381 A C       
18,045 T       C 
18,208 T       C 
18,966 T G       
19,072 C      T  
21,382 T  C      
21,531 T       G 
21,777 G  A      
22,394 C       T 
22,760 C Y	(T/C)       
22,790 T       C 
22,913 T      C  
23,549 G       A 
23,685 A       C 
23,883 G       A 
24,518 G       A 
24,602 C       T 
24,687 T       C 
25,364 C       T 
26,672 G      T  
27,204 T       A 
27,206 C       A 
27,208 A       T 
27,211 C       A 
27,867 G      T  
29,170 G      T  
Total	nt	differences  2 2 1 0 0 11 30 
*Genome	sequences	compared	with	those	for	case	III-A,	the	source	case-patient	for	healthcare-associated	cluster	III.	The	variation	table	was	generated	
on	the	basis	of	the	full	genome	sequence	described	in	the	Methods	section.	Blank	cells	indicate	no	sequence	difference.	MERS-CoV,	Middle	East	
respiratory	syndrome	coronavirus. 
†Case	not	associated	with	healthcare. 
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ascertaining a source of exposure for 1 healthcare-asso-
ciated case (patient V). In addition, follow-up serologic 
testing for MERS-CoV–specific antibodies and repeat 
PCR testing were not performed on healthcare-associated 
contacts, so additional cases may have been missed. Last, 
by restricting our definition of healthcare-associated cases 
to persons with recognized exposures in healthcare set-
tings, we may underestimate the true number of cases, 
particularly if sources of infection (i.e., case-patients) 
went undetected. Because our objective was to character-
ize transmission patterns among known healthcare-asso-
ciated cases, we considered the conservative definition to 
be most appropriate.

In conclusion, large healthcare clusters of MERS-CoV 
illness contribute to substantial illness and also have po-
tential for secondary consequences, including fear among 
HCWs and the public. MERS-CoV can clinically appear 
with mild or nonspecific respiratory symptoms, and pa-
tients may seek care without having known risk factors for 
infection. Maintaining a high index of suspicion in every 
patient encounter, especially at first points of patient entry 
such as EDs or primary healthcare settings, is imperative, 
particularly in regions reporting MERS-CoV cases. Early 
detection of cases, full adherence to infection prevention 
recommendations, and recognition of illness among HCWs 
are necessary factors to prevent further transmission of 
MERS-CoV in healthcare settings. Supporting healthcare 
facilities in these efforts remains a priority.
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Lassa virus (LASV) is endemic to several nations in West 
Africa. In Mali, LASV was unknown until an exported case 
of Lassa fever was reported in 2009. Since that time, rodent 
surveys have found evidence of LASV-infected Mastomys 
natalensis rats in several communities in southern Mali, 
near the border with Côte d’Ivoire. Despite increased aware-
ness, to date only a single case of Lassa fever has been 
confirmed in Mali. We conducted a survey to determine the 
prevalence of LASV exposure among persons in 3 villages 
in southern Mali where the presence of infected rodents has 
been documented. LASV IgG seroprevalence ranged from 
14.5% to 44% per village. No sex bias was noted; however, 
seropositivity rates increased with participant age. These 
findings confirm human LASV exposure in Mali and suggest 
that LASV infection/Lassa fever is a potential public health 
concern in southern Mali.

Lassa virus (LASV) (family Arenaviridae, genus Arena-
virus) is the etiologic agent of Lassa fever (LF), a viral 

hemorrhagic fever first documented in 1969 during an out-
break on the Jos Plateau in Nigeria (1). In humans, LASV 
infection is characterized by a variety of clinical manifesta-
tions that can range from apparently asymptomatic or mild 
disease to severe disease consisting of multiorgan failure 
(2,3). As much as 80% of infected persons are believed to 
experience mild disease, whereas 20% exhibit noteworthy 
and often severe clinical indicators that require medical  

attention (4). An estimated 300,000 LASV infections occur in 
West Africa each year, resulting in ≈5,000 deaths (5). Infec-
tion during pregnancy, especially during the third trimester, 
is particularly severe; estimated maternal mortality rates are 
20%, and fetal mortality rates are ≈100% (6–8). As are most 
arenaviruses, LASV is maintained in nature in rodent hosts, 
specifically, the multimammate rat (Mastomys natalensis) 
(9). Most commonly, contact with infectious rodents or in-
gestion/inhalation of virus-laden particles is the source of 
human infection. Person-to-person transmission is also well 
documented and can result in outbreaks, especially in noso-
comial settings, leading to mortality rates in >50% (7).

Historically, LASV has been considered endemic to 2 
geographic areas of West Africa: 1) Sierra Leone, Guinea, 
and Liberia; and 2) Nigeria. However, in recent years, an 
increased region of LASV endemicity has been suggested, 
which includes adjoining countries and areas farther north 
than previously suggested (10,11). In 2000, a German citi-
zen received a diagnosis of LF after traveling through Gha-
na, Côte d’Ivoire, and Burkina Faso (12). More recently, 
cases of LF have been identified in Ghana (13), and the 
presence of LASV-infected rodents has been documented 
in Côte d’Ivoire (14).

In a similar situation, LF was unknown in Mali until 
February 2009, when a young British man was medically 
evacuated to London after a 10-day history of fever (15). 
The infection was initially diagnosed as Plasmodium fal-
ciparum malaria, even though the patient did not respond 
to treatment for malaria. He died on arrival in London, and 
a postmortem diagnosis of LASV infection was confirmed 
by molecular techniques. In response to this case, rodent 
surveys were conducted in the village of Soromba (rural 
commune of Sibirila, Bougouni district, Mali), where the 
man was living and working when he became ill. The initial 
surveys found that 25% of M. natalensis rats had molecular 
evidence of active LASV infection, which was confirmed 
by virus isolation and sequence analysis (16). Similar stud-
ies conducted across Mali suggest that LASV is restricted 
to the southern tip of the country, in several villages near 
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the border of Côte d’Ivoire (17). On average, 20% of peri-
domestic Mastomys rodents collected in these villages had 
serologic or molecular evidence of LASV infection, with 
peak prevalence rates >50%.

Given the infection rates observed in rodents living 
in close proximity to humans in many villages in southern 
Mali, it seems likely that humans are frequently exposed to 
LASV infection and that LF may develop. Nevertheless, 
despite increased recognition of LF in Mali, to date no out-
breaks have occurred, and the 2009 exported case remains 
the only confirmed human LASV infection contracted in 
Mali. Reports of a second case of LF associated with the 
British citizen are unconfirmed. Verbal accounts indicate 
that shortly after he was evacuated, his housekeeper and 
cook also fell ill and died. Samples were not collected for 
testing, in part because malaria was suspected. To better 
understand the risk for human LASV infection in southern 
Mali, we conducted a serologic survey of inhabitants of 3 
villages within the rural commune of Sibirila to determine 
the proportion of persons who had been exposed to LASV. 

Materials and Methods

Ethics Statement
Ethical approval for research on human subjects was ob-
tained from the independent institutional research boards 

of the Faculty of Medicine and Pharmacy of the Univer-
sity of Sciences, Techniques and Technologies of Bamako, 
Mali, and the US National Institutes of Health. Before we 
conducted these studies, permission was granted from re-
gional health professionals as well as from village elders 
and chiefs. Research on samples from human subjects was 
conducted in accordance with the policies and regulations 
of the National Institutes of Health and in adherence with 
the principles of the Belmont Report (1979) (http://www.
hhs.gov/ohrp/humansubjects/guidance/belmont.html).

Study Setting
On the basis of findings from our previous rodent sur-
veys in southern Mali, we selected the villages of So-
romba (10°35′21″N, 07°09′21″W), Bamba (10°22′59″N, 
07°09′06″W), and Banzana (10°31′26″N, 07°14′53″W) (17) 
(Figure 1; online Technical Appendix Figure 1, http://ww-
wnc.cdc.gov/EID/article/22/5/15-1814-Techapp1.pdf). So-
romba is the most likely exposure site of the only known 
case of LF in Mali and, along with Bamba, has the high-
est LASV prevalence documented in peridomestic rodents 
(16,17). Banzana is a nearby village with a low prevalence 
of LASV-infected rodents. According to a recent national 
census, the populations of Soromba, Bamba, and Banzana 
were 855, 1,751, and 4,822 persons, respectively. Samples 
were collected over 10 consecutive days in February 2015.
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Figure 1. Study sites for assessment 
of Lassa virus seroprevalence in 
humans, southern Mali, 2015. The 3 
villages of Soromba, Banzana, and 
Bamba (within square) in Sibirilia 
commune, Bougouni district, were 
selected on the basis of previous 
identification of Lassa virus–infected 
rodents in peridomestic settings.
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Consent and Enrollment
Enrollment criteria for this study were the following: a par-
ticipant must have been a healthy person >6 months of age 
with no febrile disease reported in the previous month, who 
(or whose parents) had resided in the community for at least 
12 months. Oral and written consent were obtained from all 
participants in the study before their enrollment. If the par-
ticipant was illiterate, consent was granted in the presence of 
a literate witness of his or her choice or a trusted community 
member assigned by the community. Consent for participants 
<18 years of age was given by parents or guardians. The 
study procedures and goals were explained to the participants 
in the local dialect (Bambara). In addition, all potential par-
ticipants were given handouts explaining the study, and per-
sons were encouraged to further discuss possible enrollment 
with trusted members of the community, primarily teachers 
and nurses. When possible, enrollees were given at least 24 
hours to decide whether to voluntarily participate. The goal 
for this study was to enroll 600 participants, 200 per village.

Biometrics and Sample Collection
Prior to sample collection, enrollees were given a physical 
examination by a licensed Malian physician. Participants 
with enlarged spleens, suspected of having an asymptom-
atic malaria infection, were tested with a rapid diagnostic 
test, and those whose test results were positive received 
treatment according to local guidelines. Also, children with 
suspected vitamin deficiencies were given supplements, 
and adults with varying medical conditions received treat-
ment as required. Questionnaires were verbally adminis-
tered to each participant >12 years of age; questions were 
asked about previous febrile diseases with or without hem-
orrhagic manifestations, rodent sightings/infestations in 
dwellings, and possible consumption of rodents. After the 
initial examinations, ≈1 mL of whole blood was collected 
by fingerstick into an EDTA-treated microtube by a certi-
fied Malian laboratory technician.

Sample Processing and Testing
Within 1 h of blood collection, plasma was separated from 
whole blood by centrifugation, transferred to a cryovial, 
and frozen on liquid nitrogen. Samples were transported 
to a climate-controlled laboratory at the University of Ba-
mako in dry shippers within 10 d of collection for serologic 
testing. An ELISA was used to screen samples for IgM 
and IgG reactive to a recombinant LASV nucleocapsid 
antigen derived from LASV Josiah (ReLASV; Corgenix 
Medical Corporation, Inc., Broomfield, CO, USA) (18,19). 
The kits are produced under a Corgenix Quality System 
(compliant with FDA regulations) (http://www.corgenix.
com/news-releases/corgenix-and-viral-hemorrhagic-fever-
consortium-release-new-findings-from-sierra-leone-lassa- 
virus-program/#sthash.P7nnRrCI.dpuf). The kits have 

been thoroughly evaluated for the detection of LASV an-
tibodies in patients at the LF ward of the Kenema Gov-
ernment Hospital in Sierra Leone (L.M. Branco, M. Boi-
sen, unpub. data) and have previously been used to detect 
anti-LASV antibodies in rodents collected in southern 
Mali (17). Optimized LASV ELISA methods developed 
at Kenema Government Hospital were used for testing the 
samples. In brief, serum specimens were initially screened 
at a 1:100 dilution in sample diluent. Samples were incu-
bated on the ELISA plate at room temperature (≈25°C) for 
30 min, after which they were washed 3 times with wash 
buffer on a mechanical plate washer. A peroxidase-labeled 
secondary antibody against human IgG or IgM was then 
added to each well, and samples were again incubated and 
washed as above. Peroxidase substrate (3, 3′, 5, 5′-tetra-
methylbenzidine, 100 μL/well) was added to each well and 
incubated at room temperature in the dark for ≈10 min after 
which a stop solution (0.16 M sulfuric acid, 100 μL/well) 
was added. Color development was assessed on a mechani-
cal plate reader at 450 nm. A baseline for the assay was 
established by testing 374 serum samples collected from 
citizens of Mali who lived well outside the known region 
where LASV was endemic. Serum samples collected in the 
current study were considered serologically positive if they 
yielded optical densities (OD450) >2 SDs above the baseline 
value (>0.8). All reactive samples were titrated by 4-fold 
dilutions to determine the final titer. Serologic testing was 
done on blinded samples.

Statistical Analysis
Univariate generalized log-binomial regression models 
were used to estimate risk ratios (RRs) and 95% CIs and 
to identify factors that were significantly (p<0.05) associ-
ated with IgG seropositivity. Variables significant in uni-
variate models were evaluated in multivariate models to 
assess for potential confounding effects. Univariate logistic 
regression models were used to identify significant factors 
associated with the expectedly rarer outcome of IgM sero-
positivity and estimate odds ratios and associated CIs. All 
regression analyses were conducted by using SAS version 
9.3 (SAS Institute, Inc., Cary, NC, USA).

Results 

Study Demographics
A total of 600 participants were enrolled in this study, 200 
per village, which represents 23.4%, 11.4%, and 4.1% of 
the populations of Soromba, Bamba, and Banzana, re-
spectively. The average age of subjects enrolled was 21 
years (range 7 months–83 years) (Figure 2). The sex ra-
tio was slightly skewed toward female participants; 315 
(52.5%) enrollees were female, versus 285 (47.5%) male 
(sex ratio 1.1) (Figure 2). The demographics of the study  
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populations were essentially the same from each village 
and were representative of the population of Sibirila, which 
is primarily young (65% of inhabitants are <30 years old), 
with more female than male inhabitants. All study par-
ticipants that were polled reported seeing rodents in their 
dwellings frequently and had an extensive history of febrile 
diseases without hemorrhagic manifestations.

Seroprevalence Rates
LASV IgM was detected in 4 samples, for an overall preva-
lence rate of 0.67%. All 4 IgM-positive samples were from 

female participants, ages 3, 11, 12, and 22 years (female-
specific ratio of 4/315 [1.3%]). Three of the 4 samples reac-
tive for IgM were also IgG positive. IgM-positive samples 
came from all 3 sites: 2 from Bamba, 1 from Banzana, 
and 1 from Soromba. The overall IgG seroprevalence for 
LASV across the 3 sites was 33.2% (199/600 samples) 
(Table 1). Overall village-specific LASV seroprevalence 
correlated with previous results of rodent surveys (17). The 
IgG seroprevalences for Bamba (44.0%; 95% CI 37.0%–
51.2%) and Soromba (41.0%; 95% CI 34.1%–48.2%) were 
comparable and considerably higher than that for Banzana 
(14.5%; 95% CI 9.9%–20.2%) (Table 1).

Persons that were IgG positive were more likely to be 
older than those who were IgG negative (each 10+ years 
of age: RR 1.08; CI 1.02–1.14; p = 0.005) and were also 
more likely to be from Soromba than from Banzana (RR 
2.8; CI 1.9–4.1; p<0.0001) but were not more likely to be 
from Bamba (p = 0.5). No differences in seropositivity 
were found by sex (p = 0.3) (Table 2). When analyzing 
IgG positivity as an outcome in a multivariate model, all 
significant variables from the univariate models (village 
[Banzana], age, and IgM OD) remained significant and at 
nearly the same magnitude of effect, suggesting that they 
are not confounding each other. Endpoint ELISA titers 
for most samples were relatively low, possibly because a 
nonhomologous recombinant LASV nucleocapsid antigen 
was used in the immunoassays (20). Three samples demon-
strated titers of >6,400, and an additional 37 had titers of 
1,600. The remaining samples had titers of 100 (n = 77) or 
400 (n = 82).

Discussion
LASV has most likely been present in southern Mali for 
several hundred years (21,22). However, until 2009, when 
an imported case of LF in a patient with travel history ex-
clusive to Mali was diagnosed in the United Kingdom, 
LASV as well as LF were undocumented (15). Since then, 
despite increased awareness of the disease and ecologic 
studies defining the distribution of infected rodent reser-
voirs in the southern portions of the country, no additional 
case of LF has been observed or suspected. 

The apparent underrecognition of LASV infection in 
this region is likely multifactorial. The wide range of clini-
cal features and nondescript symptoms that appear early in 
LASV infection impedes a diagnosis based strictly on clin-
ical manifestations, even for experienced physicians (23–
25). Studies in disease-endemic regions suggest that ≈20% 
of LASV infections lead to advanced and clinically severe 
disease manifestations. However, the classic indicators of 
LF may have easily been attributed to other infectious dis-
eases, particularly malaria (as was the situation with the 
LF case imported to the United Kingdom), typhoid fever, 
or a variety of other etiologic agents known to have a high 
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Figure 2. Demographic characteristics of study population in 
assessment of Lassa virus seroprevalence, southern Mali, 2015. 
A) Age; B) sex.
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incidence in West Africa (26–28). In addition, the overall 
lack of confirmed cases in several West Africa countries 
where infected rodents and sporadic cases have been docu-
mented may be due to atypical or even attenuated clinical 
manifestations of these viruses, as has been suggested in 
recent nonhuman primate studies (29). Conceivably, the 
80/20 ratio for LASV infection severity in many of the 
countries outside of the historical regions of endemicity 
could be even greater. Nevertheless, the absence of iden-
tifiable cases in this region is conspicuous, given that up 
to 50% of peridomestic rodents captured in some of these 
villages exhibit evidence of LASV infection (17).

To date, few LASV seroprevalence studies have been 
conducted outside of populations that reside in regions 
to which LASV is hyperendemic. With LASV IgG de-
tectable in 33.2% of this study population, our results 
demonstrate that a high proportion of inhabitants in these 
3 villages have been exposed to LASV and, by exten-
sion, indicate that a wider population in this region may 
also have been exposed. Village-specific prevalence rates 
were in accordance with the infection rates observed in 
rodents previously collected in this area. The IgG sero-
prevalences for Soromba and Bamba were 3-fold higher 
than that for Banzana, which is similar to infection rates 
observed in Mastomys rodents collected from these vil-
lages (16,17). 

IgG seropositivity was positively associated with age, 
which is not surprising given that the primary source for 
most infections would be infectious rodent reservoirs. The 
older a person is, the more likely they are to have had close 
contact with these animals. A substantial number of young 
children also demonstrated serologic evidence of previous 
exposure, which, because they were >7 months of age, are 
not likely to be false-positive results associated with ma-
ternal transfer of antibodies. Although seropositivity was 
higher in female participants, these results were not sig-
nificant, suggesting that both sexes are equally infected in 
this region.

The prevalence reported here is, on average, slightly 
higher than (although similar to) results of previous human 
serosurveys conducted in disease-endemic and non–dis-
ease-endemic regions (30). In Liberia, Sierra Leone, Guin-
ea, and Nigeria, LASV prevalence rates of 2%–52% by 
immunofluorescence assay and 10%–55% by ELISA have 
been documented (20,23,31–35). In countries where infect-
ed rodents, cases of LF, or both have only recently been 
documented, such as Benin, Ghana, and Côte d’Ivoire, se-
roprevalence rates among humans of 9.9%, 3.8%, and 20%, 
respectively, have been found by ELISA (20). 

Overall, the endpoint ELISA titers we report are low. 
However, these values are likely affected by the use of 
a nonregional LASV antigen from the lineage IV LASV 
strain Josiah. Although an ELISA based on a homologous 
LASV antigen may have been more appropriate, the kits 
we used (ReLASV), based on LASV Josiah from Sierra 
Leone, provided 2 strong advantages: 1) the standardized 
production and quality assessment ensures reliable and 
reproducible assays for current and future studies; and 2) 
the kits have been thoroughly evaluated in LASV-endemic 
areas for detection of LASV-reactive antibodies (a factors 
that strengthens the data presented here). A caveat regard-
ing these kits is the potential for reduced endpoint titers. 
Emmerich et al. demonstrated reduced geometric mean 
titers in seropositive samples collected in Côte d’Ivoire 
(where LASV strain AV circulates) when diagnostic assays 
used antigen from strain Josiah rather than from strain AV 
(20). Full-genomic analysis demonstrates that LASV strain 
AV is genetically closest to the LASV strains from Mali, 
and, combined, may represent an emerging fifth lineage of 
LASV (21). 

Given these findings, the endpoint titers we found may 
be ≈2- to 4-fold lower than one might expect had the diag-
nostic antigen based on the LASV strains from Mali been 
used. Nonetheless, even if we considered the 77 samples 
with a serologic titer of 100 as equivocal, the overall sero-
prevalence in this study would still remain high (20.3%). 
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Table 1. Lassa	virus	IgG	seroprevalence	by	study	site,	southern	Mali,	2015 

Village 
Male	participants,	 

no. positive/no.	total	(%) 
Female	participants,	 

no. positive/no.	total	(%) 
Combined	seroprevalence,	

no.	positive/no.	total	 
Combined	seroprevalence,	

%	(95%	CI) 
Bamba 35/95	(37.2) 53/105	(50.5) 88/200	 44.0	(37.0–51.2) 
Banzana 14/95	(14.7) 15/105	(14.3) 29/200	 14.5	(9.9–20.2) 
Soromba 39/95	(41.1) 43/105	(41.0) 82/200	 41	(34.1–48.2) 
Total 88/285	(30.9) 111/315	(35.2) 199/600	 33.2	(29.4–37.1) 

 

 

 

 
Table 2. Lassa	virus	IgG	seroprevalence	by	age	group,	in	3	villages,	southern	Mali,	2015 

Age	group,	y 

Village 
Total	no.	 

positive/no.	tested	(%) 
Bamba,	 

no.	postive/no.	tested	(%) 
Banzana,	 

no.	positive/no.	tested	(%) 
Soromba,	 

no. positive/no.	tested	(%) 
0–5 18/48	(37.5) 2/40	(5) 12/37	(32.4) 32/125	(25.6) 
6–10 15/36	(41.7) 5/40	(12.5) 16/45	(35.6) 36/121	(29.8) 
11–20 12/37	(32.4) 4/37	(10.8) 20/43	(46.5) 36/117	(30.8) 
21–40 24/42	(57.1) 9/39	(23.1) 12/36	(33.3) 45/117	(38.5) 
>40 19/37	(51.3) 9/44	(20.5) 22/39	(56.4) 50/120	(41.7) 
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Although the possibility exists that a certain proportion of 
persons with positive test results were exposed to a sero-
logically cross-reactive arenavirus or were exposed during 
travel, the isolation of LASV from infected rodent reser-
voirs in many of these areas, combined with the observa-
tion that relatively few of these persons travel beyond their 
immediate geographic locations, argues against this.

In this study, we were unable to address possible risk 
factors associated with LASV seropositivity in Mali. A 
questionnaire was administered to study participants, but 
the data gained were limited. All participants reported see-
ing rodents frequently in their homes, with no apparent 
seasonality. No participants reported consuming rodents, 
although study staff observed adolescent boys cooking 
rodents over a fire on at least 1 trip to southern Mali (N. 
Sogoba, D. Safronetz, unpub. data). Social stigma may pre-
vent persons from admitting to this practice.

 Furthermore, we were unable to provide insight into 
the clinical picture of LASV infection in this region. Not 
surprisingly, all participants in our study reported several 
episodes of febrile disease, although none with hemorrhag-
ic manifestations or long-term sequelae, such as hearing 
loss, which is associated with LF. Because most of these 
clinically notable cases are likely attributed to malaria, the 
precise etiology of febrile diseases across Mali, in particu-
lar, in rural southern Mali, remains largely undefined. The 
Ebola virus outbreak in West Africa demonstrates why this 
diagnostic deficiency needs to be rapidly corrected.

In conclusion, the high seroprevalence rate we docu-
ment highlights the need for increased surveillance for 
LASV in southern Mali. Further, prospective studies are 
required to define the clinical manifestations of LASV in-
fection and LF in this region, as are follow-up studies to our 
work to determine incidence rates. Overall, these findings 
confirm that exposure to LASV is occurring in Mali, an 
area historically considered low risk for LF, and suggest 
that the annual incidence rate of LASV infection across 
West Africa may be higher than previously thought.
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Nipah virus (NiV) is a paramyxovirus, and Pteropus spp. 
bats are the natural reservoir. From December 2010 
through March 2014, hospital-based encephalitis surveil-
lance in Bangladesh identified 18 clusters of NiV infection. 
The source of infection for case-patients in 3 clusters in 2 
districts was unknown. A team of epidemiologists and an-
thropologists investigated these 3 clusters comprising 14 
case-patients, 8 of whom died. 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 was reportedly found inside 
pots used to make tari. These findings suggest that drinking 
tari is a potential pathway of NiV transmission. Interventions 
that prevent bat access to date palm sap might prevent tari-
associated NiV infection.

Nipah virus (NiV) is a bat-borne emerging infection, 
and Pteropus spp. bats are the wildlife reservoir (1). 

NiV was discovered in an outbreak in Malaysia in 1998 
that affected 283 persons and caused 109 deaths (case-fa-
tality rate 39%) (2). Subsequently, outbreaks of NiV infec-
tion have occurred nearly every year in Bangladesh and oc-
casionally in India (1,3–5). A total of 33 outbreaks of NiV 

encephalitis were reported in Bangladesh and India during 
2001–2014, and epidemiologic investigations implicated 
batborne and human-to-human transmission (6,7). During 
2004–2012, a total of 157 NiV infections were reported in 
Bangladesh, and 22% of these occurred through human-to-
human transmission (8).

Investigations of NiV-associated outbreaks in Ban-
gladesh identified consumption of fresh date palm sap as 
the primary route of bat-to-human transmission (1,9). In 
Bengali culture, sap harvested from the date palm tree is 
commonly used for fresh consumption and fermentation 
(10,11). Moreover, in Asia, Australia, and Africa, ferment-
ed date palm sap is used to make alcoholic drinks, known as 
toddy, tari, or palm wine (12,13). In Bangladesh, date palm 
sap is typically collected in clay pots that are attached to 
the tree. A top section of the date palm tree bark is shaved, 
allowing the sap to ooze overnight into the collection pot 
(11). A previous NiV study reported that Pteropus spp. bats 
frequently feed on the shaved bark and often contaminate 
the sap with saliva, urine, and excreta (14). Pteropus spp. 
bats are also known to occasionally shed NiV in their secre-
tions and excretions (15,16).

Since 2006, the Institute of Epidemiology, Disease 
Control, and Research (IEDCR) in Dhaka, Bangladesh, 
under the Ministry of Health and Family Welfare of Ban-
gladesh, has collaborated with the International Centre for 
Diarrhoeal Diseases Research, Bangladesh (icddr,b), Dha-
ka, on hospital-based encephalitis surveillance in the areas 
where NiV-associated outbreaks have been reported (3). 
From December 2010 through March 2014, the surveillance 
identified 18 clusters of NiV infection; in 15 of these clus-
ters, the index case-patients had exposure to fresh date palm 
sap before illness onset. For the remaining 3 clusters, the 
index case-patients had no known contact with date palm 
saps, bats, or sick animals other than bats. Recognizing the 
potential for new pathways of transmission, we investigated 
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other possible exposures to NiV by applying epidemiologic 
and anthropological approaches in our study of these 3 NiV 
disease clusters. We used the epidemiologic study to explain 
the proximate individual-level factors linked to the disease 
outbreak (17) and an anthropological approach to explicate 
local perceptions, behaviors, and practices that might have 
contributed to the disease occurrence (18). Therefore, the 
objectives of our investigation were to describe the clinical 
signs and symptoms of the case-patients and determine the 
possible route of transmission for these clusters.

Methods
The team conducted this study during 2011–2014 in Ra-
jshahi and Rangpur Districts, Bangladesh. Surveillance 
physicians from Rangpur Medical College Hospital and 
Rajshahi Medical College Hospital identified suspected 
case-patients (Table), recorded clinical histories and home 
addresses, and collected whole blood samples from each. 
The serum was separated from each sample, stored in liq-
uid nitrogen at the hospital, and then transported to IEDCR 
(3). The laboratory team at IEDCR tested serum samples 
for NiV IgM and IgG by using IgM-capture and indirect 
IgG enzyme immunoassays (19,21).

On the basis of type of exposure, we categorized sus-
pected case-patients as primary or secondary case-patients, 
and these two groups were further categorized as case-pa-
tients with probable or laboratory-confirmed NiV infection 
(Table). To identify a potential NiV infection cluster, sur-
veillance physicians asked each of the admitted suspected 

case-patients and their caregivers present in the hospital 
about other sick persons or persons in their communities 
who had recently died with similar symptoms. We defined 
a NiV infection cluster as >2 suspected meningoencephali-
tis case-patients living within 30 minutes’ walking distance 
from each other who had onset of similar illnesses within 3 
weeks of one another or had epidemiologic linkages to one 
another (22).

After identifying laboratory-confirmed NiV infection 
cases (Table), the team reviewed hospital records, took 
preliminary information from the surveillance physicians, 
and visited case-patients from each cluster within a month 
of case confirmation. We limited this study to clusters in 
which no case-patients had a history of drinking fresh date 
palm sap. In the community, the team used a structured 
questionnaire to interview surviving case-patients and the 
friends, relatives, and neighbors of deceased case-patients 
as proxy respondents. The team collected information re-
lated to exposure and signs and symptoms of illness to de-
termine routes of NiV transmission for each case-patient.

The team visited the households of case-patients and 
used culturally appropriate approaches to build rapport 
and trust with the community (23). The team conducted 
in-depth interviews and group discussions with surviv-
ing case-patients and the family caregivers, friends, and 
neighbors of the deceased to explore the exposure histo-
ries of each case-patient by using an open-ended interview 
guide. Open-ended questions allowed the interviewers to 
obtain new insights about the outbreak. Good rapport with 
community members helped the team collect information 
on potentially sensitive issues, such as alcohol consump-
tion (24), which is prohibited among the majority Muslim 
population of Bangladesh. The preliminary data collected 
during this study suggested that the case-patients might 
have consumed tari before their illness onset. Therefore, 
the team also interviewed 5 date palm sap harvesters and 
conducted 3 group discussions with community members 
to learn about tari production, consumption, and selling 
practices in the affected communities. The team also col-
lected and analyzed whole blood samples from surviving 
case-patients and from nonpatients (defined as persons in 
the community who drank tari with the case-patients but 
did not experience any symptoms) by using the same meth-
ods described above.

Data Analysis
We used descriptive statistics to characterize the demo-
graphic and clinical characteristics of the case-patients. The 
team expanded the observation and interview field notes 
and summarized them. The primary author (M.S.I.) read 
summaries of the interviews and identified themes. These 
themes were shared among investigators for review and 
consensus. The primary author then categorized the data 
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Table. Case definitions	for Nipah	virus	(NiV)	infections	that	
occurred	in	3	clusters,	Rangpur	and	Rajshahi	Districts,	
Bangladesh,	2011,	2012,	and	2014 
Type	of	case Case	definition 
Suspected Fever	or	history	of	fever	with	axillary	

temperature	>38.5C,	altered	mental	
status,	new	onset	of	seizures,	or	a	new	
neurologic	deficit	in a patient	from	an	
adult	or pediatric	ward of an NiV	
surveillance	hospital	during	the	NiV	
season	(3). 

Probable Illness	meeting	the	case	definition	for 
suspected	NiV	infection	in	a	person who	
lived	in	the	same	village	as	a	person	with 
laboratory-confirmed	NiV	infection	but	
who	died	before	specimens	could	be	
collected	for	diagnosis	(19). 

Laboratory-confirmed Acute	onset	of	fever	and	subsequent	
altered	mental	status	or	other	neurologic	
deficits	during	the	outbreak	period	and	
having	NiV	IgM	or	IgG	antibodies	in	
serum	(19). 

Primary A	case	in	which	illness	occurred	in	the	
absence	of	contact	with	a symptomatic	
case-patient. 

Secondary Illness	in	a	person	whose	only	known	
exposure	was	to	a	case-patient	and	
whose	illness	occurred	within	5–15	d	
after	that	contact	(20). 
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according to the selected themes, consistent with methods 
previously described (25).

Ethical Considerations
The team obtained verbal informed consent from study par-
ticipants. The surveillance and outbreak investigation study 
protocol was reviewed and approved by the ICDDR,B Eth-
ical Review Committee.

Results
Three clusters were identified, consisting of 14 case-pa-
tients (9 with confirmed NiV infection, 5 with probable 
NiV infection). Eight of the 14 case-patients were prima-
ry case-patients (3 with confirmed NiV infection, 5 with 
probable NiV infection). All 6 of the secondary case-pa-
tients had confirmed NiV infection. Among the 14 case-
patients, 7 had illness onset during January–March 2011 
in Rangpur District (first cluster), 3 had illness onset in 
February 2012 in Rajshahi District (second cluster), and 4 
had illness onset during January–February 2014 in Rang-
pur District (third cluster). Eight drank tari before their 
illness onset, whereas 6 only had exposure to other case-
patients. None of the primary case-patients had any his-
tory of drinking fresh date palm sap or exposure to sick 
humans or animals. All of the illnesses began with fever. 
All 8 of the primary case-patients had altered mental status 
followed by loss of consciousness and death. The median 
duration from illness onset to death was 6 days. All 6 sec-
ondary case-patients survived. The median age of all 14 
case-patients was 32 years. All the primary case-patients 
were male, and all the secondary case-patients were fe-
male. None of the non–case-patients had NiV IgM or IgG 
detected in their serum samples.

In the 2011 Rangpur cluster, case-patients A, B, C, and 
G drank tari regularly in the evenings, and the sap to make 
tari was collected from a single village (Figure). Case-pa-
tients A and G were family friends and lived in the same 
village. Case-patients B and C were also related and lived 
in the same village. Case-patients D, E, and F were fam-
ily caregivers of case-patient C and provided close-contact 

care during his illness. All 3 family caregivers experienced 
illness within 2 weeks of case-patient C’s illness onset.

In the 2012 Rajshahi cluster, case-patient H was a tari 
producer and harvester of date palm sap. Case-patient I was 
a neighbor and cousin of case-patient H, and both drank 
tari regularly in the evenings. They drank tari together 
from the same pot 6 days before their illness onsets. Case-
patient J was a family caregiver of patient H and provided 
close-contact care during his illness. She experienced fever 
11 days after case-patient H’s illness onset.

In the 2014 Rangpur cluster, the respondents reported 
that case-patients K and L were family friends and had 
drunk tari every day in the evenings before their illness 
onsets (Figure). Case-patient L became ill after 5 days after 
case-patient K, and case-patient L did not have any contact 
with case-patient K while case-patient K was ill. The tari 
they drank was collected from the same village where the 
2011 Rangpur cluster was identified. Case-patients M and 
N shared the same bed with case-patient L at home; case-
patient N was a family caregiver to case-patient L, provid-
ing close-contact care for him at home and in the hospital. 
Case-patient M had onset of fever 12 days later, and case-
patient N had onset of fever 14 days after case-patient L’s 
illness onset.

Tari Production, Processing, and Selling Patterns in 
Rangpur and Rajshahi
The area of Rangpur where the case-patients lived was 
well known for its tari production and was the largest tari-
producing area in the district. An estimated 500 date palm 
trees grow in the area, which produces and supplies tari 
throughout the district. Tari retailers from different subdis-
tricts of Rangpur also come to this area to buy tari at a 
wholesale price. In the affected villages, the tari producers 
reported that they had been leasing all the date palm trees 
for several years. Villagers reported they did not have regu-
lar access to fresh date palm sap because almost all the date 
palm sap from the village was made into tari.

In the NiV-affected area of Rajshahi, the tari is pro-
duced in small quantities. An estimated 15 date palm trees 
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Figure. Timeline of illness 
onset in persons with primary 
and secondary cases of Nipah 
virus infection that occurred 
in 3 clusters, Rangpur and 
Rajshahi Districts, Bangladesh, 
2011, 2012, and 2014. 
Asterisks indicate primary 
cases; cases without an 
asterisk are secondary cases.
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grow in the affected community of Rajshahi. The tari pro-
ducer leases these trees only during winter to produce tari.

The tari production process was identical in each of 
the affected communities. The process of preparing the 
date palm trees for tari production was similar to the pro-
cess for collecting date palm sap for fresh consumption 
(11). To prepare the tree for tapping, the sap harvesters cut 
the old leaves close to the top of the trees with a knife to 
expose the tender part of the tree. To tap the tree, the har-
vesters shave a V-shaped cut at the top of the tree and set 
a bamboo spigot at the end of the cut. After 3–5 days, the 
V cut is shaved again, and an earthen pot is hung under the 
spigot to catch the sap that oozes out. For fresh date palm 
sap, the harvesters need to clean and dry the sap collection 
pots after each episode of sap collection. However, tari har-
vesters from both affected communities reported that they 
use the same earthen pot for sap collection for several days 
without cleaning it so that yeast can form at the bottom of 
the earthen pot. Yeast aids the fermentation of the fresh 
date palm sap in the pot.

In Rangpur, the date palm sap is harvested for tari year 
round. The harvesters reported that date palm sap can be 
collected from each tree for 3–4 days a week for 4 months 
at a time, and then the tree is left to recover for the next 
7–8 months. The harvesters stagger the tapping of trees 
so there is a continuous supply of date palm sap to make 
tari throughout the year. The harvesters reported that they 
harvest more sap during winter than during other seasons 
because of higher demand for tari from consumers. More-
over, they reported that the sap flows more freely from each 
tree during the winter. In the affected communities, the har-
vesters reported that every day from 8 a.m. until noon, they 
collect the sap from the hanging earthen pots and accumu-
late the collected sap in other earthen pots or containers 
and leave the hanging pots on the trees. In Rangpur, the 
harvesters bring tari to their house and immediately sell it 
to retailers and consumers from morning until late at night. 
Occasionally, consumers take tari away with them in plas-
tic bottles. In the affected area of Rajshahi, after being re-
moved from the trees, the tari pots are kept in a betel leaf 
garden, and the harvesters sell tari from there.

The tari sellers and harvesters reported that tari consum-
ers are men and included truck and bus drivers, day laborers, 
rickshaw pullers, and local farmers. They also reported that 
tari is less expensive than other illegal alcohol available for 
sale and that making tari is less laborious than collecting 
fresh date palm sap because harvesters do not need to clean 
and dry the earthen pots after each collection. They added 
that making tari is more profitable than selling fresh date 
palm sap. During our visit to communities near to the af-
fected areas in Rangpur, the price of fresh date palm sap was 
$0.20 per liter, and the price of tari was $0.50 per liter. The 
price differential provides an incentive for making tari.

We observed bat roosts in the affected community of 
Rangpur, and date palm sap harvesters reported that they 
frequently observe bats flying near the date palm trees. The 
harvesters reported that they often find bat excreta in and 
on the sap pots. The harvesters reported filtering tari with 
a net or cloth before selling it to remove the excreta. In 
Rajshahi, the villagers reported that there is no bat roost in 
their community. However, they reported seeing bats visit-
ing date palm trees at night. None of the harvesters in Ra-
jshahi reported filtering tari before selling it to consumers.

Discussion
The laboratory, clinical, and qualitative findings in this 
study suggest that the 14 case-patients in the 3 clusters we 
investigated were infected with NiV. The primary NiV case-
patients identified in the clusters drank tari regularly in the 
evenings before their illness onsets, and none of them had a 
history of fresh date palm sap consumption or any exposure 
to other NiV case-patients, which were the main transmis-
sion pathways for NiV infection identified in previous out-
break investigations in Bangladesh (9,26). Moreover, none 
of the case-patients had exposure to sick animals, another 
possible pathway for NiV transmission reported in studies 
conducted in Malaysia and Singapore (27).

Tari is a date palm sap product. Because tari fermenta-
tion was a continuous process and date palm sap was fer-
mented inside the tari pots while they were hanging in the 
trees, some date palm sap added to the tari might technical-
ly be fresh sap. However, the primary case-patients prob-
ably did not consume fresh date palm sap because tari was 
collected from 8 a.m. to noon but the primary case-patients 
drank tari only in the evening, which suggests that all the 
sap they consumed was at least partially fermented by the 
time of consumption. Findings from this investigation sug-
gest that drinking tari is a potential source of NiV infection 
in Bangladesh. Investigators in India had similar findings 
during an outbreak reported in 2007 in West Bengal near 
the border with Bangladesh (4). They reported that drink-
ing fermented date palm sap possibly contaminated with 
bats excreta and secretions was the source of NiV infection 
for the index patient, which further supports our assertion 
that NiV infection from drinking tari is plausible (4). More-
over, 2 clusters in this study were traced back to the same 
tari production village in Rangpur, further strengthening 
the conclusion that tari was the mode of transmission.

Previous studies have shown that fruit bats frequently 
lick the date palm sap and occasionally urinate inside col-
lection pots (14). In our investigation, the reported evi-
dence of bats visiting date palm trees, the presence of bat 
excreta inside tari pots, the reported use of the same pot for 
several days without cleaning, and the accumulation of sap 
from multiple pots into 1 pot suggest that sap is probably 
contaminated with bat urine or saliva during collection and 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016	 667



RESEARCH

fermentation. NiV can survive up to 4 days in bat urine and 
at least 1 day in sap contaminated with bat urine when kept 
at an average temperature of 19°C (28). A study to deter-
mine viability of NiV in artificial palm sap contaminated 
with NiV (strain Bangladesh/200401066) found no statisti-
cally significant reduction in NiV titers for at least 7 days 
when kept at a temperature of 22°C (29). Generally, envel-
oped and thus lipophilic viruses like NiV are susceptible to 
alcohol. A 60%–70% alcohol solution is recommended for 
sterilizing contaminated objects (30). A study conducted in 
India showed that tari derived naturally from fermenting 
date palm sap contains 5%–8% alcohol and has a pH of 
4.5–6.0 (12). This 5%–8% alcohol concentration might not 
have been high enough or sufficiently distributed through-
out the tari to sterilize the NiV, thus allowing persistence 
of viable virus and transmission of NiV to tari consumers 
during the winter months, when the ambient temperature 
ranges from 15°C to 28°C (21).

In Bangladesh, family caregivers commonly provide 
close-contact care to hospitalized patients (31). Infected 
patients often shed the virus through body secretions and 
excretions and can contaminate foods and surfaces, includ-
ing bed rails, bed sheets, and towels (32,33). Close contact 
is the most likely route through which family caregivers 
became infected (26). Family caregivers identified in this 
study had direct contact with primary case-patients and 
their body secretions.

The findings of our study are subject to limitations. 
First, some participants may have been reluctant to re-
port production, consumption, and selling of tari because 
these are illegal activities in Bangladesh. Initially, some 
of the date palm sap harvesters and tari producers were 
reluctant to share information with us. However, the so-
cial scientists on the investigation team built rapport and 
trust with the respondents, which encouraged the respon-
dents to share sensitive information (23). Thus, the hesi-
tance to disclose behaviors related to tari probably did 
not have a substantial effect on our findings. Second, 
no control group was available. Without a comparison 
group, we were unable to determine if our primary case-
patients were more likely than other persons residing in 
these villages to drink tari. However, given the absence of 
evidence that the primary case-patients had other contact 
with bats, sick animals, or persons with NiV infection, 
consumption of tari appears to be the most likely trans-
mission route. Third, we interviewed family members and 
friends of the deceased case-patients as proxy respondents 
to ascertain case exposures. However, during outbreaks of 
fatal diseases such as NiV infection (with a case-fatality 
rate >70%), there is no alternative to this approach (20). 
Since 2003, we have interviewed proxy respondents for 
case-exposures in every NiV-associated outbreak investi-
gation conducted in Bangladesh (3,9,19). Fourth, because 

of the delays in investigation of the 2011 cluster, our defi-
nition for a confirmed cases of NiV infection was based 
on the presence of NiV IgM or IgG in serum samples. 
Confirming a case based on the presence of IgG is reason-
able, however, because all the family caregivers from the 
2011 Rangpur cluster had illness onset within 2 weeks 
after contact with a case-patient (19).

Because harvesting date palm sap for tari production 
is similar to harvesting it for consumption of fresh date 
palm sap, the intervention of using bamboo skirts to cover 
the shaved part of the date palm tree and the sap collection 
pots to prevent bat contact and possible NiV introduction 
is worth exploring. The use of bamboo skirts is already a 
successful, affordable, and culturally acceptable method to 
prevent bat access to date palm sap, and this strategy could 
also be used to prevent NiV transmission from tari con-
sumption (34,35). In addition, tari harvesters from ethnic 
minority communities have limited access to mass media 
because of their ethnic, religious, and linguistic minority 
status in Bangladesh. Efforts should be made to raise their 
awareness about strategies that interrupt bat access to date 
palm sap. At this time, we are not aware of any studies that 
have tested the survival of NiV in tari. As a next step, we 
recommend testing NiV survival in tari at different levels 
of alcohol concentration.

All 3 of the clusters of NiV infection that we investi-
gated were linked to drinking tari. Drinking tari might also 
be a route of exposure for other batborne viruses. A total 
of 55 newly described viruses from 7 virus families were 
recently identified in urine and saliva from Pteropus spp. 
bats in Bangladesh (36), suggesting that these bats could 
also contaminate tari with other viruses that could cause 
disease in humans. Date palm sap is harvested for fermen-
tation in many areas where Pteropus spp. bats and other 
fruit bats are native, including Australia, Asia, and Africa 
(37–40). Consumers of fermented drinks and other date 
palm products that are harvested using similar processes as 
in Bangladesh might be at risk for NiV infection and other 
batborne diseases (12,13,36).
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Next-generation sequencing has critical applications in vi-
rus discovery, diagnostics, and environmental surveillance. 
We used metagenomic sequence libraries for retrospective 
screening of plasma samples for the recently discovered 
human hepegivirus 1 (HHpgV-1). From a cohort of 150 hep-
atitis C virus (HCV)–positive case-patients, we identified 2 
persons with HHpgV-1 viremia and a high frequency of hu-
man pegivirus (HPgV) viremia (14%). Detection of HHpgV-1 
and HPgV was concordant with parallel PCR-based screen-
ing using conserved primers matching groups 1 (HPgV) 
and 2 (HHPgV-1) nonstructural 3 region sequences. PCR 
identified 1 HHPgV-1–positive person with viremia from a 
group of 195 persons with hemophilia who had been ex-
posed to nonvirally inactivated factor VII/IX; 18 (9%) were 
HPgV-positive. Relative to HCV and HPgV, active infections 
with HHpgV-1 were infrequently detected in blood, even in 
groups that had substantial parenteral exposure. Our find-
ings are consistent with lower transmissibility or higher rates 
of virus clearance for HHpgV-1 than for other bloodborne 
human flaviviruses.

The development of next-generation sequencing meth-
ods and related molecular tools has greatly increased 

the pace of virus discovery (1,2), and these methods have 
become widely used for the investigation of novel zoonotic 
infections. Examples in which next-generation sequencing 
methods have identified novel viral agents associated with 
disease outbreaks include severe fever with thrombocyto-
penia virus (SFTV) in China (3), a bunyavirus in the United 

States (4), and a novel rhabdovirus in Central Africa (5). 
Using such methods, 2 authors of this study (A.K. and P.S.) 
recently described a novel flavivirus, distantly related to 
human pegivirus (HPgV, formerly described as GB virus 
C or hepatitis G virus) but with several genome attributes, 
such as a type IV internal ribosomal entry site (IRES), pos-
session of a core-like protein, and a heavily glycosylated 
envelope protein that show greater affinity with hepatitis C 
virus (HCV) and other members of the genus Hepacivirus 
(6). The virus, named human hepegivirus 1 (HHpgV-1) to 
reflect these mosaic characteristics, was detected in 2 blood 
recipients and as a persistent infection in 2 persons with 
hemophilia exposed previously to nonvirally inactivated 
factor VIII/IX concentrates.

Following the example of the previous use of metage-
nomic libraries to detect human pathogens (7–9), we devel-
oped a bioinformatics-based method to screen existing li-
braries for HHpgV-1 and HPgV sequences from previously 
tested persons in the United Kingdom, enabling viremia 
frequencies in different risk groups to be estimated. Sam-
ples used to generate libraries with and without HHpgV-1 
sequences were retrieved and used to validate the specific-
ity and sensitivity of a newly developed reverse transcrip-
tion PCR (RT-PCR)–based method for sample screening. 
This method was subsequently used to screen samples from 
patients extensively treated with nonvirally inactivated fac-
tor VIII or IX concentrates and controls.

Methods

Samples
We obtained samples from 195 persons with hemophilia 
from the Hemophilia Growth and Development Study 
(HGDS) cohort (10). We obtained metagenomic datas-
ets used for bioinformatic screening from OxBRC Pro-
spective Cohort Study in Hepatitis C (ethics reference 
09/H0604/20), the Short Pulse Antiretroviral Therapy at 
seroConversion cohort (11), Thames Valley HIV Cohort 
Study (12), and a cohort in the Democratic Republic of 
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the Congo (DRC) (13). All datasets were derived by using 
nontargeted viral RNaseq from total plasma RNA and the 
Illumina Hiseq sequencing platform (Illumina Inc., San 
Diego, CA, USA).

Screening Assays for Group 1 and  
Group 2 Pegiviruses
RNA was extracted from 200 mL of pooled or 20 mL of 
individual plasma by using the RNeasy Kit (QIAGEN, 
Hilden, Germany) and recovered in 30 mL of nuclease-
free water. First-strand cDNA was synthesized from 6 mL 
of recovered RNA by using Superscript III reverse tran-
scription (Life Technologies, Carlsbad, CA, USA) with 
random hexamer primers. Nested PCRs were performed 
by using GoTaq DNA polymerase (Promega, Madison, 
WI, USA) and the primers described in Table 1. First 
round reactions were obtained by using 2 mL of cDNA as 
a template under these conditions: 40 cycles of 18 seconds 
at 94°C, 21 seconds at 50°C and 60 seconds at 72°C, and 
a final extension step of 5 minutes at 72°C. Second round 
reactions were done by using 2 mL of first round template 
under identical conditions.

Metagenomic Sequencing and Bioinformatics
Metagenomic datasets used in this study had previously 
been sequenced on the Illumina platform from sequenc-
ing libraries synthesized with either the NEBNext mRNA 
Sample Prep Kit for Illumina (New England Biolabs, Ips-
wich, MA, USA), or the NEBNext Ultra Directional RNA 
Library Prep Kit for Illumina (New England Biolabs) with 
modifications to the manufacturer’s protocols (10). Datas-
ets in .bam format were depleted of human reads by using 
the bowtie method to map them to the HG19 human genome 
and convert them to fasta files by using custom awk scripts, 
then were piped to the blastn program (BLAST+ version 
2.2.25; http://blast.ncbi.nlm.nih. gov/Blast.cgi) by using 
a nucleotide database of all GenBank viral reference ge-
nomes and the initial HHpgV-1 variant, AK-790 (GenBank 
accession no. KT439329). All hits with E values <0.01 

were accepted. Datasets containing HHPgV-1 or HPgV-1 
sequence data were subjected to a custom-made assembly 
pipeline by which reads were trimmed of low PHRED qual-
ity bases (QUASR, Sourceforge, http://wwwsourceforge.
net) and adaptor sequences, before virus reads (identified 
by using blastn) were assembled by using Vicuna (14) and 
VFAT software (http://www.broadinstitute.org/scientific-
community/science/projects/viral-genomics/v-fat). 

RNA folding energies and ratios of non-synonymous 
to synonymous nucleotide substitutions (dN/dS) were cal-
culated for consensus whole-genome sequences by using 
SSE version 1.2 (15). Complete genome sequences of HH-
pgV-1 and HPgV obtained in this study have been submit-
ted to GenBank (accession nos. LT009476–LT009494).

Results

Library Screening in Silico
We used the assembled sequence of AK-790 as a reference 
to screen libraries of metagenomic sequence reads derived 
from plasma samples from 120 HCV-infected persons (pri-
marily infected through injected drugs), 36 persons infected 
with HIV-1 from sexual contact, and 30 persons who were 
co-infected with HCV and HIV-1 (Table 2). From these 
samples, a total of 3 sequence libraries contained HHpgV-1 
sequences. However, only 2 reads were detected in sample 
D1212, and these were identical in sequence to those of 
D1220. Because of the possibility of extraneous contami-
nation of either the sample position in the sequencer or of 
the sequence dataset (e.g., through misidentified tags), we 
provisionally considered D1212 to be HHpgV-1 negative.

By using the sequence reads, we obtained near-com-
plete genome sequences of HHpgV-1 from the 2 positive 
samples (Table 2); their divergence, and other sequence 
characteristics were compared with those of the AK-790 pro-
totype sequence (Figure 1; Table 3). Sequences were >99% 
complete with 5′ and 3′ ends approximately co-terminus  
with the HHpgV-1 prototype sequence (D1255 and D1220 
lacked 12 and 23 bases at the 5′ end, respectively, and 

672	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

 

 

 
Table 1. Primer	sequences	used	for	PCR	screening	of	HPgV groups 
Orientation Position† Sequence,	5′ 3′ 
HHpgV-1/group	2	primers   
 Sense,	outer 4,488 CGTSGTSMTYTGYGACGAGTGCCA 
 Antisense,	outer 5,021 CCRCGCCGCTGCATVCGSAAYGC 
 Sense,	inner 4,723 CAYGYDATCTTYTGYCACTCGAAGG 
 Antisense,	inner 4,900 CRAAGTTBCCDGTGTAGCCDGTGGA 
HPgV/group	1	primers   
 Orientation Position‡  
 Sense,	outer 3,931 GSGCNATGGGNCCNTAYATGGA 
 Antisense,	outer 4,546 GTNACYTCVACNACCTCCTCYACCA 
 Sense,	inner 4,092 GTGGTNATHTGYGAYGAGTGYCA 
 Antisense,	inner 4,357 TCRCACTCMRCCTTKGARTGRCARAA 
*HHpgV,	human	hepegivirus;	HPgV,	human	pegivirus.	 
†Position of 5′ base	in	the	AK-790	genome	(GenBank	accession	no.	KT439329). 
‡Position	of	5′ base	in	the	HPgV	Iowa	genome	(GenBank	accession	no.	AF121950). 
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D1255 had a 23 base extension at the 3′ end). Sequences 
were ≈5% divergent from each other and from AK-790 
over the length of the genome; most were at synonymous 
sites that left protein encoding unchanged (dN/dS 0.170–
0.193). Sequences were also phylogenetically distinct from 

the larger dataset of variants sequenced in the nonstructural 
3 (NS3) region (Figure 2; 6,16). Genomes of both HHp-
gV-1 variants showed bioinformatic evidence for genome 
scale–ordered RNA structure (17), with mean folding en-
ergy differences in the coding region of 7.6% and 8.3% for 
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Table 2. Detection frequencies of HPgV by	sequence	library	screening	and	PCR* 
Diagnostic	method Diagnoses	and	characteristics No.	tested No.	(%)	HHpgV-1+	 No.	(%)	HPgV+ 
Bioinformatics     
 HIV+ 36 0 3	(8.3) 
 HIV+/HCV+/PWID 30 0 3	(10.0) 
 HCV+/PWID 120 2	(1.7) 14	(11.6) 
PCR     
 Hemophilia† 195 1	(0.5) 18	(9.2) 
 Control	group‡ 50 0 1	(2.0) 
*HPgV,	human	pegivirus;	HHpgV,	human	hepegivirus; +,	positive;HCV,	hepatitis	C	virus;	PWID,	persons	who	inject	drugs. 
†Previously exposed to virally inactivated factor VIII/IX; all seropositive for HCV. 
‡No	history	of	parenteral	exposure;	HIV-1	and	HCV	negative. 

 

Figure 1. Maximum-likelihood 
phylogenetic analysis of complete 
genome sequences of human 
pegivirus assembled in this study 
(black circles) compared with 
available human hepegivirus (HPgV) 
sequences of genotypes 1–6 
published in GenBank (accession 
numbers shown). The tree was 
constructed by using the maximum-
likelihood algorithm implemented 
in the MEGA6 software package 
(16). For this dataset, the optimum 
maximum model was general time 
reversible model (18) with a gamma 
distribution (5 rates) and invariant 
sites. Phylogenetic analysis of 
each dataset used 100 bootstrap 
resamplings to infer the robustness 
of groupings. Genotypes previously 
assigned to HPgV sequences are 
shown on the right with the exception 
of sequence AB013501 (from 
the United Kingdom, shown with 
genotype “?”). Scale bar indicates 
nucleotide substitutions per site.



RESEARCH

samples D1255 and D1220, respectively, which is similar 
to that calculated for AK-790 (7.6%) but lower than that 
calculated for HPgV (Table 3) and other pegiviruses (6).

The 2 HHPgV-1 samples originated from HCV-infect-
ed men enrolled in the OxBRC Prospective Cohort Study in 
Hepatitis C; samples were collected before initiation of an-
tiviral treatment with telaprevir, pegylated-interferon, and 
ribavirin. Sample D1255 was collected from a person with 
a history of injection drug use, 50 years of age, 12 weeks 
before successful eradication of HCV genotype 1b virus; at 
the time of the study, he had remained under observation 
for a segment IV liver lesion, cirrhosis, and raised alphafe-
toprotein. Sample D1220 was collected from a patient 58 
years of age who had genotype 1a HCV infection and died 
from decompensated liver failure 4 weeks into treatment. 
Both patients denied receiving blood or donor blood–de-
rived products at the time of enrollment, and neither patient 
received blood products before sampling, according to hos-
pital medical records and local transfusion service records.

As a control for the bioinformatic screening method, 
the same samples were screened for human pegivirus 
(HPgV) by using 60 whole pegivirus genomes from the US 
National Center for Biotechnology Information nucleotide 
database (http://www.ncbi.nlm.nih.gov/nuccore) as refer-
ences for blastn filtering (Table 2). A total of 20 sample 
libraries contained at least 10 HPgV-matching reads and 
showed a median of 8,185 reads (IQR 5207–15,863), 
equating 17,000 to 19 million total sequenced bases (Table 

3). Near-complete genome sequences could be assembled 
from 17 of the libraries, and reduced genome coverage 
obtained from the 3 samples with sequence read totals 
<100,000. The sequence characteristics of the HPgV se-
quences were typical for members of this virus group: mod-
erate sequence divergence between each other and to the 
HPgV reference sequence (9%–13%), extremely low dN/
dS ratios (0.022–0.049) and evidence for extensive internal 
RNA secondary structure (mean folding energy differences 
of 10.5%–13.2%; Table 3). Persons infected with HPgV 
originating from the UK were infected with genotype 2, 
and those from South Africa harbored genotypes 1 and 
5 (Figure 1; 18). The exception was patient 89860282, a 
UK resident man enrolled in the Short Pulse Antiretro-
viral Therapy at seroConversion trial who was infected 
with a candidate novel genotype pegivirus in addition to a  
clade B HIV-1.

In addition to being detected at a lower frequency 
than HPgV in groups that listed sexual contact and inject-
ed drug use as potential risk factors for infection (Table 
2), read totals for HHpgV-1 were >2 SDs below mean 
totals for HPgV. This finding is consistent with a lower 
degree of viremia.

Validation of PCR for HHpgV-1
We compared sequences of the 2 HHpgV-1 samples with 
AK-790 and other group 2 pegiviruses (6) to identify 
conserved regions that might serve as binding sites for 
primers suitable for HHpgV-1 screening. A PCR based 
on primers hybridizing to a conserved region of group 2 
pegiviruses (Table 1; 6) and those previously described 
(AK1/AK2) were validated by using the original samples 
identified as positive on bioinformatic screening, the sus-
pected false-positive sample (D1212), and a selection of 
samples in which HHpgV-1 sequences were not detected 
(Table 4). To cross-validate the assay for HPgV detection, 
primers were designed based on regions conserved in the 
NS3 region of group 1 pegiviruses (human, primate, and 
bat pegiviruses; Table 1).

For groups 1 and 2 primers, PCR detection showed 
high concordance with bioinformatic screening (Table 4). 
By using group 2 primers, both samples that contained high 
numbers of HHpgV-1 reads on bioinformatic screening 
tested positive and the suspected negative sample (D1212) 
with only 3 reads was negative, as were the 20 controls 
in libraries that contained no HHpgV-1 sequences. Similar 
concordance between HPgV detection by PCR with library 
screening was observed in parallel (both methods identified 
10 positive samples and 13 negative). The observed con-
cordance between PCR- and bioinformatic-based screening 
methods for both virus groups validates both approaches 
for the wider screening for both virus groups in epidemio-
logic analyses.
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Figure 2. Maximum-likelihood (ML) phylogenetic analysis of 
human pegivirus sequences. NS3 region sequences (positions 
4609–4880 as numbered in the AK-790 reference sequence, 
denoted here as tt790) were selected to overlap with sequences 
from PCR-derived amplicons generated in this study (black 
circles) and partial NS3 region sequences reported previously 
(6). The tree was constructed by using the maximum likelihood 
algorithm implemented in the MEGA6 software package (16). 
The optimum ML model (lowest Bayesian information criterion 
score and typically greatest ML value) was Kimura 2 parameter 
and invariant sites. Phylogenetic analysis of each dataset used 
100 bootstrap re-samplings to infer the robustness of groupings. 
The tree was rooted with a rat pegivirus sequence (GenBank 
accession no. KC815311, not shown). IDU, injection drug use; 
NS, nonstructural. Scale bar indicates nucleotide substitutions 
per site.
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HHpgV-1 Detection in Case-Patients  
Transfused Multiple Times
We used pegivirus groups 1 and 2 PCRs to screen plasma 
samples from persons with hemophilia exposed to non–vi-
rally inactivated factor VII/IX concentrates and non–paren-
terally exposed controls (Table 2). Persons with hemophil-
ia showed increased frequencies of HPgV viremia when 
compared with controls (18 of 195 compared with 1 of 
50, respectively; Table 2), although this difference did not 
achieve statistical significance (p≈0.069 by Fisher exact 
test). One sample from a person with hemophilia was posi-
tive for HHpgV-1 by using group 2 primers; the amplicon 
sequence was 2.4%–4.8% divergent from AK-790, D1255, 
and D1220 between positions 4498–4896 in the AK-790 
genome, with substitutions predominantly at synonymous 
sites. The sequence was phylogenetically distinct from the 
larger dataset of HHpgV-1 sequenced in the NS3 region 
(Figure 2; 17).

Discussion
This study used a combined approach of bioinformatic 
screening of metagenomic sequence libraries and pegivi-
rus group-specific PCRs to investigate the frequency and 
risk group associations of HHpgV-1 infections. The cross-
validation of these 2 screening methods provides reassur-
ance that the methods used for detection of the 2 pegivirus 
groups were both sensitive and specific, notwithstanding 

the relatively infrequent detection of HHpgV-1 in the 
study populations.

The 2 different screening approaches clearly have 
their own advantages and disadvantages. Bioinformatic 
screening methods are able to detect a much broader range 
of genetic variants of a target virus that would require 
separate PCRs for their detection. As an example, HH-
pgV-1 was originally detected by bioinformatic screening 
of metagenomic libraries by using HPgV as the reference 
sequence (6), but the design of primers capable of detect-
ing all pegiviruses is problematic and in practice may re-
quire separate assays for group 1 and 2 variants as used in 
this study. Metagenomic virtual screening could be eas-
ily extended by the use of multiple reference sequences 
representing a much wider range of viruses than would 
be practical for PCR, for which multiple assays would 
have to be developed, validated, and applied in complex, 
multiplexed formats. Library screening for human patho-
gens has been proposed as alternative to multiplex PCR 
for this purpose (7–9). Another advantage of bioinfor-
matic screening is that it is usually possible to assemble 
near-complete genome sequences of the viruses being 
screened, which provides invaluable information for stud-
ies of its molecular epidemiology, transmission, and evo-
lution. Both HHPgV-1 and 17 of the 20 HPgV variants 
detected by bioinformatic screening could be assembled 
in near-complete genome sequences (Table 3). The HPgV 
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Table 3. Read	depth	and	divergence	of	HPgV sequences	obtained	by	using	metagenomic	screening* 
Virus,	ID	no. Case-patient	origin Type† Length Coverage,	%	 Reads Div, %‡ dN/dS MFED,	%§ 
HHpgV-1, n	=	2         
 D1220 UK NA 9,550 99.8 247,798 4.7 0.193 7.6 
 D1255 UK NA 9,503 99.6 101,951 5.1 0.170 8.3 
HPgV,	n	=	20         
 89859249 UK 2 9,383 99.9 19,231,581 10.0 0.031 11.4 
 89859262 UK 2 9,388 99.8 6,766,497 9.9 0.029 12.4 
 56330218 South	Africa 5 9,364 99.7 4,242,732 13.6 0.043 11.6 
 56330227 Australia 2 9,366 99.7 2,411,508 9.9 0.031 12.0 
 56330281 DRC 1 9,362 99.7 2,297,064 13.5 0.048 13.2 
 67845223 UK 2 9,382 99.9 1,332,130 9.4 0.023 11.5 
 56330260 UK 5 9,365 99.7 1,306,864 13.7 0.043 12.1 
 56330265 UK 2 9,425 99.7 1,178,508 9.5 0.035 12.5 
 56330292 NA 2 9,356 99.6 1,021,219 11.5 0.035 11.9 
 89860237 UK 2 9,367 99.7 953,683 9.5 0.035 11.0 
 56330272 DRC 1 9,340 99.4 707,495 13.6 0.052 12.0 
 56330229 UK 2 9,366 99.7 698,622 11.5 0.036 12.6 
 56330276 DRC 5 9,337 99.4 612,424 13.3 0.042 12.3 
 89860282 UK Novel 8,443 89.9 574,652 13.2 0.049 10.5 
 89860286 UK 2 8,923 95.0 513,420 9.6 0.035 10.3 
 89860260 UK 2 8,983 95.6 512,515 11.6 0.041 10.5 
 56330286 NA 2 9,355 99.6 454,106 9.6 0.022 12.5 
 56330228 Australia ND 436 4.6 68,351 8.6 0.019 ND 
 56330250 UK ND 423 4.5 38,083 11.6 0.043 ND 
 89860212 UK ND 1,117 11.9 17,226 8.6 0.068 ND 
*HPgV,	human	pegivirus;	ID,	identification;	Div,	sequence	divergence;	dN/dS:	ratio	of	nonsynonymous	(dN)	to	synonymous	(dS)	substitutions;	MFED, 
mean	folding	energy	difference;	HHpgV,	human	hepegivirus;	UK, United Kingdom;	NA,	not	applicable	(no	genotypes	of	HHpgV-1	are	currently	assigned);	
DRC,	Democratic	Republic	of	Congo;	ND,	not	done	(insufficient	sequence	length). 
†Genotype based on phylogenetic analysis of complete genome sequences (Figure 1).  
‡Comparison with AK790 prototype sequence (HHPgV-1)	or	AF121950	(HPgV;	genotype	2). 
§Difference	in	minimum	folding	energy	of	sequences	compared	with	those	of	sequence	order-randomized	controls	(MFED)	(16). 
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sequences represent a substantial increase on the number 
of complete genome sequences obtained to date and have 
identified further examples of rarely reported genotype 1 
and 5 sequences, along with a putative new HPgV type 
(sample 89860282). In contrast, PCR amplicons are gen-
erally short and far less informative for strain identifica-
tion or phylogenetic analysis, particularly if derived from 
highly conserved regions of the genome, as was the case 
for the HHpgV-1 and HPgV PCRs used in this study.

The specificity and sensitivity of bioinformatic screen-
ing is critically dependent on library quality; sequences de-
rived from plasma samples or other largely acellular sam-
ples (cerebrospinal fluid, nasopharyngeal aspirates, urine) 
vary considerably in the numbers of contaminating host 
genomic sequences that may influence the effectiveness 
of screening for viral sequences in an unpredictable way 
(19). As demonstrated in this study, metagenomic librar-
ies may be variably affected by contaminating sequences 
originating from other samples in the sequencing run, or 
may be bioinformatically contaminated from errors in read-
ing identification tags for multiplexed sequencing reactions 
(20). In contrast, PCR-based screenings are capable of sin-
gle copy target sensitivity in a wide range of sample types, 
and appropriate laboratory and assay design can entirely 
avoid false-positive results arising from sample or reagent 
contamination (21).

In this study, results from the 2 detection approaches 
for HHpgV-1 viremia were consistent and demonstrat-
ed the rarity of viremia with this virus in groups most at 
risk for parenterally and sexually transmitted virus infec-
tions. For example, only 1 person in the HGDS cohort 
showed viremia for HHpgV-1, despite previous exten-
sive treatment with nonvirally inactivated factor VIII or 
IX concentrates (10). Exposure to bloodborne pathogens 
is attested by their universal seropositivity for HCV and 
high rate of HIV-1 infection (50% in those selected for 
this study). Despite the evidence for parenteral transmis-
sion of HHpgV-1 in the original study (6), our finding of 
a low frequency of detectable infection in this risk group 
is consistent with the originally reported low rate of vire-
mia among persons with hemophilia (2/106 [6]). HHpgV-1 
was similarly detected at low frequency in HCV-positive  

persons who inject drugs (2/120; Table 2), although  
persons in this risk group were almost universally infected 
with HCV from needle sharing.

In interpreting these results, we can rule out a poor se-
quence library or physical sample quality as the cause for 
nondetection of HHpgV-1. Viremia frequencies of the oth-
er pegivirus, HPgV, were comparable to those previously 
described in these risk groups, with elevated frequencies 
in those with histories of sexual exposure (8% in the HIV-
positive persons in this study) previously reported to have 
high rates of HPgV active infection (22–25). Elevated fre-
quencies are similarly reported in persons who inject drugs 
(26,27), which is consistent with the increased detection 
frequencies in this study (11%).

The findings of relatively low frequencies of HHpgV-1 
viremia in the groups screened in this study suggest that it 
circulates less in human populations than HPgV, HCV, or 
HIV-1 or that infections are associated with a higher rate of 
clearance than for these other bloodborne viruses. Persis-
tence over months or years was observed in 2 persons with 
hemophilia in the original study, although both blood re-
cipients infected with HHpgV-1 cleared viremia within 241 
and 281 days posttransfusion (6). The propensity of HH-
pgV-1 to persist for long periods, at least in some persons, 
is shared with many hepaciviruses and pegiviruses. Analy-
sis of the coding regions of the 2 HHpgV-1 variants de-
tected in this study revealed evidence for large-scale RNA 
secondary structure (mean folding energy differences of 
7.6% and 8.1%), similar to that of the originally described 
HHpgV-1 sequence (6). This finding is within the range 
of values previously associated with host persistence in a 
wide range of positive-stranded mammalian RNA viruses, 
including HCV and HPgV in humans (16,28). Neverthe-
less, given the extensive exposure of the HGDS cohort in-
vestigated in this study to bloodborne viruses, the absence 
of detectable HHpgV-1 viremia in all but 1 of the persons 
in this study is more consistent with a higher rate of virus 
clearance for HCV and HPgV in this group rather than a 
lack of exposure.

Our findings potentially mirror those of our previ-
ous investigation of the parenterally transmitted parvovi-
rus PARV4 in the HGDS cohort (29), where exposure is 
also closely associated with HCV and HIV through shared 
routes of transmission (30). Although all 195 study sub-
jects were PCR-negative for PARV4 DNA at the end of 
the study period, 44% were seropositive for anti-PARV4 
antibodies, and a process of acute infection followed by 
clearance was documented for a large number from whom 
serial samples were available over the period of infection. 
Without a serology assay for HHpgV-1, it is problematic 
to determine whether the lack of viremia detection in the 
HGDS cohort and other groups arose though lack of expo-
sure or high rates of clearance of viremia.
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Table 4. Validation	of	HPgV detection in	plasma	samples	by	
using	PCR* 

No.	
samples 

Metagenomic	
screen	results† 

 
Primers,	no.	positive 

HHpgV-1 HPgV Group	2 ak1/ak2‡ Group 1 
2 + –  2 2 0 
1 +/– –  0 0 0 
10 – +  0 0 10 
10 – –  0 0 0 
*HPgV,	human	pegivirus;	HHpgV,	human	hepegivirus;	+,	positive;	–,	
negative. 
†Virus status as determined by bioinformatic screening. 
‡Nonstructural 3 genes as previously described (6). 
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In summary, this study used 2 complementary and 
cross-validated screening approaches to document frequen-
cies of active infection of several different study groups 
with HHpgV-1 compared with other parenterally and sexu-
ally transmitted flaviviruses. Complementary screening of 
these risk groups for past exposure by using serology as-
says is required to understand more about its epidemiology, 
transmission routes, and host interactions.
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Shiga toxins (Stx) are primarily associated with Shiga toxin–
producing Escherichia coli and Shigella dysenteriae sero-
type 1. Stx production by other shigellae is uncommon, but 
in 2014, Stx1-producing S. sonnei infections were detected 
in California. Surveillance was enhanced to test S. sonnei 
isolates for the presence and expression of stx genes, per-
form DNA subtyping, describe clinical and epidemiologic 
characteristics of case-patients, and investigate for sources 
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of infection. During June 2014–April 2015, we identified 56 
cases of Stx1-producing S. sonnei, in 2 clusters. All isolates 
encoded stx1 and produced active Stx1. Multiple pulsed-
field gel electrophoresis patterns were identified. Bloody 
diarrhea was reported by 71% of case-patients; none had 
hemolytic uremic syndrome. Some initial cases were epide-
miologically linked to travel to Mexico, but subsequent infec-
tions were transmitted domestically. Continued surveillance 
of Stx1-producing S. sonnei in California is necessary to 
characterize its features and plan for reduction of its spread 
in the United States.

Shiga toxins (Stxs) are cytotoxins that mediate severe 
gastrointestinal disease caused by Shiga toxin–produc-

ing Escherichia coli (STEC) and Shigella dysenteriae sero-
type 1 (1). S. dysenteriae 1 produces the prototype Shiga 
toxin (Stx), and STEC can produce 2 groups of Stxs: Stx1 
and Stx2. Vascular damage caused by Stxs in the colon, 
kidneys, and central nervous system may result in hemor-
rhagic colitis, or more severe conditions such as hemolytic 
uremic syndrome (HUS) (2). Stx2 has been shown to be 
more virulent than Stx1 (3), and adverse clinical outcomes 
such as HUS are more frequently associated with Stx2-
producing strains of STEC than Stx1-producing strains (4). 
Antimicrobial drug treatment for STEC infections and late 
or inappropriate antimicrobial drug treatment for S. dysen-
teriae 1 infections have been associated with an increased 
risk for HUS (5,6).

Although Shiga toxins have been associated with 
STEC and S. dysenteriae 1, infections caused by other 
types of Stx-producing Shigella spp. have been recognized 
in recent years. Sporadic infections with Stx1-producing S. 
dysenteriae serotype 4 and S. flexneri in persons with a his-
tory of travel to the Caribbean island of Hispañiola have 
been characterized in the United States and Canada (7–9). 
A recent survey of Shigella isolates from persons with a 
history of travel to the Caribbean found that 21% of isolates 
encoded and produced Stx; positive strains were S. flexneri 
2a, S. flexneri Y, and S. dysenteriae 4 (10). The same Stx-
converting bacteriophage was identified among these iso-
lates, suggesting the emergence of Stx-producing shigellae 
in this region was caused by spread of the phage to multiple 
Shigella species and serotypes. One case of infection with 
Stx1-producing S. sonnei in a patient from Germany who 
had a history of travel to Ukraine (11) and one instance of 
isolation of stx2a-encoding S. sonnei from a patient from 
Finland who had a history of travel to Morocco have been 
described (12). Although these novel strains of Stx-produc-
ing shigellae have been reported recently, data regarding 
the clinical characteristics and epidemiology of these infec-
tions remain limited.

In the United States, infections with Stx-producing 
organisms are primarily caused by STEC; S. dysenteriae 

1 infections are rare. Of laboratory-confirmed cases of 
shigellosis reported in the United States, ≈75% are caused 
by S. sonnei (13). S. sonnei infections are typically less 
severe than infections with S. dysenteriae 1 and are char-
acterized by diarrhea, which may be bloody and accom-
panied by fever, nausea, and abdominal cramps. Illnesses 
are usually self-limited and resolve within 5–7 days of on-
set. Extraintestinal complications such as bacteremia and 
urogenital infections are rare but have been documented 
(14–17). Although antimicrobial drug treatment is gener-
ally unnecessary for patients with uncomplicated S. sonnei 
infections, antimicrobial drugs are often used to limit the 
duration of illness and communicability and to reduce ill-
ness severity (18).

In August 2014, Stx1-positive fecal samples from 2 
patients tested by using enzyme immunoassay were report-
ed to the County of San Diego Health and Human Services 
Agency (COSD HHSA; San Diego, CA, USA); the same 
clinical specimens showed positive S. sonnei culture re-
sults. COSD HHSA initiated an investigation and notified 
the California Department of Public Health (CDPH). Sur-
veillance was enhanced retrospectively and prospectively 
in California to confirm Stx-producing S. sonnei isolates, 
identify additional cases, describe the clinical and epidemi-
ologic characteristics of infected persons, monitor for se-
vere clinical outcomes such as HUS, and to investigate for 
potential sources of infection. We subsequently identified 2 
clusters of Stx-producing S. sonnei; the second cluster con-
tinued into late 2015. We report our findings on the initial 
56 confirmed cases of Stx1-producing S. sonnei identified 
during June 2014–April 2015.

Methods

Case Finding
We defined a suspected case as detection of S. sonnei and 
Stx or stx genes in a clinical specimen collected during 
June 2014–April 2015 from a resident of California. We 
implemented several methods to identify suspected cases 
for laboratory confirmation and epidemiologic investiga-
tion. CDPH notified California local health departments 
of unusual detections and requested that suspected cases 
be reported. In addition, regular reviews of shigellosis 
and STEC electronic surveillance data were conducted to 
identify suspected cases. Some local health departments 
communicated with healthcare providers in their adminis-
trative areas to request reporting of suspected cases. After 
the detection of a cluster of suspected cases in San Joa-
quin County in February 2015, San Joaquin County Public 
Health Services prospectively enhanced laboratory sur-
veillance and requested that local laboratories submit all 
Shigella isolates for Stx testing. Stx-positive broths and S. 
sonnei isolates for all suspected cases were forwarded to 
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the CDPH Microbial Diseases Laboratory to confirm the 
presence and expression of stx genes in S. sonnei.

Laboratory Testing
All isolates from patients with suspected cases were identi-
fied by using a commercial rapid identification system (VI-
TEK 2 Compact, bioMérieux, Bio Marcy l’Etoile, France) 
or Shigella antisera. Isolates were further characterized by 
using a multiplex real-time PCR for stx1 and stx2 genes ac-
cording to a scheme for STEC testing described by Probert 
et al (19). The Vero cell neutralization assay was used to 
detect active Stx. Pulsed-field gel electrophoresis (PFGE) 
was performed by using PulseNet protocols (20).

Case Definitions
We defined a confirmed case as isolation of S. sonnei posi-
tive for stx genes and active Stx production from a clini-
cal specimen collected during June 2014–April 2015 from 
a resident of California. A secondary case was defined as 
a confirmed case in a person with illness onset >12 hours 
but within 2 weeks after household or other close contact 
with a person with a diarrheal illness. Cases in persons for 
whom data were available regarding ill contacts that did not 
meet the secondary case criteria were considered primary 
cases. Cases of undiagnosed diarrheal illness in contacts of 
suspected or confirmed case-patients were excluded from 
the investigation.

Data Collection
After receiving a report of Stx-positive feces/STEC/HUS 
or a diagnosis of shigellosis in a patient from a health-
care provider or laboratory, California local health de-
partment personnel routinely interview patients by using 
a standardized shigellosis or STEC/HUS case report form. 
We re-interviewed patients who had a suspected case of 
Stx-producing S. sonnei with a standardized investigation 
questionnaire that collected information on demograph-
ics, symptoms, treatment, clinical outcomes, risk factors 
for shigellosis, and exposure history. Suspected case-pa-
tients were queried regarding exposures during the 7 days 
before symptom onset. We extracted data from the local 
health department standardized shigellosis or STEC case 
report form if case-patients were not reached for re-in-
terview with the investigation questionnaire and retrieved 
clinical data from medical records for case-patients lost 
to follow-up.

Data Analysis
Illness onset date was unavailable for 1 case-patient and 
was estimated as the date 3 days before specimen collec-
tion. For case-patients symptomatic at the time of the last 
interview, we calculated duration of symptoms by sub-
tracting illness onset date from interview date. Data were 

summarized with descriptive statistics; we used the χ2 test, 
Fisher’s exact test, and Student t-test to compare charac-
teristics of case-patients in clusters 1 and 2 and by age cat-
egory (<5 vs. >5 years of age). We used the binomial test 
to compare the number of Hispanic case-patients in each 
cluster to population proportions based on 2014 American 
Community Survey data (21). A p value of <0.05 was con-
sidered significant. We used SAS version 9.4 (SAS Insti-
tute, Inc., Cary, NC, USA) for analyses.

Results
During June 2014–April 2015, we identified a total of 56 
cases of Stx1-producing S. sonnei in 2 epidemiologically 
distinct clusters in California. Cluster 1 consisted of 25 cas-
es in persons epidemiologically linked to southern Califor-
nia with illness onset dates during June 26–December 18, 
2014 (Figure 1). Cluster 2 consisted of 31 cases in residents 
of San Joaquin County in northern California with illness 
onset dates during January 28–April 28, 2015. The median 
age of all case-patients was 19.5 years (range 1–71 years); 
54% were male. Eleven (20%) case-patients were children 
<5 years of age.

Laboratory Testing
The 56 isolates tested were confirmed to be S. sonnei by 
the rapid identification system or by agglutination in group 
D antiserum. All isolates tested by the multiplex PCR 
were positive for the stx1 and negative for the stx2 gene and 
showed active Stx production by neutralization with Stx1 
antiserum in the Vero cell assay. We constructed a den-
drogram of predominant and selected PFGE patterns after 
XbaI digestion (Figure 2).
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Figure 1. Epidemic curve of Shiga toxin 1–producing Shigella 
sonnei cases in California (N = 56), by week of illness onset, 
cluster, and epidemiologic link to Mexico, June 2014–April 2015. 
Cluster 1, southern California, June–December 2014 (n = 25); 
cluster 2, San Joaquin County, northern California, January–April 
2015 (n = 31). Illness onset week designated using Centers for 
Disease Control and Prevention Morbidity and Mortality Weekly 
Report week.
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Clinical Summary
Overall clinical characteristics of the 56 cases (Table 1) 
did not differ significantly by cluster (data not shown).  
Case-patients were interviewed by using the investigation 
questionnaire a median of 67 and 11.5 days, respectively, af-
ter illness onset in clusters 1 and 2. Symptoms most common-
ly reported were diarrhea (100%), abdominal cramps (87%), 
fever (72%), and bloody diarrhea (71%). Twelve (21%) case-
patients were hospitalized and 27 (53%) of 51 sought medical 
care at an emergency department. Case-patients <5 years of 
age were more likely to have fever (100% vs. 67%, p = 0.054) 
and bloody diarrhea (80% vs. 68%; not statistically signifi-
cant) than were case-patients >5 years of age. The median 
duration of symptoms was 5 days (interquartile range 3–7 
days), and median length of hospitalization was 3 days (inter-
quartile range 1.5–4 days). Six case-patients in cluster 2 were 
symptomatic at the time of interview; illness duration ranged 
from 5–12 days. No cases of HUS were identified, and no  
patients died.

S. sonnei was isolated from fecal specimens from 54 
case-patients, from a blood specimen from 1 case-patient, 
and from a urine specimen from 1 case-patient. The case-pa-
tient who had bacteremia was a woman, 57 years of age, who 
had a history of substantial underlying medical conditions, 
including cirrhosis of the liver secondary to hepatitis C; she 
was hospitalized for hepatic encephalopathy. Her symptoms 
included abdominal pain and diarrhea, and computed tomog-
raphy scan results of the abdomen indicated colitis and mes-
enteric lymphadenopathy; however, fecal culture was nega-
tive for Shigella and E. coli O157. The patient was treated 
with levofloxacin for her infection and discharged after 6 
days. The case-patient from whom S. sonnei was isolated 
from a urine specimen was a 50-year-old woman with a di-
arrheal illness and clinical urinary tract infection (dysuria, 
pyuria >10 leukocytes/high power field). Urine culture for 

this patient also yielded E. coli and Enterococcus faecalis. S. 
sonnei was not isolated from her fecal sample.

Among the 29 isolates for which antimicrobial drug 
susceptibility testing results were available from clinical 
laboratories, we documented several antibiogram pro-
files. The most commonly identified profile (n = 16, 55%) 
showed resistance to trimethoprim/sulfamethoxazole and 
susceptibility to ciprofloxacin and ampicillin. Four (14%) 
isolates were resistant to trimethoprim/sulfamethoxazole 
and ampicillin but susceptible to ciprofloxacin. Of 10 iso-
lates from case-patients in cluster 2, six (60%) were resis-
tant to ampicillin; none were resistant in cluster 1. 

Of 53 case-patients with data available, 43 (81%) were 
treated with antimicrobial drugs. Most (n = 33, 77%) case-
patients treated with antimicrobial drugs were treated with 
1 drug, most frequently with ciprofloxacin (13/32, 41%). 
Among the case-patients treated with >1 antimicrobial drug, 
ciprofloxacin and metronidazole was the most common com-
bination (6/10, 60%). A 4-year-old case-patient was treated 
with trimethoprim/sulfamethoxazole, to which the isolate 
was resistant. This patient’s treatment was started 5 days af-
ter diarrhea onset, and no severe outcomes were observed. 
The median number of days from diarrhea onset to start of 
antimicrobial treatment was 3 days (interquartile range 1–5 
days), and 23 (66%) of 35 case-patients began antimicrobial 
treatment within 4 days of diarrhea onset. No differences 
were identified between case-patients <5 versus >5 years of 
age with respect to timing of antimicrobial drug treatment 
initiation or proportion treated with antimicrobial drugs.

Epidemiologic Summary

Cluster 1
In this cluster, 24 of the 25 case-patients were residents of 
San Diego (n = 20), Orange (n = 2), and Riverside (n = 2)  
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Figure 2. Dendrogram and selected pulsed-field gel electrophoresis (PFGE) patterns of XbaI-digested Shiga toxin 1–producing Shigella 
sonnei isolates from California. Predominant XbaI patterns identified in cluster 1 are shown in rows A and B and outlier on row F. 
Predominant patterns identified in cluster 2 are shown in rows C and E and outlier on row D. ID no., identification number. 
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counties in southern California. One case-patient from 
San Joaquin County had illness onset in June 2014 after 
household contact with a visitor from southern California 
who had an undiagnosed diarrheal illness. We included this 
case-patient in cluster 1 on the basis of the illness onset 
date, contact with the ill southern California visitor, and 
positive test results for an isolate with the PFGE XbaI pat-
tern predominant in cluster 1. 

The median age of case-patients in this cluster was 
10 years (range 2–64 years; Table 2). Case-patients were 
more likely to be Hispanic than the general population in 
those 4 counties (60.0% vs. 34.7%; p = 0.0085). Nine were 

considered primary case-patients and 16 were categorized 
as secondary; of the secondary case-patients, 7 had been 
exposed to another confirmed case-patient, and 9 to a con-
tact with an undiagnosed diarrheal illness (Table 2). We 
identified 4 clusters of household transmission involving 
>2 confirmed cases, and a range of 2–5 cases of diarrheal 
illness in each household. 

Five of 9 primary case-patients reported travel to 
Mexico during their exposure period, and 9 of 16 second-
ary case-patients were exposed to someone with a diar-
rheal illness who lived in or visited Mexico (Table 2). 
Overall, 14 (56%) cases were epidemiologically linked 
to Mexico, primarily Baja California. None of the case-
patients whose illness onset dates were after mid-October 
2014 (n = 8) reported epidemiologic links to Mexico. Of 
the 5 primary case-patients with a travel history to Mexico, 
none were there for all of the 7 days before illness onset. 
No common point sources of transmission were identified 
in Mexico or California. 

The predominant PFGE XbaI pattern for isolates from 
patients in this cluster was J16X01.3287, identified in 12 
(48%) isolates, including the San Joaquin County case-
patient isolate. J16X01.1810 was the second most common 
pattern, identified in 4 (16%) isolates; 8 additional PFGE 
XbaI patterns were identified. We observed no association 
between PFGE patterns and epidemiologic links to Mexico.

Cluster 2
The 31 case-patients in this cluster were residents of San 
Joaquin County. Their median age was 33 years (range 
1–71 years; Table 2), which was substantially older than 
that for cluster 1 (p = 0.0035). Eighteen cases were catego-
rized as primary and 10 as secondary; 8 were secondary 
to another confirmed case. A smaller proportion of case-
patients in cluster 2 were categorized as secondary than in 
cluster 1 (35.7% vs. 64.0%; p = 0.0398). 

We identified 4 clusters of household transmission 
involving >2 confirmed cases in this cluster; a range of 
2–4 cases of diarrheal illness were reported in each house-
hold. None of the case-patients reported a history of travel 
outside of California or close contact with anyone who 
lived in or visited Mexico. Case-patients in cluster 2 were 
significantly less likely to have an epidemiologic link to 
Mexico than those in cluster 1 (0% vs. 56.0%; p<0.0001). 
Four case-patients were homeless and 7 reported illicit 
drug use. 

We identified no common point sources of transmis-
sion for this cluster. Aside from the identification of 1 case-
patient in San Joaquin County in cluster 1, which occurred 
7 months before cluster 2, no epidemiologic connection to 
cluster 1 was established. PFGE XbaI pattern J16X01.1456 
was identified in 22 (71%) cluster 2 isolates, but no com-
mon source was identified among these cases. One PFGE 
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Table 1.	Clinical	characteristics	of	patients	with	Shiga	toxin	1–
producing	Shigella sonnei infections,	California,	June	2014–April	
2015* 
Characteristic Value 
Symptoms  
Diarrhea 56/56	(100.0) 
Abdominal	cramps 45/52	(86.5) 
Fever† 36/50	(72.0) 
Bloody	diarrhea 36/51	(70.6) 
Chills 26/41	(63.4) 
Nausea 22/39	(56.4) 
Vomiting 21/48	(43.8) 
Headache 10/33	(30.3) 

Outcomes  
Emergency	department	visit 27/51	(52.9) 
Hospitalization 12/56	(21.4) 
Hemolytic	uremic	syndrome 0/43 
Death 0/56 
Median	duration	of	symptoms,	d	(IQR)‡ 5	(3–7) 
Median	length	of	hospitalization,	d	(IQR)§ 3	(1.5–4) 

Antimicrobial	resistance  
Trimethoprim/sulfamethoxazole 27/29	(93.1) 
Ampicillin 6/25	(24.0) 
Ciprofloxacin 0/22 
Ceftriaxone 0/13 

Treatment  
Received	any	treatment 48/54	(88.9) 
Treated	with	antimicrobials 43/53	(81.1) 
Antimicrobial	treatment¶  
Ciprofloxacin 19	(45.2) 
Metronidazole 12	(28.6) 
Ceftriaxone 5	(11.9) 
Levofloxacin 5	(11.9) 
Trimethoprim/sulfamethoxazole 4	(9.5) 
Azithromycin 4	(9.5) 
Ampicillin 3	(7.1) 
Amoxicillin 2	(4.8) 
Other	or	unknown 3	(7.1) 

Median	interval	from	diarrhea	onset	to	start	of	
antimicrobial	treatment,	d	(IQR)# 

3	(1–5) 

Treated	with	intravenous	fluids 23/46 (50.0) 
Received	other	treatment** 17/54	(31.5) 
*Values	are	no.	patients/no.	with	information	available	(%)	except	as	
indicated.	IQR,	interquartile	range. 
†Based on self-reported	data;	19	(52.8%)	of	36	patients	had	documented	
temperature of ≥38°C. 
‡n = 39;	includes	6	patients	in	cluster	2	still	symptomatic	at	time	of	
interview.	Illness	duration	range	5–12	d. 
§n	=	11. 
¶n	=	42.	Because	10	case-patients	were	treated	with	>1	antimicrobial	
drug,	total	is	>100%. 
#n	=	35. 
**Antiemetics,	pain	medication,	nonprescription	antidiarrheal	medication. 
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XbaI pattern, J16X01.3318, was common to both clusters, 
identified in 2 cases from cluster 1 and 7 (23%) cases from  
cluster 2; however, no epidemiologic connection was found 
among the case-patients. Two additional PFGE XbaI pat-
terns were identified in cluster 2 isolates.

Discussion
We documented 56 cases of Stx-producing S. sonnei in the 
United States in 2 clusters, beginning in June 2014. All 56 
S. sonnei isolates were confirmed to encode stx1 and pro-
duce active Stx1. The clinical presentation of case-patients 
appeared typical for illness caused by S. sonnei, but more 
patients reported bloody diarrhea than expected. Although 
several initial cases detected in southern California had 
epidemiologic links to Mexico, most cases appeared to re-
sult from sustained domestic transmission, suggesting this 
pathogen may become more prevalent in California and in 
the United States.

Overall, the patients’ diarrheal illnesses appeared typi-
cal for shigellosis caused by S. sonnei, and no cases of HUS 
were identified. The proportion of patients reporting bloody 
diarrhea, 71%, was higher than expected, but it is unclear 
whether the presence of Stx1 increased the risk for bloody 
diarrhea in these case-patients. A study of children with 
shigellosis in Bangladesh reported that those infected with 
S. dysenteriae type 1 had more grossly bloody feces than did 
those infected with other Shigella species (78% vs. 33%), 

likely caused by Stx (22). In our study, the case-patient with  
bacteremia had several underlying medical conditions in-
cluding liver cirrhosis, a condition previously associated 
with shigellemia (23). Further studies are needed regarding 
the effects of Stx1 production in the pathogenesis and viru-
lence of S. sonnei and the risk factors associated with de-
veloping adverse outcomes atypical for S. sonnei infections.

In our investigation, most case-patients received an-
timicrobial drug treatment, and no adverse outcomes or 
cases of HUS were observed. Antimicrobial drug therapy 
is widely used for treatment of patients with shigellosis, 
and early and effective treatment in patients infected with 
S. dysenteriae 1 has been shown to decrease the risk for 
HUS (24). However, delayed treatment or treatment with 
antimicrobial drugs to which the S. dysenteriae 1 isolate 
is resistant may be associated with an increased risk for 
HUS (3). The mechanisms by which antimicrobial treat-
ment may precipitate S. dysenteriae 1–associated HUS 
are not well understood. Antimicrobial drug treatment 
for STEC infections is hypothesized to promote Stx pro-
duction, and consequently increase the risk of develop-
ing HUS, so it is generally not recommended (6,25). The 
effects of antimicrobial drug treatment on pathogenesis 
or Stx production of Stx1-producing S. sonnei infections 
remain unclear. We identified multiple resistance patterns 
among the isolates in this study, suggesting that etiolog-
ic strains are heterogeneous. Considering the increasing 
prevalence of drug-resistant Shigella in the United States 
(26), clinicians should be aware of resistance patterns 
and monitor for potential adverse outcomes if deciding to  
treat Stx1-producing S. sonnei infections with antimicro-
bial drugs.

Our clinical data are subject to limitations. We ex-
cluded undiagnosed cases of diarrheal illness in contacts 
of confirmed case-patients from our investigation. Some 
of these persons might have had clinically mild infections 
with Stx1-producing S. sonnei. However, the possibility 
of missing adverse clinical outcomes in some patients is 
small, and because HUS is a reportable condition in Cali-
fornia, unrecognized cases of HUS are unlikely. The lag 
between illness onset and case-patient re-interview in clus-
ter 1 was unlikely to bias results because most pertinent 
data were collected during the initial standard shigellosis or 
STEC case investigation. The lag in the second interviews 
confirmed no adverse outcomes in case-patients.

Our investigation of 2 epidemiologically distinct clus-
ters of Stx-producing S. sonnei infections suggests that 
emerging strains of S. sonnei may have initially been intro-
duced into southern California by travelers returning from 
Mexico but are now circulating domestically. Stx1-produc-
ing S. sonnei strains have not been reported in Mexico, but 
our investigation suggests that they may be circulating in 
the Baja California region. 
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Table 2. Epidemiologic	characteristics	of	Shiga	toxin	1–
producing	Shigella sonnei cases	by	cluster,	California,	June	
2014–April	2015 

Characteristic 

No.	(%) patients 
Cluster	1,	 
n	=	25 

Cluster	2,	 
n =	31 

Male	sex 12	(48.0) 18	(58.1) 
Age,	y   
0–4 6	(24.0) 5	(16.1) 
5–9 6	(24.0) 0 
10–19 5	(20.0) 6	(19.4) 
20–29 1	(4.0) 3	(9.7) 
30–39 4	(16.0) 3	(9.7) 
40–49 0 2	(6.5) 
50–59 2	(8.0) 8	(25.8) 
≥60 1	(4.0) 4	(12.9) 

Ethnicity   
Hispanic 15	(60.0) 14	(45.2) 
Non-Hispanic 10	(40.0) 12	(38.7) 
Unknown 0 5	(16.1) 

Case	status   
Primary	case 9	(36.0) 18	(64.3)* 
Secondary	case 16	(64.0) 10	(35.7)* 

Epidemiologic	risk	factors   
Epidemiologic	link	to	Mexico 14	(56.0) 0 
Homeless 0 4	(12.9) 
Illicit	drug	use NA† 7	(22.6) 
Men who have sex with men‡ 0 0 

*n	=	28. 
†Not available (data	not	collected	in	cluster	1	investigation). 
‡Denominator is men ≥18	y	of	age	with	data	available:	n	=	2	for	cluster	1	
and	n	=	8	for	cluster	2. 
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No clear connections between the clusters in southern 
and northern California were established. The introductory 
sources for cluster 2 remain unknown, but possibilities in-
clude unrecognized spread from southern California, new 
unrecognized introductions by travelers returning from 
abroad, or conversion of a naive strain of S. sonnei by an 
Stx1-converting bacteriophage and subsequent spread. The 
lack of an epidemiologic link to international travel among 
cases in cluster 2 and the substantial number of second-
ary cases caused by person-to-person transmission in both 
clusters demonstrate the potential for continued domestic 
transmission and spread in the United States.

The number of cases reported in this study is likely 
an underestimate of the true number of infections caused 
by Stx1-producing S. sonnei in California. Additional cases 
have likely gone unrecognized because persons with mild 
infections did not seek medical care or because laboratories 
and healthcare providers did not identify or report speci-
mens positive for both Stx and S. sonnei. Routine Stx test-
ing and fecal culture for patients with a clinically compat-
ible illness may increase detection of infections with this 
pathogen in the future. Prompt identification is reliant upon 
timely reporting of results of Stx tests and fecal culture. 
The increasing use of multipanel culture-independent di-
agnostic tests may aid detection of Stx-producing Shigella 
infections. However, results must be interpreted with cau-
tion, and confirmatory testing by culture will be needed to 
distinguish between infection with Stx-producing Shigella 
and co-infections with Shigella and STEC. Enhanced sur-
veillance by public health officials is advised, particularly 
for the possibility of emergence and spread of Stx2-pro-
ducing Shigella infections, which may be more clinically 
severe. Transmission in high-risk settings such as childcare 
is of particular concern because of the potential for severe 
clinical outcomes in the affected populations. Although se-
vere outcomes were not observed in the patient infected 
with stx2a-encoding S. sonnei reported by Nyholm et al. 
(12), the potential for increased virulence of Stx-producing 
S. sonnei cannot be ruled out at this time.

Challenges associated with surveillance, reporting, 
clinical management, and public health follow-up of both 
shigellosis and STEC in the United States may become 
more prevalent as the incidence of Stx-producing Shigella 
infections increases. Because Stx-producing Shigella in-
fections have been identified in Europe and the Americas, 
clinicians and public health officials worldwide should re-
main vigilant for cases of HUS or other sequelae in infected 
persons. Since our investigation concluded, cases of Stx1-
producing S. sonnei have continued to be identified and 
reported from San Joaquin County. Surveillance for addi-
tional cases is ongoing in California to better characterize 
the clinical and epidemiologic features of infections with 
Stx-producing S. sonnei.
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During a 2014 measles outbreak in Vietnam, postmortem 
pathologic examination of hospitalized children who died 
showed that adenovirus type 7 pneumonia was a contributory 
cause of death in children with measles-associated immune 
suppression. Adenovirus type 7 pneumonia should be recog-
nized as a major cause of secondary infection after measles.

Measles remains a fatal infectious disease, particularly 
among unvaccinated children and malnourished and 

immunocompromised patients. Measles virus causes sys-
temic infection, and measles-related complications have 
been observed in every organ system (1). Pneumonia is one 
of the most common fatal complications and is caused by 
measles virus alone or by secondary viral and bacterial in-
fections (2). Human adenovirus (AdV), human herpes virus, 
Klebsiella spp., Pseudomonas spp., and Staphylococcus au-
reus are commonly identified in the autopsied lung tissues of 
patients who died from measles-associated pneumonia (3,4).

In 2014, a measles outbreak occurred among mostly 
unvaccinated children in Vietnam; ≈15,000 confirmed cases 
and 146 deaths were reported (5). During January–October, 
a total of 2,462 patients with laboratory-confirmed measles 
infection were admitted to the National Hospital of Pediat-
rics (NHP) in Hanoi, Vietnam; 124 patients died (case-fatal-
ity rate 5%). Measles was diagnosed based on the presence 
of measles-specific IgM or the detection of measles RNA by 
reverse transcription PCR (RT-PCR). All 124 patients died 
from severe pneumonia. One patient’s illness was compli-
cated with measles encephalitis; however, the main cause of 

death was severe pneumonia. To elucidate the underlying 
causes of death in children with measles who were admit-
ted to NHP during the outbreak, we examined formalin-fixed 
and paraffin-embedded (FFPE) postmortem lung tissue sam-
ples by pathologic and molecular methods.

The Study
During February–June 2014, postmortem lung biopsies 
were performed on 16 children (9 boys and 7 girls) who 
died in the NHP pediatric intensive care unit (PICU) from 
measles-associated pneumonia, defined as pneumonia 
within 30 days of rash onset. Although we attempted to ob-
tain written, informed consent for the postmortem biopsies 
from the parents or legal guardians of all 124 patients, the 
parents/guardians of only 16 children consented. The study 
was approved by the Biomedical Research Ethics Commit-
tee of NHP (approval no. 14-012) and the Research and 
Ethics Committee of the National Institute of Infectious 
Diseases, Japan (approval no. 528).

Clinical and laboratory information on the patients was 
reviewed retrospectively (Table 1). Median age of patients 
was 8 months (range 4–16 months); all 16 patients were 
previously healthy and unvaccinated against measles. Me-
dian duration from disease onset to PICU admission was 
9.5 days and from disease onset to death was 17.5 days. Co-
infections with various bacteria, Candida spp., AdV, and 
cytomegalovirus (CMV) were detected in some patients 
(Table 1). Histopathologic studies (Table 2) revealed dif-
fuse alveolar damage (Figure, panel A), necrotizing pneu-
monia (Figure, panel B), and organizing pneumonia (data 
not shown) in 12, 11, and 3 patients, respectively. Bacterial 
pneumonia was found in 1 patient (patient 16) (Tables 1, 
2). Syncytial giant cells with intracytoplasmic and intranu-
clear eosinophilic inclusions, which are typical findings in 
measles giant-cell pneumonia, were found only in patient 
2 (Figure, panel C). Intranuclear eosinophilic inclusions 
with halo or basophilic amorphous inclusion bodies with 
smudgy outlines, suggesting AdV infection, were found in 
10 patients (patients 3–12) (Figure, panel D, inset).

We examined the virus genomes in the FFPE lung tis-
sues by using molecular methods (6). First, RNA and DNA 
were extracted from the FFPE lung tissues of 10 patients. A 
multivirus real-time PCR (rPCR) system, which was used 
to screen for 163 types of virus genomes, detected mea-
sles virus RNA, AdV-subgroup B DNA, and CMV DNA. 
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Author affiliations: The National Hospital of Pediatrics, Hanoi, 
Vietnam (L.T. Hai, H.N. Thach, T.A. Tuan, D.H. Nam, T.M. Dien); 
National Institute of Infectious Diseases, Tokyo, Japan (Y. Sato,  
T. Suzuki, N. Hanaoka, T. Fujimoto, H. Katano, H. Hasegawa,  
N. Nakajima); Japanese Red Cross Medical Center, Tokyo  
(T. Kumasaka); Tomakomai City Hospital, Tomakomai, Japan  
(S. Kawachi)

DOI: http://dx.doi.org/10.3201/eid2204.151595

DISPATCHES



DISPATCHES

688	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

The copy numbers for each virus genome, along with in-
ternal reference genes, were quantified by using real-time 
RT-PCR (rRT-PCR) or rPCR (Table 2). To determine the 
serotype of the AdV-subgroup B, which was detected in 
6 patients (patients 3–8), we sequenced the hypervariable 
regions of the hexon gene (784 nt) (7). Specimens from 

5 of these 6 patients exhibited sequences that were con-
sistent with AdV type 7 (AdV7; GenBank accession no. 
AC_000018), and the specimen from 1 patient exhibited a 
sequence with only 1 silent mutation.

To examine the distribution of virus antigens, we im-
munostained the lung sections with antibodies against each 

 

 

 
Table 1. Clinical	and	laboratory	characteristics of	16	children	who	died	from measles-associated	pneumonia	in a pediatric	intensive	
care unit, National	Hospital	of	Pediatrics, Hanoi,	Vietnam,	February–June	2014* 

Pt.	
no. 

Age,	
mo/sex 

Days	from	onset	to 
CD4/L	
(CD4	%) 

MEAS	
IgM† 

Laboratory	test	results	(type	of	test) 
PICU	

admission Death 
NPA/TLA 
(culture) Blood (rPCR) 

AdV 
TLA (PCR) 

CMV/mL	
blood (rPCR) 

1 6/M 5 6 530	(28) + – – ND ND 
2 8/M 4 6 538	(19) + – – – 1.90  105 
3 14/F 9 12 754	(15) + – – ND ND 
4 12/M 6 14 714	(31) + – – + ND 
5 8/F 15 17 341	(37) + – ND + – 
6 16/F 16 18 120	(34) – – – + – 
7 10/M 22 27 793	(47) + Acinetobacter 

spp. 
Acinetobacter spp. + 6.72  104 

8 8/M 28 30 1,084	(26) + – – ND ND 
9 15/M 10 14 2,578	(52) + – Candida tropicalis, 

C. parapsilosis 
+ 1.10  104 

10 4/M 10 15 947	(46) + – Klebsiella pneumoniae, 
K. oxytoca, Enterobacter 
cloacae, E. aerogenes 

+ – 

11 9/F 16 20 372	(29) + – C. albicans + 1.10  104 
12 7/F 11 27 472	(21) – – Pseudomonas 

aeruginosa, 
Enterococcus faecalis, 

Stenotrophomonas 
maltophilia 

– – 

13 5/F 5 21 202	(22) + – – – 2.03  104 
14 4/M 5 24 326	(12) + – – ND 4.79  105 
15 7/M 8 25 1,732	(49) + K. pneumoniae Staphylococcus 

haemolyticus 
+ 3.20  103 

16 15/F 5 10 ND + Staphylococcus 
aureus 

– ND ND 

*+,	positive;	–,	negative;	AdV,	adenovirus;	CMV,	cytomegalovirus;	MEAS,	measles	virus,	ND,	not	done;	NPA,	nasopharyngeal	aspirate;	Pt,	patient;	PICU,	
pediatric	intensive	care	unit;	rPCR,	real-time	PCR;	TLA,	trachea	lavage	aspirate. 
†Specimens from patients	6	and	12	were	positive	for measles virus	RNA. 

 

 

 

 
Table 2. Histologic	findings and	detection	of	virus	genomes and	antigens in	postmortem	lung	tissues of	16	children	who	died	from 
measles-associated	pneumonia	in	a	pediatric	intensive	care	unit,	National	Hospital	of	Pediatrics,	Hanoi,	Vietnam,	February–June	
2014* 

Analysis 
Patient	no. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Histology 
 Diffuse	alveolar	damage No Yes Yes Yes No Yes Yes Yes No Yes Yes Yes Yes Yes Yes No 
 Necrotizing	pneumonia No No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No Yes 
 Interstitial	pneumonia Yes No No No No No No No No No No No No No No No 
 Organizing	pneumonia No No No No No No No No No No No No Yes Yes Yes No 
 Bacterial	pneumonia No No No No No No No No No No No No No No No Yes 
 Viral	Inclusion	body Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No No No No 
Virus genome in FFPE lung† 
 Measles virus	RNA 3+ NA UD UD UD UD UD UD NA NA NA NA UD UD NA UD 
 AdV7	DNA UD NA 5+ 7+ 6+ 3+ 5+ 7+ NA NA NA NA UD UD NA UD 
 Cytomegalovirus	DNA UD NA UD UD UD UD 2+ UD NA NA NA NA 3+ 4+ NA UD 
Immunohistochemistry 
 Measles virus + + – – – – – – – – – – – – – – 
 AdV – – + + + + + + + + + + – – – – 
 Cytomegalovirus – – – – – – – – – – – – + – – – 
*+,	positive;	–,	negative;	AdV;	adenovirus;	AdV7,	adenovirus	type	7;	FFPE,	formalin-fixed	and	paraffin-embedded;	NA,	not	available	because	the	
specimen	sizes	were	too	small	for	analysis; RT-PCR,	reverse	transcription	PCR;	UD,	under	detection	limit. 
†Virus genome copy	numbers	were	quantified	by	using real-time RT-PCR or real-time	PCR: 2+,	102–103 copies/L;	3+,	103–104 copies/L;	4+,	104–105 
copies/L;	5+,	105–106 copies/L;	6+,	106–107 copies/L;	7+,	107–108 copies/L. 
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of the selected virus antigens. Measles virus nucleoprotein 
antigens were detected in the epithelial cells of patients 1 
and 2 (Figure, panel E). AdV antigens were detected in all 
lung sections from 10 patients. Lung sections with higher 
copy numbers of AdV7 DNA had greater numbers of AdV 
antigen–positive cells (Figure, panel F). The infected cells 
appeared to be alveolar epithelial cells when observed af-
ter double immunofluorescence stain with epithelial mem-
brane antigen (Figure, panel F, inset). Neither CMV inclu-
sion bodies nor CMV antigens were observed in the CMV 
DNA–positive lung sections. Pathologic evidence of CMV 
disease was not obtained.

Conclusions
The estimated national mortality rate for the 2014 measles 
outbreak in Vietnam was 1% (5). The case-fatality rate at 
NPH (5%) was disproportionately higher. There are at least 
3 possible reasons for the high case-fatality rate in our hos-
pital. First, we received referred patients with severe and 
complicated measles from provincial hospitals in north-
ern Vietnam. Second, the number of patients exceeded the 
capacity of our hospital and made it impossible to prop-
erly isolate patients with measles. Third, the patients with 
measles at NPH easily acquired secondary bacterial or viral 
infections because of the 2 aforementioned conditions.

Figure. Histologic findings from postmortem 
lung tissues of children who died from 
measles-associated pneumonia in a pediatric 
intensive care unit, National Hospital of 
Pediatrics, Hanoi, Vietnam, January–October 
2014. A) Diffuse alveolar damage with 
hyaline membrane formation (hematoxylin 
and eosin [H&E] stain, original magnification 
×100). B) Necrotizing pneumonia with 
coagulation necrosis (H&E stain, original 
magnification ×100). C) Measles giant 
cell pneumonia. Arrows indicate syncytial 
cells with intracytoplasmic and intranuclear 
eosinophilic inclusions that were observed 
in the thickened alveolar walls (H&E stain, 
original magnification ×400). D) Adenovirus 
(AdV) pneumonia with necrotic epithelial 
cells and intranuclear inclusion bodies. 
Inset shows eosinophilic inclusion with 
halo and basophilic inclusion without halo 
(H&E stain, original magnification ×400). 
E) Measles nucleoprotein (brown) detected 
by immunohistochemisical. Inset shows 
inclusions in syncytial cells with measles 
nucleoprotein (original magnification 
×400). F) AdV antigen (brown) detected 
by immunohistochemical analysis (H&E 
stain, original magnification ×400). Inset: 
AdV antigens (red) were detected in the 
epithelial membrane antigen (green)–positive 
pneumocytes (double immunofluorescence 
stain, original magnification ×400).

Adenovirus Type 7 Pneumonia and Measles
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Although autopsies are not commonly performed in 
Vietnam, our use of postmortem biopsies was critical for 
understanding the underlying contributors to measles-as-
sociated deaths, at least among the deceased children who 
were evaluated. Our findings showed that 10 of the 16 pa-
tients demonstrated characteristic findings of severe AdV7 
pneumonia: distinctive necrotizing lesions, numerous in-
clusion bodies, and AdV antigens.

AdV infection commonly occurs in children. It is gen-
erally mild or subclinical and thus is not problematic. How-
ever, AdV7 can cause serious and fatal disease, particularly 
in closed populations such as hospitalized children and mil-
itary recruits (8,9). In addition, immunocompromised chil-
dren may have a much higher risk for infection with AdV 
disease compared with their healthy counterparts because 
they lack an effective cell-mediated immune response (10). 
Measles causes immune suppression that can last from sev-
eral weeks to several months (11). In approximately half 
the children in this study, the percentage of CD4-positive T 
cells decreased to <30% of the total number of lymphocytes 
at PICU admission, which suggests that measles-associated 
immune suppression may have resulted in increased sus-
ceptibility to AdV7 infection (12) (Table 1). The AdV7 
hypervariable region sequences that were detected in our 
study were the same as those found in a similar study con-
ducted in Singapore (13). AdV7 should be recognized as a 
potentially coinfectious pathogen in patients with measles. 
To ensure a rapid diagnosis, AdV virus load determination 
and virus typing should be performed for patients who are 
AdV DNA–positive by PCR.

The results of our study are subject to at least 3 limita-
tions. First, our sample size was small and included only 
16 of 124 measles-associated deaths that occurred at NPH 
in 2014; thus, we cannot be certain that our results are rep-
resentative of all of the measles-associated deaths that oc-
curred at the hospital. Second, because a limited portion of 
the lung was examined, other pathologic findings may have 
been missed. Third, we do not have epidemiologic data to 
rule out a concurrent outbreak of AdV7 infection in NHP 
or in Hanoi.

The extent to which the complication of AdV7 infec-
tion was responsible for the increase in the case-fatality rate 
is unknown. However, the postmortem pathologic exami-
nation of patients in our study showed that AdV7 coinfec-
tion was one of the co-morbid causes of death.
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We found significantly higher incidence of Toxoplasma gon-
dii DNA in eye bank specimens from Joinville in southern 
Brazil (13/15, 87%) than in São Paulo (3/42, 7%; p = 2.1 × 
10E–8). PCR DNA sequence analysis was more sensitive 
at locus NTS2 than at locus B1; a high frequency of mixed 
co-infections was detected.

Toxoplasma gondii is a protozoan parasite that infects 
nearly one third of the world’s human population. In-

fection is typically asymptomatic, but life-threatening dis-
ease may develop in immunocompromised patients and 
when the infection is acquired congenitally (1). When 
parasites migrate to the eye, ocular toxoplasmosis (OT) 
can occur; this potentially blinding disease causes a high 
incidence of uveitis worldwide (1). In the United States, 
≈2% of Toxoplasma infections progress to OT, whereas in 
southern Brazil, the proportion can be >18% (1). Factors 
leading to development of OT are poorly understood. In 
most OT studies, the study population is symptomatic per-
sons.  Little is known about OT infection status among a 
random population. We investigated the incidence of OT in 
a random population in Brazil and determined the sensitiv-
ity of 3 PCR diagnostic markers used for detecting parasite 
DNA and genotype. 

The Study
In southern Brazil, incidence of OT ranges from 9.8% to 
22% (2–4). In 1985, as part of a study to determine preva-
lence of toxoplasmic retinochoroidal lesions among a ran-
dom population, 270 archived eyes submitted to the São 
Paulo Eye Bank consecutively were examined for macro-
scopic chorioretinal lesions or histologic evidence of reti-
nochoroiditis (R. Belfort, Jr., unpub. data). Each was from 
a different person (no bilateral specimens were received). 
Eighteen (6.7%) eyes had chorioretinitis and 9 (3.3%)  

possessed cicatrial lesions; total prevalence was 10% 
(27/270). Of these 27 eyes, 8 (3.0%) had mononuclear cells, 
and 1 (0.4%) had acute, inflammatory infiltrate consistent 
with OT (Figure 1). These eyes were no longer available 
for molecular testing.

To determine updated infection prevalence rates, we 
obtained 114 eyes collected during 2009 from eye banks 
in 2 disease-endemic regions of Brazil with different OT 
incidence rates, the south (Joinville, n = 15) and southeast 
(São Paulo, n = 42) (Figure 2). The eyes were collected 
consecutively from deceased persons who donated to eye 
banks, 15 in Joinville and 42 in São Paulo. All eyes were 
from patients who died of natural causes or in an accident 
and who had no history or symptoms of ophthalmologic 
disease. The average age of donors was 54 years (range 
20–76 years); exclusion criteria included a history of lym-
phoma, leukemia, leptospirosis, hepatitis B or C, HIV, 
rabies, or bacteria associated with endocarditis. Matched 
serum samples for each eye were not available. 

We extracted DNA from eyes to ascertain T. gondii 
prevalence and Toxoplasma genotype. Eyes were not ex-
amined macroscopically. Retinal DNA was extracted by 
using a QIAamp DNA Blood Midi Kit (QIAGEN, Valen-
cia, CA, USA). Multilocus PCR DNA sequencing was per-
formed by using B1, NTS2, and GRA7 loci, as described 
(5,6). Positive (type I RH DNA) and negative (water only) 
controls were run alongside each PCR. PCR products were 
treated with ExoSAP-IT (USB Corp., Cleveland, OH, 
USA) before DNA sequencing (RML Genomics, Hamil-
ton, MT, USA).

Specimens from 3 (7.1%) of 42 donors from São 
Paulo tested positive at NTS2 (online Technical Appendix 
Table, http://wwwnc.cdc.gov/EID/article/22/4/15-1192-
Techapp1.pdf), similar to the incidence rate determined 
among the eyes examined macroscopically in 1985 and 
consistent with previously published work (7). Our re-
sults show that no significant change in relative frequency 
of Toxoplasma infection occurred in eyes donated in São 
Paulo over a 25-year period. DNA sequence analysis of the 
3 positive samples identified an archetypal allele shared 
by types II and III strains at NTS2. Only 1 NTS2-positive 
eye (no. 37) was positive at B1 (sensitivity 33% relative 
to NTS2; B1 is a standard diagnostic marker [5]). It pos-
sessed a unique allele (online Technical Appendix Table). 
No samples were PCR positive at the GRA7 marker.

Of the 15 donors from Joinville, 13 (87%) tested posi-
tive for Toxoplasma DNA at NTS2. Six samples possessed 
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type I alleles, 1 had a unique allele sharing phylogenetic 
ancestry with type I, 2 had drifted type II or type III al-
leles, and 4 possessed a mixture of 2 allelic types, indica-
tive of mixed strain co-infection. The detection of 5, 3, 
and 3 distinct and mostly novel alleles at NTS2, B1, and 
GRA7, respectively, argue against the possibility that the 
PCR results were due to a false-negative amplification. A 
high incidence of mixed infection has been observed previ-
ously in Australian marsupials (8), but it is considered rare 
in human infection (9). In contrast, only 6 samples were 
positive at B1 (sensitivity 46% relative to NTS2); 1 sample 
had a type I allele, 4 had a unique allele, and 1 (no. 5) had a 
mixture of 2 different alleles. Three samples were positive 
at GRA7 (sensitivity 23% relative to NTS2); a type I allele, 
and 2 alleles sharing phylogenetic ancestry with type I and 
type III, respectively (online Technical Appendix Table).

Southern Brazil experiences different incidence rates 
and severity of OT, although overall toxoplasmosis preva-
lence rates are similar. Studies in metropolitan São Paulo 
identified Toxoplasma antibodies in samples from pregnant 
patients that ranged from 59% to 65% across 2 decades, 
but no data on frequency of OT was reported (10,11). One 
2004 study showed that ≈10% of the metropolitan Sao Pau-
lo population has OT (7). Seroprevalence in São Jose do 
Rio Preto, another city in São Paulo State, is 74.5%, and 
the incidence of OT in 2009–2010 was 20.3% (2). Sero-
positivity in Erechim, a southern city in Rio Grande do Sul, 
is ≈88%; OT occurs frequently (18%) and is severe (12). 

Conclusions
Our results reveal differences in the ability of parasites to 
infect eyes collected from the general population in dif-
ferent geographic regions of Brazil. The difference in eye 
infection prevalence rates suggests that, although most of 
the São Paulo population is seropositive, only 7% of the 
population harbor Toxoplasma parasites capable of mi-
grating to the eye. However, 87% of eyes from Joinville 
tested positive for parasite DNA (a 1:1 correlation with 
seroprevalence), which may indicate that no apparent bar-
rier to parasite entry into the eye exists in this geographic 
region. Although not all patients bearing parasite infec-
tions in their eyes develop OT, similar to the finding that 
only 30%–50% of AIDS patients experience recrudescent 
disease (13), our results may explain the increased inci-
dence of OT in southern Brazil and help clarify possible 
factors controlling the disease.

Our findings also show that the 110 gene-copy NTS2 
marker proved more sensitive than B1, a marker tradi-
tionally used to detect infection (5). In addition, NTS2 
polymorphisms enabled mixed strain co-infections to be 
detected in the eyes of donor no. 5. Multilocus typing es-
tablished that atypical strains common to Brazil caused 
most eye infections and identified different Toxoplasma 
genotypes circulating between the 2 locations; e.g., strains 
bearing alleles that share phylogenetic ancestry with type I 
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Figure 1. Representative retinochoroidal lesions depicted for 3 of 18 archived eyes examined by optical microscopy for evidence of 
Toxoplasma gondii infection; 270 single eyes were examined, each from a different donor, obtained during 1985 and 2009 in São Paulo, 
São Paulo State, Brazil. Original magnification (left to right): ×20, ×20, ×12.

Figure 2. Cities where retinochoroidal scars consistent with 
Toxoplasma gondii infection were found on eyes donated to eye 
banks in Brazil during 1985 and 2009: São Paulo, São Paulo (SP) 
State, and its relative position in southern Brazil to Joinville, Santa 
Catarina (SC) State; 522 km separates the 2 cities. 
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were only identified in Joinville. Previous studies suggest-
ed a link between parasite genotype and development of 
OT (14). Our work using serologic typing has established 
that the parasite genotype is associated with more serious 
congenital and ocular disease among patients in the United 
States and Europe (6,15). Ultimately, to determine whether 
increased eye infection rates in Joinville is dependent on 
parasite genotype, or an associated host genetic risk fac-
tor, prospective sampling should be done on eyes donated 
to eye banks. The serostatus of the donor, whether retinal 
scars are present, and the geographic origin of the donor 
can be recorded to determine factors associated with para-
site infection and whether such donated eyes should be pre-
cluded from transplantation.
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Mastomys natalensis rodents are natural hosts for Lassa 
virus (LASV). Detection of LASV in 2 mitochondrial 
phylogroups of the rodent near the Niger and Benue Rivers 
in Nigeria underlines the potential for LASV emergence in 
fresh phylogroups of this rodent. A Mobala-like sequence 
was also detected in eastern Nigeria.

Lassa fever, a viral hemorrhagic disease, is estimated 
to infect 150,000–300,000 persons every year, kill-

ing ≈5,000 (1). Within West Africa, Lassa fever is endemic 
to 2 regions: 1) Guinea, Sierra Leone, and Liberia; and 2) 
Nigeria. Even within most of these countries, Lassa fever 
is endemic to certain areas but rare or completely absent 
in others (2). Zoonotic disease nidality describes the phe-
nomenon in which geographic occurrence of a zoonotic 
disease is markedly focused or fragmented, as opposed to 
occurring continuously or spreading in a consistent pattern 
(3). Zoonotic disease nidality might result when only select 
phyletic groups in a host species are capable of serving as 
reservoirs for the pathogen (4).

The natural host for Lassa virus (LASV), the arenavi-
rus that causes Lassa fever, is the multimammate rat Mas-
tomys natalensis (5). This rodent, which is distributed all 
over sub-Saharan African, is also host to other arenaviruses 
such as the Mopeia virus in southeastern Africa (6), Moro-
goro and Gairo viruses in Tanzania (7,8), and Luna virus 
in Zambia (9).

In a genetic study of M. natalensis rodents across Afri-
ca (10), which analyzed cytochrome b sequences, research-
ers found that populations of these rodents in western Af-
rica belong to the same monophylogenetic phylogroup, 
A-I. However, those authors detected phylogroup A-I of 
M. natalensis rodents in countries west of Nigeria and 
phylogroup A-II in countries east of Nigeria, but they did 
not sample Nigeria, the contact zone for rodents of these 
phylogroups. As a country in which Lassa fever is en-
demic in the western and eastern areas (2), Nigeria pres-
ents an excellent opportunity for investigation of patterns 
of LASV and arenavirus occurrence in 2 phylogroups of 
M. natalensis rodents. Our objectives in this study were 
to 1) determine which M. natalensis rodent cytochrome b 
phylogroups (A-I and A-II) are infected with LASV and 
other arenaviruses, and 2) identify the limits of distribution 
of these phylogroups within Nigeria.

The Study
From January 2011 through March 2013, small mammals 
were captured in H.B. Sherman live animal traps (https://
www.shermantraps.com/) at 8 sites across Lassa fever–en-
demic and –nonendemic areas in Nigeria (Figure 1). We 
classified Lassa fever–nonendemic areas as areas where no 
cases of Lassa fever have been documented (2). Permission 
to trap rodents in various localities was granted by the Min-
istry of Environment, Osun State; Gwer West Local Gov-
ernment Council, Benue State; and the Ministry of Health, 
Taraba State.

Among 782 small mammals, 274 M. natalensis rodents 
were trapped. Identification of the animals in the field was 
based on external morphology and later confirmed geneti-
cally by cytochrome b gene sequencing. The rodents were 
euthanized, and biopsy samples (blood, liver, kidneys, 
spleen) were collected for laboratory analyses. Precautions 
for working with animals potentially infected with danger-
ous pathogens were strictly followed (11).

Using a QIAamp Viral RNA Mini Kit (QIAGEN, 
Valencia, CA, USA), we extracted total RNA from 20 
mL of whole blood frozen at –80°C. Extracted RNA was 
tested with a panarenavirus protocol designed to amplify 
the L (polymerase) gene (340 nt) (12) and with another re-
verse transcription PCR specific for LASV, selective for 
the glycoprotein precursor (GPC) gene (303 nt) (13). We 
conducted further PCR amplification of the GPC fragment  
(using primers in online Technical Appendix 1 Table, http://
wwwnc.cdc.gov/EID/article/22/4/15-0155-Techapp1.pdf)  
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for specimens positive on initial screening. Phylogenies 
were iferred by use of the Bayesian Markov Chain Mon-
teCarlo method implemented in BEAST version 1.6.2  
(http://beast.bio.ed.ac.uk/).

Of the 274 M. natalensis rodents from the 8 sampled 
sites, 16 were positive by PCR for arenavirus (Figure 1; 

Table). Phylogenetic analyses of the GPC and L gene  
sequences showed that 15 of the viruses were Lassa and 1 
was a Mobala-like virus (Figure 2). The LASV sequences 
from Ekpoma and Eguare-Egoro belonged to lineage II and 
clustered with strains Nig08-A4, A37, A41, and A47 from 
patients in Edo State (14). Nucleotide identities between 
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Figure 1. Sites at which Mastomys 
natalensis rodents were captured in Nigeria 
during January 2011–March 2013. Red 
circles represent sites within the Lassa 
fever–endemic zone; black circles represent 
sites outside the Lassa fever–endemic 
zone. Within the circles, gray indicates M. 
natalensis phylogroup A-I rodents; white 
indicates M. natalensis phylogroup A-II 
rodents; both colors within 1 circle indicate 
that rodents of both phylogroups were 
present at that site. Numbers under each site 
indicate number of arenavirus-positive M. 
natalensis rodents/number of  
M. natalensis captured. L indicates sites 
with Lassa virus–positive M. natalensis 
rodents; M indicates sites with Mobala-like 
virus–positive M. natalensis rodents. AB, 
Abagboro 07°32′38.0′′N, 04°30′47.2′′E; KK, 
Kako 07°41′26.3′′N, 04°37′09.8′′E; ES, Esira 
07°42′04.7′′N, 04°39′19.4′′E; EG,  
Eguare-Egoro 06°46′22.7′′N, 06°05′32.5′′E; 
EK, Ekpoma 06°44′29.1′′N, 06°06′17.6′′E; 
ON, Onmba-Abena 07°38′27.5′′N, 
08°24′23.6′′E; MA, Mayo-Ranewo 
08°49′27.2′′N, 10°55′15.2′′E; NG, Ngel-Nyaki 
07°05′30.8′′N, 11°05′27.9′′E.

 

 

 
Table. Source	and	testing	results	for	arenavirus-positive	Mastomys natalensis rodents,	Nigeria,	January	2011–March	2013* 
Specimen	
no. Date	of	capture Village Habitat 

GPC	gene	 
(13) 

GenBank	
accession	no. 

L	gene	
(12) 

GenBank	
accession	no. 

88 2011	Mar	22 Eguare-Egoro Indoors + KP640562 + KP688321 
97 2011	Mar	22 Eguare-Egoro Indoors + KP640563 + KP688322 
106 2011	Mar	23 Eguare-Egoro Indoors + KP640564 + KP688323 
109 2011	Mar	23 Eguare-Egoro Indoors + KP640565 + KP688324 
240 2011	Oct	17 Eguare-Egoro Indoors + KP640566 + KP688325 
271 2011	Oct	19 Eguare-Egoro Indoors + KP640567 + KP688326 
447 2012	Mar	26 Ekpoma Peridomestic	

outdoor	vegetation 
+ KP640568 + KP688327 

508 2012	Oct	18 Ekpoma Indoors + KP640569 + KP688328 
512 2012	Oct	18 Ekpoma Peridomestic	

outdoor	vegetation 
+ KP640570 + KP688329 

518 2012	Oct	18 Ekpoma Indoors + KP640571 + KP688330 
521 2012	Oct	18 Ekpoma Peridomestic	

outdoor	vegetation 
+ KP640572 + KP688331 

539 2012	Oct	18 Ekpoma Peridomestic	
outdoor	vegetation 

+ KP640573 + KP688332 

549 2012	Oct	18 Ekpoma Peridomestic	
outdoor	vegetation 

+ KP640574 + KP688333 

555 2012	Oct	18 Ekpoma Indoors + KP640575 + KP688334 
601 2012	Oct	21 Ekpoma Peridomestic	

outdoor	vegetation 
+ KP640576 + KP688335 

748 2013	Mar	04 Mayo-Ranewo Indoors – KP640577† + KP688336 
*The	cytochrome	b sequences	from	these	16	arenavirus-positive	M. natalensis rodents	were	assigned	GenBank	accession	nos.	KP688337–KP688352.	+,	
positive;	–,	negative. 
†Sequence KP640577 was eventually obtained by using primers OWS-1	and OWS-1000	(online	Technical	Appendix	1	Table,	
http://wwwnc.cdc.gov/EID/article/22/4/15-0155-Techapp1.pdf).	 

 



DISPATCHES

the sequences of LASV from the rodents and those from the  
human patients were 82%–96% (GPC) and 85%–97% 
(L), and amino acid identities were 95%–99% (GPC) and 
93%–100% (L), respectively (online Technical Appen-
dix 2, http://wwwnc.cdc.gov/EID/article/22/4/15-0155-
Techapp2.pdf). The sequence from Mayo Ranewo was 
conversely more distant from those from Mobala and 
Gairo; nucleotides identities were 69%–73% (GPC) and 
77%–80% (L), and amino acid identities were 75%–77% 
(GPC) and 90%–95% (L), respectively (online Technical 
Appendix 2).

Sequence analysis of the region coding cytochrome b 
indicated that M. natalensis rodents from Nigeria cluster 
in 2 clades. The first clade corresponds to phylogroup A-I, 
which clusters with sequences from rodents from Benin, 
which is west of Nigeria (Figures 1, 2; online Technical 
Appendix 2). Phylogroup A-I, including sequences from 
Abagboro, Esira, Kako, Eguare-Egoro, Ekpoma from  

western Nigeria, extends across the Niger and Benue Riv-
ers into Onmba-Abena in eastern Nigeria.

The second clade corresponds to phylogroup A-II, 
which clustered with sequences from Cameroon, which is 
east of Nigeria (Figures 1, 2; online Technical Appendix 
1 Figure). Phylogroup A-II within Nigeria is represented 
by M. natalensis rodents from Ngel-Nyaki, Mayo-Ranewo, 
and Onmba-Abena in eastern Nigeria, but this phylogroup 
also overlaps the Niger and Benue Rivers westward into 
Eguare-Egoro and Ekpoma. The contact zone between 
rodents of phylogroups A-I and A-II in Nigeria was de-
tected at sites relatively close to the Niger and Benue Riv-
ers (Eguare-Egoro, Ekpoma, Onmba-Abena) (Figure 1). 
The Niger River has been demonstrated to be a natural 
barrier for some rodents (15) but seems to delimit these 2 
phylogroups only to an extent. Human-assisted long-dis-
tance migration of commensal rodents could influence their 
genetic structure, which may be what happened for rodents 
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Figure 2. A) Phylogenetic analyses of glycoprotein 
precursor gene (GPC) of Old World arenaviruses and 
cytochrome b sequences of 16 arenavirus-positive 
Mastomys natalensis rodents captured in Nigeria during 
January 2011–March 2013 (boldface). The GPC tree (949 
nt) was inferred by using the Bayesian Markov Chain 
Monte Carlo method, in a general time reversible plus 
gamma plus relaxed uncorrelated lognormal clock model. 
A random local clock was used for the cytochrome b tree. 
Bayesian posterior probabilities are shown at the node of 
the branches. The 4 lineages of the Lassa virus clade are 
indicated to the right of the GPC tree, and the 2 clades of 
M. natalensis rodents (A-I and A-II) are indicated on left of 
the cytochrome b tree. Scale bars indicate genetic distance. 
B) Phylogenetic analysis of the L (polymerase) gene in 
Old World arenaviruses, including the 16 new sequences 
found in M. natalensis rodents in Nigeria (boldface). The L 
tree (340 nt) was inferred by using the same method used 
for GPC analysis. GenBank numbers for reference isolate 
sequences are shown in parentheses.
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of the same M. natalensis phylogroup that were detected on 
opposite banks of the Niger River.

Conclusions
M. natalensis phylogroup A-I rodents were infected with 
LASV in Eguare-Egoro and Ekpoma but not in Abagboro, 
Kako, and Esira. Because all rodents from these sites belong 
to the same phylogroup, some factor other than cytochrome 
b genetic structure might be responsible for the focal preva-
lence of LASV. It could be, however, that our study was lim-
ited by use of the cytochrome b mitochondrial marker only, 
which is maternally inherited. Therefore, other biparentally 
inherited genetic markers, such as microsatellites, should be 
investigated. Environmental variables such as humidity and 
temperature could also be considered (2).

M. natalensis phylogroup A-II rodents were infected 
by LASV and a Mobala-like virus. We did not detect any 
LASV-positive, phylogroup A-II rodents east of the Niger 
River, although all the sites sampled in this area lie within 
the Lassa fever–endemic zone and regularly experience ep-
idemics (2). It is worth exploring the possibility that other 
small mammals might also host LASV. LASV-positive 
members of phylogroup A-II, however, were found on the 
west bank of the Niger River in Eguare-Egoro and Ekpoma 
(along with LASV-positive members of phylogroup A-I). 
A crucial implication of these findings is the potential that 
new, previously naive populations and phylogroups of M. 
natalensis rodents could become infected with LASV and 
the disease could emerge in new regions in western Africa.

Detection of the Mobala-like virus in M. natalensis ro-
dents within Mayo-Ranewo in eastern Nigeria deserves fur-
ther study. We included Mayo-Ranewo among our survey 
sites because an epidemic of hemorrhagic fever, considered 
but not confirmed to be Lassa fever, occurred there in 2012. 
Whether the Mobala-like arenavirus detected in this village 
has pathogenic properties remains to be determined.
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The epidemiology of meningococcal disease varies by ge-
ography and time. Whole-genome sequencing of Neisseria 
meningitidis serogroup X isolates from sub-Saharan Africa 
and Europe showed that serogroup X emergence in sub-
Saharan Africa resulted from expansion of particular vari-
ants within clonal complex 181. Virulence of these isolates 
in experimental mouse models was high.

The epidemiology of meningococcal disease, caused by 
infection with the bacterium Neisseria meningitidis, 

varies substantially by geography and time. The disease 
can occur as sporadic cases, outbreaks, and large epidem-
ics. Most cases occur in what has been termed the “menin-
gitis belt” in sub-Saharan Africa, where the World Health 
Organization estimated that 12,464 suspected cases oc-
curred during the 2013 meningitis season and that 1,131 
were fatal (case-fatality ratio 9%) (1).

The number of cases was lower during the 2013 sea-
son than during previous seasons and can be explained 
by the introduction of mass vaccination with the menin-
gococcal A conjugate vaccine MenAfriVac (Serum Insti-
tute of India, Pune, India) (1). Cyclic epidemics spanned 
the meningitis belt and were caused mainly by isolates 
of N. meningitidis serogroup A that belonged to several 
genetic lineages called clonal complexes (CCs). Mo-
lecular typing of meningococci has used multilocus se-
quence typing (MLST) to determine CCs on the basis of 
the polymorphism of 7 housekeeping genes (2). Since the 
1990s, isolates of other N. meningitidis serogroups, such 
as serogroup X, have been reported in several countries 
within the meningitis belt (3). In 2006, high incidence of 
serogroup X was first reported in Niamey, Niger (4), and 
thereafter in other countries, reinforcing the need for an 
effective vaccine against serogroup X (5). Serogroup X 
has rarely been detected in Europe (6). 

MLST may not be able to resolve the variations as-
sociated with the emergence of meningococcal isolates. 
Whole-genome sequencing can provide data that enable 
allelic comparisons between meningococcal isolates (7,8) 
and tracing of the emergence and spread of meningococ-
cal isolates.

The Study
As part of our mission as a World Health Organization col-
laborating center, we performed MLST on N. meningiti-
dis serogroup X isolates sent to the Institut Pasteur during 
1998–2005 (Table 1). We further performed whole-genome 
sequencing on 8 invasive serogroup X isolates obtained 
during 1998–2005 from several countries within the men-
ingitis belt and 3 invasive isolates from France (Table 1).

Genomic DNA was extracted by using a Genomic-
tip 20/G kit (QIAGEN, Valencia CA, USA) from culture 
grown overnight on gonococcal medium base agar plates 
with Kellogg supplements (9). Whole-genome sequenc-
ing was performed by using an Illumina HiSeq 2000 se-
quencer (Illumina, San Diego, CA, USA) and assembled 
as described (10). Sequences are available through the 
PubMLST database (http://pubmlst.org/neisseria/), which 
runs on the Bacterial Isolate Genome Sequence Database 
(BIGSdb) platform (11); identification numbers are 34731–
34732, 34734–34741, and 34745. We analyzed the 11 iso-
lates from sub-Saharan Africa and France and all other 
serogroup X genomes available in BIGSdb by using the 
BIGSdb genome comparator tool.

The isolates from Africa were genetically related, be-
longed to CC181, and were separated from all the other 
isolates that belonged to other CCs (Table 1; Figure 1, 
panel A). The CC181 isolates formed a single main lineage 
comprising 2 sublineages, 181.1 and 182.2. Sublineage 
181.1 was detected only in isolates obtained in 2006, but 
sublineage 181.2 was detected in isolates from both periods 
(1990s and since 2006). Genomes from the 3 isolates from 
France and those available in the PubMLST database were 
highly diverse with no close clustering (Figure 1, panel A).

Because we assembled the sequences by using the same 
method, we further focused on the 11 genomes according 
to particular groups of genes involved in meningococcal 
virulence (biosynthesis of the capsule, serogroup B vaccine 
antigens, lipooligosaccharide, pilin, and iron acquisition). 
Among genes involved in iron acquisition, the isolates 
from Africa, unlike those from France, lacked the hpuA and 
hpuB genes that mediate heme-iron acquisition from hemo-
globin and hemoglobin–haptoglobin complexes. However, 
the isolates from Africa harbored the hemoglobin receptor 
that was missing in the isolates from France. The hemo-
globin receptor is detected more frequently among isolates 
involved with disease than among those involved with 
carriage (12). The analysis of the polymorphism of these 

Neisseria meningitidis Serogroup X  
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iron-acquisition genes showed that the isolates from Africa 
clustered together, separate from the isolates from France 
(Figure 1, panel B).

We tested the virulence of these isolates in a relevant 
animal model, transgenic mice expressing the human trans-
ferrin (13). The animal experiments were conducted in ac-
cordance with the European Union Directive 2010/63/EU 
(and its revision 86/609/EEC) for the protection of animals 

used for scientific purposes and were approved by the In-
stitut Pasteur Review Board, which is part of the Regional 
Committee of Ethics of Animal Experiments of the Paris 
region (permit 99–174). We constructed bioluminescent 
variants of isolates LNP19504 and LNP14354 by transfor-
mation with the previously published recombinant plasmid 
pDG34 harboring the luxCDABE operon expressed by the 
PporB meningococcal promoter (14). The structure was 
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Table 1. Characteristics	of	Neisseria meningitidis serogroup	X	isolates,	sub-Saharan	Africa	and	France,	1995–2008* 

Isolate 
Year 

collected Country Clonal	complex Allele	lpt3 
Reactivity	of	monoclonal	

antibody	immunotype	L3,7,	9 
LNP13407 1995 Chad ST-181	 45 – 
LNP14354 1996 Niger ST-181	 136 + 
LNP14355 1996 Niger ST-181	 136 + 
LNP15075 1997 Burkina	Faso ST-181	 136 + 
LNP14964 1997 Niger ST-181	 136 + 
LNP19504 2002 France ST-254	 1 + 
LNP23557 2006 Niger ST-181	 45 – 
LNP2006100 2006 Niger ST-181	 45 – 
LNP23552 2006 Niger ST-181	 45 – 
2005166 2006 Niger ST-181	 45 – 
LNP23558 2006 Niger ST-181	 45 – 
LNP24287 2007 France ST-750	 – + 
LNP24196 2007 France Unassigned  – + 
2008223B 2008 Burkina	Faso ST-181	 45 – 
2008112 2008 Benin ST-181	 45 – 
*ST,	sequence	type;	–,	absent;	+,	present.  

 

Figure 1. Neighbor-Net SplitsTree 
graphs generated using 
SplitsTree4 version 4.13.1  
(http://www.splitstree.org) to 
visualize trees of Neisseria 
meningitidis serogroup X isolates. 
A) All 30 Neisseria meningitidis 
serogroup X isolates available 
on BIGSdb (11) were analyzed, 
including the 11 isolates from this 
study (8 from sub-Saharan Africa 
and 3 from France), 9 carriage 
isolates, 3 invasive isolates from 
Europe, 1 isolate from the United 
States, and 6 isolates from sub-
Saharan African countries. Open 
(white) circles indicate carriage 
isolates; black circles indicate 
invasive isolates obtained outside 
of Africa; red circles indicate 
isolates obtained in sub-Saharan 
Africa since 2006; blue circles 
indicate isolates obtained from 
sub-Saharan Africa during the 
1990s. Arrows indicate the 11 
isolates obtained during this study. 
All isolates were compared with 
reference (Ref) meningococcal 
strain Z2491. The dashed 
rectangle indicates the cluster of all the clonal complex (CC) 181 isolates from sub-Saharan Africa (enlarged view at bottom of panel). B) 
The 11 isolates obtained during this study were compared for iron-acquisition genes (tpbA, tbpB, hpuA, hpuB, lbpA, lbpB, and hmbR). C) 
Genes of the 11 isolates obtained during this study compared with the 41 genes that differed between all the isolates obtained in Africa 
since 2006 and the isolate LNP13407 or the isolate LNP14354 (obtained during the 1990s).
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recombined in N. meningitidis downstream of the recom-
binogenic pilE gene to obtain the strains LNP19504lux 
and LNP14354lux. The insertion of the lux operon did not 
modify bacterial invasion in this animal model (13). These 
2 bioluminescent strains were then used to infect transgenic 
mice by intraperitoneal injection of 5 × 106 CFU in 500 mL 
of the corresponding bacterial suspension. Dynamic biolu-
minescence imaging was used to follow the infection. Af-
ter 30 minutes of intraperitoneal challenge, bacteria were 
found mainly in the peritoneal cavity and the image signals 
did not differ substantially. Bacterial infection then started 
to spread, enabling detection of bioluminescent signals at 
distal anatomic sites; signals in the skull and all over the 
infected mice suggested systemic infection and septicemia 
(13). However, after 6 hours of infection, the signal de-
creased more rapidly in transgenic mice infected by isolate 
19504lux from France than in the mice infected by isolate 
LNP14354lux from Africa, suggesting significantly higher 
virulence for the serogroup X isolate from Africa (Figure 2).

We next focused on differences between CC181 iso-
lates obtained since 2006 and those obtained in the 1990s. 
We detected 18 genes for which alleles were identical in 
all isolates obtained since 2006 and in LNP14354 (ob-
tained in the 1990s) but differed in LNP13407 (obtained 
in the 1990s), and we detected 23 genes for which alleles 
were identical in all isolates obtained since 2006 and in 
LNP13407 but differed in LNP14354 (Table 2). 

Most of these 41 genes encode hypothetical proteins; 
several encode proteins that are involved in meningococ-
cal survival in the blood (Table 2; Figure 1, panel C). In 
particular, genes of interest were fHbp (encodes factor H 
binding protein), lpt3 (encodes the phosphoethanolamine 
transferase), and lot3 (encodes the lipooligosaccharides, 
O-acetyltransferase). All serogroup X isolates obtained 
since the outbreak of 2006 (including those from the 
BIGSdb platform) harbored the lpt3 allele 45, which dif-
fers from allele 136 by the deletion of 2 codons (encoding 
Glu-211 and Ser-222 residues). These isolates do not react 
with the monoclonal antibody that recognizes immunotype 
L3,7,9 on the lipooligosaccharide (15). Replacing allele 45 
with allele 136 by transformation enabled re-recognition 
of the epitope L3,7,9 (data not shown). The epitope L3,7,9 
occurs frequently among invasive isolates, and antibodies 
against this epitope seem to be of importance for protec-
tion. Adding phosphoethanolamine on lipooligosaccharide 
may hide the epitope. This lipooligosaccharide modifica-
tion may have enabled serogroup X to escape population 
immunity against lipooligosaccharides and contributed to 
its reemergence (15).

Conclusions
The extensive characterization of N. meningitidis sero-
group X isolates in the meningitis belt of Africa supports 
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Figure 2. Dynamic imaging showing the multiplication and spread 
of Neisseria meningitidis in BALB/c transgenic mice expressing the 
human transferrin. A) Dorsal views of 8 mice (4/group) analyzed 
for bioluminescence at intervals after infection, as shown on left. 
Mice were infected by intraperitoneal injection of 5 × 106 CFU of 
N. meningitidis strain LNP19504lux (derived from an isolate from 
France) or LNP14354lux (derived from an isolate from Africa). 
Both strains expressed the luciferase (lux) operon. Photographs 
are overlaid with color representations of luminescence intensity, 
measured in total photons per second and indicated on the scales: 
red, most intense (2.00 × 106 p/s/cm2/steradian); blue, least intense 
(1.00 × 104 p/s/cm2/steradian). B) Luminescence for LNP19504lux 
(black) and LNP14354lux (red) was quantified and expressed 
by using GraphPad PRISM version 4.00 (http://www.graphpad.
com/). Means ± 95% CIs of total photons per second (lines, left 
y-axis) were calculated by defining the specific representative 
region of interest encompassing the entire animal. Signals differed 
significantly between the 2 groups after 10 h of infection (p = 0.01 
by t-test). After 24 h, all mice had survived and signals declined 
for both isolates but remained detectable for LNP14354lux (not 
shown). The data are also expressed as flow ratio (total photons 
per second for each point/total photons at the first point [after 0.5 h 
of infection]) (bars, right y-axis).
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the emergence of virulent serogroup X isolates and the 
belief that CC181 may be considered a hyperinvasive ge-
netic lineage of meningococci. The occurrence of the pe-
riodic epidemic waves may be caused by the emergence 
and spread of successive new clones of meningococci with 
enhanced virulence and an ability to escape population im-
munity. Our data underline the need for whole-genome 
sequencing for reliable tracking of meningococcal isolates 
and emphasizes the need for an effective vaccine against 
serogroup X (5).
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Recently, a new paramyxovirus closely related to human 
mumps virus (MuV) was detected in bats. We generated 
recombinant MuVs carrying either or both of the fusion 
and hemagglutinin-neuraminidase bat virus glycoproteins. 
These viruses showed replication kinetics similar to human 
MuV in cultured cells and were neutralized efficiently by se-
rum from healthy humans.

Many batborne paramyxoviruses closely related to 
mammalian paramyxoviruses recently have been 

identified, suggesting a possible risk for transmission 
of batborne paramyxoviruses to humans (1). Although 
no infectious virus has been isolated, the genome of a 
new paramyxovirus detected in an epauletted fruit bat  
(Epomophorus sp.) in the Democratic Republic of the Con-
go was closely related to the mumps virus (MuV, genus 
Rubulavirus) (2).

Mumps is typically characterized by inflammation of 
the parotid glands but also can be accompanied by orchitis, 
aseptic meningitis, pancreatitis, and deafness (3). Mumps 
vaccines have been used worldwide for >20 years. MuV is 
serologically monotypic (4). The fusion (F) and hemagglu-
tinin-neuraminidase (HN) proteins, but not the small hy-
drophobic (SH) membrane protein, are the major targets of 
neutralizing (NT) antibodies (5,6).

By using expression plasmids, in 2015, Kruger et al. 
determined that the envelope proteins of the new para-
myxovirus African bat MuV (ABMuV) were serologically 
and functionally related to those of MuV (7). We generated 
infectious recombinant MuVs (rMuVs) carrying either or 
both of the F and HN glycoproteins of ABMuV to analyze 
their functions and serologic cross-reactivities in the con-
text of virus infection.

The Study
A full-length genomic cDNA of the MuV Odate strain 
(pMuV-Odate) (8) was constructed, and the open reading 
frames of the F and HN genes were exchanged individually  

or together with those of ABMuV, which were obtained 
by an artificial composition (GenBank accession no. 
HQ660095) (pMuV-Odate/ABMuV-F, /ABMuV-HN, and 
/ABMuV-FHN) (Figure 1, panel A). All infectious viruses 
were rescued by transfecting the plasmids pMuV-Odate, /
ABMuV-F, /ABMuV-HN, and /ABMuV-FHN, along with 
helper plasmids, into BHK/T7–9 cells. Rescued viruses 
were propagated in Vero cells.

First, we examined syncytium formation in the Vero 
cells infected with all of the rMuVs (Figure 1, panel B). 
Although rOdate/ABMuV-F produced a cytopathic effect 
similar to that of rOdate, larger syncytia and severe cell 
detachment were observed in the cells infected with rO-
date/ABMuV-HN and -FHN. To understand the basis for 
the enhanced syncytium formation by rMuVs carrying the 
ABMuV HN protein, we expressed the F and HN proteins 
of the Odate and ABMuV strains using expression plas-
mids and examined for syncytium formation. Expression 
of the ABMuV HN protein did not enhance syncytium for-
mation when used in expression plasmids (Figure 1, panel 
C). These data were consistent with a previous study (7). 
The matrix protein was expressed together with the HN and 
F proteins because it can modulate syncytium formation. 
However, it did not affect the fusion activity. Therefore, 
the findings with infectious viruses appeared to differ from 
those obtained with expression plasmids (7).

All rMuVs were propagated efficiently in Vero cells 
(Figure 1, panel D). Although at 24 and 48 h postinfection 
the titers of rOdate/ABMuV-F were lower than those of 
the other 3 viruses, they later increased to ≈108 PFU/mL, 
which was comparable to the titers of rOdate and rOdate/
ABMuV-FHN. On the other hand, the peak titer of rOdate/
ABMuV-HN was as low as 5 × 106 PFU/mL. To determine 
whether the envelope proteins affect the cell tropisms of 
MuV in vitro, we evaluated the viral growth in human- and 
bat-derived cell lines. Human lung epithelial A549 and hu-
man monocytic THP-1 cells were used because epithelial 
cells and monocytes are the primary targets of MuV in vivo 
(9). In A549 cells, rOdate/ABMuV-HN showed the high-
est titer by up to >106 PFU/mL at 96 h postinfection (Fig-
ure 1, panel E). The other 3 rMuVs also replicated well in 
A549 cells up to ≈105 PFU/mL, with rOdate/ABMuV-FHN 
showing much faster kinetics than the others. All 4 viruses 
grew to similar titers of up to 107 PFU/mL in THP-1 cells 
(Figure 1, panel F). Growth was also efficient in the fruit 
bat–derived FBKT1 cells, although the peak titers of rO-
date were lowest (Figure 1, panel G). Collectively, these 

Cross-Neutralization between Human and  
African Bat Mumps Viruses

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016	 703

Author affiliations: National Institute of Infectious Diseases, 
Tokyo, Japan (H. Katoh, T. Kubota, M. Takeda, M. Kidokoro); Mie 
Hospital, Mie, Japan (T. Ihara); Yamaguchi University, Yamaguchi, 
Japan (K. Maeda)

DOI: http://dx.doi.org/10.32032/eid2204.151116



DISPATCHES

findings using culture cells suggested that the envelope 
proteins are not a critical determinant of host specificity 
between ABMuV and MuV.

We conducted NT assays and ELISA using human 
serum obtained from 12 healthy adults (18–58 years of 
age) under approval by the Ethical Committees of National 
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Figure 1. Construction of rMuVs 
expressing the ABMuV envelope 
proteins for study of their functions. 
A) Genome structures of the 
rMuVs. The 7 boxes indicate 
the N, V/P, M, F, SH, HN, and L 
genes of MuV. The blue boxes 
indicate the genes derived from 
ABMuV. B) Cytopathic effect of 
rMuV infection of the Vero cells 
followed by incubation for 48 hr. 
C) BHK cells were transfected with 
expression plasmids of the HN and 
F proteins (pCAGGS-Odate-HN 
or -ABMuV-HN and pCAGGS-
Odate-F or -ABMuV-F). They were 
also cotransfected with expression 
plasmids of the M protein 
(pCAGGS-Odate-M) and AcGFP 
(pAcGFP-C1, Clontech). At 48 h 
posttransfection, the cells were 
observed under a phase-contrast 
and a fluorescence microscope. 
D–G) Growth kinetics of the rMuVs 
in Vero (African green monkey) 
(D), A549 (human) (E), THP-1 
(human) (F) and FBKT1 (Ryukyu 
fruit bat) (G) cells. Each cell line 
was infected with the rMuVs at a 
multiplicity of infection of 0.01. At 
the indicated times postinfection, 
the culture supernatants were 
collected, and the infectious titers 
were determined by plaque assay. 
ABMuV, African bat mumps virus; 
F, fusion; HN, hemagglutinin-
neuraminidase; L, large; M, 
matrix; N, nucleocapsid; rMuV, 
recombinant mumps virus; SH, 
small hydrophobic;  
P, phosphoprotein; V, historically 
considered the fifth viral protein.
Error bars indicate SD.
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Institute of Infectious Diseases. Ten of 12 serum speci-
mens (nos. 1–10) were seropositive or indeterminate (ti-
ter >21) and neutralized rOdate (NT titer >4-fold) (Table). 
The MuV-NT serum samples showed cross-neutralization 
between rOdate and 3 chimeric MuVs (Table). Correla-
tions of the NT titers were significant among rOdate and 
rOdate/ABMuV-F, -HN and –FHN of 0.67 (p<0.05), 0.77 
(p<0.01), and 0.71 (p<0.05), respectively, by Pearson 
product-moment correlation (Figure 2). In addition, serum 
from a rabbit vaccinated with a genotype B mumps vaccine 
strain also neutralized the rMuVs carrying the ABMuV 
envelope proteins (data not shown). All data demonstrated 
that MuV and ABMuV were serologically cross-reactive.

Conclusions
To our knowledge, no infectious ABMuV has been iso-
lated, although the entire genome sequence was detected in 
bats. To study the context of virus infection, we generated 
rMuVs carrying the ABMuV envelope proteins by reverse 
genetics. By using expression plasmids, Kruger et al. re-
ported that the functions, such as fusion, hemadsorption, 

and neuraminidase activities, of the envelope proteins were 
conserved and compatible between MuV and ABMuV (7). 
These findings agreed with our data using the recombinant 
viruses, but notable differences existed. For example, Kru-
ger et al. reported that the ABMuV envelope proteins in-
duce smaller syncytia than the MuV proteins, whereas we 
observed enhanced syncytium formation by rMuV carrying 
the ABMuV HN protein. However, the enhancement was 
not due simply to the functional difference between MuV 
and ABMuV HN proteins because the HN proteins showed 
similar fusion-supporting capacities when expressed using 
expression plasmids. Further investigation of the involve-
ment of other viral proteins modulating the HN protein 
function could lead to elucidation of the mechanism un-
derlying this difference. Moreover, although Kruger et al. 
mentioned that the fusion activity might restrict the viral 
species specificity, our data indicated that the envelope 
proteins of MuV are not critical determinants of the host 
specificity in cultured cells. Our study also demonstrated 
that a synthetic genome strategy, which has also been used 
for the study of a bat influenza virus (10,11), is useful for 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016	 705

 

 

 
Table. Mumps virus neutralization test for serum of healthy human adults, Japan* 

Serum sample 
no. 

Patient 
age, y 

Mumps history 

EIA titer‡ 

NT titer† 

Natural Infection Vaccinated rOdate 
rOdate/AB

MuV-F 
rOdate/ABM

uV-HN 
rOdate/ABMu

V-FHN 
1 32 Unknown + 22.35 121 36 133 122 
2 40 Unknown – 21.36 21 38 78 109 
3 49 Unknown – 22.09 26 7 31 12 
4 48 + – 22.94 176 122 183 149 
5 58 + – 22.80 41 31 41 33 
6 56 + – 22.55 31 8 85 27 
7 40 Unknown – 21.84 88 105 58 33 
8 35 + – 23.32 186 60 131 118 
9 33 Unknown – 22.48 83 30 81 37 
10 31 + – 22.78 53 5 122 26 
11 18 Unknown – 20.74 <4 <4 <4 <4 
12 18 Unknown – 20.64 <4 <4 <4 <4 
*ABMuV, African bat mumps virus; EIA, enzyme immunoassay; F, fusion; HN, hemagglutinin-neuraminidase; NT, neutralizing; r, recombinant; +, positive; 
–, negative. 
†NT titer was determined as the dilution of serum that gave 50% plaque reduction compared with the average number of plaques formed in the absence 
of serum using the method of Reed and Muench. 
‡Determined by using a commercially available indirect IgG eEIA kit (Mumps IgG-EIA kit; Denka Seiken Co., Niigata, Japan) according to the 
manufacturer’s instruction. Titers <21 are seronegative, 21–22 are indeterminate, and >22 are seropositive. 

 

Figure 2. Comparison of the NT titer of rOdate versus rOdate/ABMuV-F (A), -HN (B), and -FHN (C) in a study of serologic cross-
reactivities. r and p values, calculated by using the Pearson product-moment correlation, are as follows: (A) r = 0.67, p<0.05; (B)  
r = 0.77, p<0.01; (C) r = 0.71, p<0.05. ABMuV, African bat mumps virus; F, fusion; HN, hemagglutinin-neuraminidase; NT, neutralizing.
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the characterization and risk assessment of emerging virus-
es, even when the authentic viruses have not been isolated.

Our data showed extensive cross-neutralization be-
tween MuV and ABMuV. Although NT antibodies might 
play an essential role for MuV protection, a definitive NT 
titer for MuV protection is still under debate (12). Cortese 
et al. suggested that case-patients generally had lower pre-
outbreak mumps antibody levels than non–case-patients; 
however, no cutoff NT titer was defined in their study 
(12). Our findings suggest that antibodies induced by either 
mumps vaccines or infection with wild-type MuV gener-
ally neutralize ABMuV efficiently. Because cell-mediated 
immunity might also contribute to MuV protection (13), 
further investigations are needed to clarify the definitive 
parameters of MuV and ABMuV protection. Nonetheless, 
our data demonstrate that the current MuV vaccination pro-
gram reduces the risk for an emerging infection of ABMuV 
in humans.
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We previously reported fatal infection of a captive Bornean 
orangutan with metacestodes of a novel taeniid tapeworm, 
Versteria sp. New data implicate mustelids as definitive 
hosts of these tapeworms in North America. At least 2 para-
site genetic lineages circulate in North America, represent-
ing separate introductions from Eurasia. 

Taeniid tapeworms (Cestoda: Taeniidae) comprise 4 
proposed genera: Taenia, Echinococcus, Hydatigera, 

and Versteria (1). Until recently, genetic data were absent 
for Versteria sp. in North America. However, in 2014, we 
reported an unusual case of fatal metacestode (larval stage 
of tapeworm) infection in a captive Bornean orangutan 
(Pongo pygmaeus); the causative agent was identified as a 
novel Versteria genotype (2).

As previously described (2), the orangutan was born 
at a zoo in Colorado, USA, and was rejected by his birth 
mother. Approximately 10 months later, he was transported 
to the Milwaukee County Zoo in Milwaukee, Wisconsin, 
USA, for adoption by a surrogate mother. At ≈5 years of 
age, he died unexpectedly from acute respiratory distress 
due to disseminated infection with an unknown agent. A 
combination of metagenomics and gene-specific DNA se-
quencing revealed the etiologic agent to be a previously 
unknown Versteria lineage in its larval form.

We obtained wild mustelids (carnivores of the fam-
ily Mustelidae) from Colorado, near where the animal 

was born, and Wisconsin, near where the animal died. We 
targeted mustelids because they are definitive hosts of V. 
mustelae tapeworms in Europe (3) and V. brachyacantha 
tapeworms in Africa (4). Colorado samples were submis-
sions to the Denver Museum of Nature and Science, and 
Wisconsin samples were obtained from a local fur trapper. 
We also examined mustelids from Oregon, USA, as part of 
an ongoing investigation of Versteria spp. tapeworms in 
the Nearctic region and Eurasia.

From 4 mustelids from Colorado (1 otter [Lontra ca-
nadensis], 2 ermine [Mustela erminea], and 1 mink [Neovi-
son vison]), we recovered 1 adult tapeworm from a female 
ermine collected 178 km from where the orangutan was 
born. From 17 mustelids from Wisconsin (1 mink, 5 long-
tailed weasels [M. frenata], and 11 ermine), we recovered 
1 adult tapeworm from a male ermine collected 56 km from 
where the orangutan died. From 17 mustelids from Oregon 
(1 mink, 1 ermine, and 15 long-tailed weasels), we recov-
ered 1 adult tapeworm from an adult mink of unknown sex. 
All tapeworm specimens were fragmented, lacking intact 
scolices, or both, which prevented complete morphologic 
description; however, microscope examination of mature 
segments from the Wisconsin and Oregon specimens re-
vealed structures consistent with those of parasites in the 
genus Versteria (Figure 1).

We sequenced 396 bp of the mitochondrial cytochrome 
c oxidase subunit 1 (cox1) gene from the 3 new adult tape-
worm specimens according to previously published meth-
ods (2). The sequences of the tapeworms from the Colo-
rado ermine and the Oregon mink were 99.5% and 99.2% 
similar, respectively, to the sequence from the orangutan, 
placing these new specimens confidently within the same 
Versteria lineage (Figure 2). By contrast, the sequence 
from the tapeworm from the Wisconsin ermine was only 
90.7% similar to the sequence from the orangutan, mak-
ing it a heretofore unrecognized lineage that clusters more 
closely with parasites from Eurasia (Figure 2).

To investigate the hosts from which adult tapeworms 
were recovered, we amplified and sequenced 751 bp of 
the mustelid cytochrome b (cytb) gene, using DNA ex-
tracts from adult tapeworm material. To do this, we used 
previously published methods (7,8) with modified PCR 
primers MVZ45_must_F (5′-CAGTNATAGCAACAG-
CATTCATAGG-3′) and MVZ14_must_R (5′-GCTCTC-
CATTTTTGGTTTACAAGAC-3′). This effort was suc-
cessful, demonstrating that adult tapeworm material 
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contains sufficient host-associated DNA for such analy-
ses. The resulting sequences indicated that the ermine 
from Colorado and Wisconsin (GenBank accession nos. 
KT223030 and KT223032, respectively) belonged to the 
continental clade, which is broadly distributed across the 
Nearctic region (9). The sequence for the Oregon mink 
(GenBank accession no. KT223031) closely matched pub-
lished sequences for other mink from North America but 
was otherwise phylogeographically uninformative.

We next assessed whether parasites of the genus Ver-
steria were present in wild carnivores on and near the 
grounds of the Milwaukee County Zoo. We conducted 
systematic searches of the zoo grounds (i.e., outside of en-
closures) for carnivore feces. We also trapped carnivores, 

using live traps baited with fish, and then immediately 
released them, collecting any feces deposited in the trap, 
and we collected feces from mink from a local wildlife 
rehabilitation center. These efforts yielded 51 samples (3 
from skunks [Mephitis mephitis], 3 from coyotes [Canis 
latrans], 6 from long-tailed weasels, 8 from mink, and 31 
from raccoons [Procyon lotor]), which we examined by 
microscope, using standard flotation and sedimentation 
methods to identify parasite eggs (Table 1). We then used 
the ZR Fecal DNA MiniPrep kit (Zymo Research, Irvine, 
CA, USA) to extract DNA directly from feces samples 
and amplified and sequenced the cox1 gene (2). Resulting 
sequences were unambiguous and revealed a diversity of 
parasites (not only taeniids, and in some cases representing 
putative novel lineages), but none matched Versteria spp. 
(Table 2).

Our results demonstrate that the genus Versteria is a 
species complex in North America. The new lineage iden-
tified in Wisconsin clusters with parasites formerly known 
only from Eurasia (Figure 2). Preliminary assessments 
suggest that this same lineage infects ermine as far away 
as the Northwest Territories (NWT) of Canada (E.P. Ho-
berg et al., unpub. data) and that the lineage responsible 
for fatal infection of an orangutan (2) also infects musk-
rats (Ondatra zibethicus) in Idaho, USA, and the NWT (A. 
Lavikainen et al., unpub. data). To the extent that current 
sampling reflects the distribution of Versteria lineages in 
North America, there appears to be a western lineage (rep-
resented by Colorado, Oregon, and Idaho, and the NWT) 
and a northern continental lineage (represented by Wiscon-
sin and the NWT), with sympatry in the NWT. We note 
that this pattern parallels the phylogeography of ermine in 
North America, perhaps reflecting postglacial expansion of 
host and parasite after the Pleistocene (9). More Versteria 
lineages will likely be found, as evidenced by a novel lin-
eage in zokor (Eospalax baileyi, a fossorial rodent) recently 
described from Tibet (10) (Figure 2). Versteria lineages 
have clearly entered the Nearctic region from the Palearctic 
region at least twice, probably reflecting Beringian biogeo-
graphic processes of faunal expansion that are important 
drivers of the evolution of mammals and the organisms 
parasitizing them (11).

Our findings shed light on the origins of the infection 
that proved fatal to the orangutan. We found an adult Ver-
steria sp. tapeworm with a nearly identical DNA sequence 
in Colorado, where the orangutan was born; however, a 
Versteria sp. tapeworm from Wisconsin, where the orang-
utan died, was genetically divergent. Moreover, we found 
no evidence of Versteria tapeworms on the grounds of the 
Milwaukee County Zoo or nearby. Taeniid metacestodes 
encyst and can remain dormant for years before asexual 
multiplication (12). We therefore suspect that the orang-
utan became infected where it was born (Colorado) and 
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Figure 1. Microscope image of a mature segment of an adult 
Versteria sp. tapeworm recovered from an ermine in Wisconsin, 
USA (original magnification ×10). Characteristic reproductive 
structures are visible, including genital pore (G), cirrus sac (C), 
vagina (V), ovary (O), testes (T), uterine stem (U), and vitelline 
gland (VG). Tapeworm specimens were preserved in 70% 
ethanol for concurrent morphologic and molecular analyses. A 
series of proglottids was subsampled from each worm as a basis 
for sequencing; remaining strobila was stained, cleared and 
mounted in Canada balsam as permanent vouchers based on 
standard methods (5). Specimens are deposited in the Museum 
of Southwestern Biology, Parasitology Division, University of New 
Mexico, Albuquerque, New Mexico, USA (accession no. MSB 
23169), and in the collections of the Denver Museum of Nature 
and Science, Denver, Colorado, USA (accession no. DZTM.3170). 
Scale bar indicates 500 µm.
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carried the latent infection to where it died ≈4 years later 
(Wisconsin). This animal’s sudden progression to disease 
remains a mystery, perhaps indicating immune deficiency 
or another precipitating factor, consistent with reports of 
disseminated taeniid infection in other hosts (13).

In general, our findings underscore that exotic animals 
in zoo settings are susceptible to infections harbored by lo-
cal wildlife and that transport of such animals can compli-
cate inferences about the origins of these locally acquired 
infections. We reiterate that taeniid tapeworms of the genus 

Versteria should be considered a threat to captive apes (2), 
and we recommend that wild mustelids, such as ermine and 
mink, be excluded or removed from the grounds of zoos 
where apes have access to outdoor environments. Given the 
close relationship between apes and humans, we also sug-
gest increased vigilance for zoonotic infections.
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Figure 2. Phylogenetic tree of members of the genus Versteria (Cestoda: Taeniidae). The tree was constructed from a DNA sequence 
alignment of cytochrome c oxidase subunit 1 genes. The maximum-likelihood method was used, with the likeliest model of molecular 
evolution (Hasegawa-Kishino-Yano model with invariable positions), which was chosen by using MEGA6 (6). Numbers next to branches 
indicate bootstrap values (%), estimated from 1,000 resamplings of the data, and the tree is rooted at the midpoint of the longest branch. 
Taxon labels indicate parasite species, intermediate or definitive host, and geographic origin (GenBank accession nos. in parentheses). 
Bold indicates sequences from this study (from adult parasites and definitive hosts). Scale bar indicates nucleotide substitutions per site

 

 

 
Table 1.	Parasites	in	wild	carnivore	feces	samples	collected	on	the	grounds	of	and	near	the	Milwaukee	County	Zoo,	Milwaukee,	
Wisconsin,	USA,	2014* 

Parasite 
Host,	%	positive 

Coyote,	n	=	3 Long-tailed	weasel,	n	=	6 Mink,	n	=	8 Raccoon,	n	=	31 Skunk,	n	=	3 
Ascarid – – – 12.9 – 
Baylisascaris procyonis – – – 35.5 – 
Cestode 33.3 50.0 16.7 25.8 66.7 
Coccidia 66.7 33.3 – 22.6 33.3 
Cystoisospora spp. – – – 3.2 – 
Giardia spp. – – 16.7 25.8 – 
Hookworm – – – 12.9 33.3 
Strongylid – 16.7 33.3 12.9 33.3 
Trichuris spp. – – 33.3 22.6 – 
Other† 66.7 33.3 50.0 3.2 – 
*–,	not	present. 
†Other	parasites	were	unidentified	metastrongyles,	nematodes,	and	protozoans. 
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Table 2. Parasites	identified	by	DNA	sequencing	of	the cox1 gene	in	samples	of	wild	carnivore	feces	collected	on	the	grounds	of	and	
near	the	Milwaukee	County	Zoo, Milwaukee,	Wisconsin, USA,	2014* 
Host GenBank accession no.† Most	similar	to % Similarity‡ 
Mink KT223036 Alaria alata 91.2	(HM022221) 
Raccoon KT223037 Baylisascaris procyonis 100.0	(KC172104) 
Long-tailed	weasel KT223038 Parafilaroides normani 89.6	(KJ801815) 
Skunk KT223039 Taenia crassiceps 86.9	(EU544549) 
Mink KT223040 Toxascaris leonina 93.1	(JF780951) 
*Only	samples	with	parasite	eggs	resembling	those	of	cestodes	were	tested;	mink	samples	were	from	a	local	wildlife	rehabilitation	center.	Sequences	
matching	noncestode	parasites	indicate	nonspecificity	of	PCR	primers;	results	do	not	exclude	the	possibility	of	mixed	infections.	cox1,	cytochrome	c	
oxidase	subunit	1. 
†For parasite sequences newly generated during this study. 
‡Nucleotide similarity to the most	similar	sequence	in	GenBank	(accession	no.	in	parentheses)	as	of	June	26,	2015. 
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We conducted a randomized, controlled trial to test the ef-
fectiveness of a text-messaging system used for notification 
of disease outbreaks in Kenya. Health facilities that used 
the system had more timely notifications than those that 
did not (19.2% vs. 2.6%), indicating that technology can 
enhance disease surveillance in resource-limited settings.

Outbreaks of epidemic diseases pose serious public 
health risks (1). Kenya, like other Africa countries, 

lacks the means to deliver adequate healthcare services. 
This weakness compromises the success of the World 
Health Organization’s Integrated Disease Surveillance and 
Response (IDSR) and International Health Regulations 
(IHR) strategies and often results in incomplete, delayed, 
and poor-quality (i.e., not following standard case defini-
tions in the IDSR guidelines) paper-based reporting from 
health facilities in remote areas. Furthermore, inadequate 
reporting limits health managers’ ability to take appropriate 
and timely action in response to health events (2,3). 

Widespread expansion of mobile phone coverage in 
Africa (4) offers opportunities to overcome weaknesses 
in health systems and to improve medical and public 
health practice through mobile health (mHealth) (5). De-
spite many mHealth projects undertaken in Africa, their 
effectiveness has rarely been rigorously evaluated, lim-
iting evidence-based policy adoptions or project expan-
sion in scope or geography (6–9). In particular, evidence 
of effectiveness of mHealth interventions for enhanc-
ing disease surveillance is scarce (10). We undertook a 
clustered, randomized, controlled trial with 135 health 
facilities in Busia and Kajiado Counties in Kenya dur-
ing November 2013–April 2014 to test the effectiveness 
of a mobile short-message-service (SMS)–based disease 

outbreak alert system (mSOS) for reporting immediately 
notifiable diseases.

The Study
mSOS is a formatted text-messaging system that enables 
communications between healthcare facility workers 
and Ministry of Health managers and uses a Web-based  
portal to monitor disease notifications and response ac-
tions taken by health managers (Figure 1; online Techni-
cal Appendix, http://wwwnc.cdc.gov/EID/article/22/4/15-
1459-Techapp1.pdf). In our trial, health workers used 
mSOS for 6 months to send information about suspected 
cases or health events that required notification within 24 
hours. Twelve diseases and conditions were selected for 
the study (online Technical Appendix Table 1). Before 
mSOS was implemented, we conducted a 1-day refresher 
training course on IDSR for in-charges (i.e., medical of-
ficers in charge) of 135 participating health facilities; the 
training focused on case definitions of notifiable diseases 
and on paper-based reporting. During the training, facili-
ties were randomized into intervention and control groups; 
the intervention group received an additional day of train-
ing on mSOS. Paper-based reporting continued throughout 
the study period for both groups, so the intervention group 
would report cases 2 ways.

Our primary outcome was determining how many 
of the cases that required immediate notification were re-
ported within the time specified. Our secondary outcome 
was determining, from among the cases for which notifica-
tions were sent, the proportion for which response actions 
were taken. For evaluation purposes, data from health fa-
cilities were collected for 6-month periods before and after 
the intervention launch (i.e., IDSR and mSOS training and 
use of mSOS for 6 months). Cases detected, notifications 
submitted, and responses undertaken were extracted from 
facility records in both study groups. Notifications sent by 
SMS were retrieved from the mSOS system. Our primary 
analysis was intention-to-treat (i.e., analysis of cases from 
all health facilities as they were randomized, regardless of 
intervention exposure). Our secondary analysis was per-
protocol (i.e., our trial protocol) and was restricted to cases 
reported by facilities whose in-charges had received train-
ing (i.e., IDSR training for control group; IDSR and mSOS 
training for intervention group; Figure 2).

Characteristics of health facilities and in-charges were 
similar; data from preintervention and postintervention 
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surveys showed no significant differences between con-
trol and intervention groups (Table 1). Follow-up surveys 
conducted 6 months after the intervention showed that 
34 (51.6%) of 66 intervention group in-charges received 
mSOS and IDSR training and 32 (49.2%) of 65 control 
group in-charges received IDSR training (Figure 2; online 
Technical Appendix). 

A retrospective review of the baseline (preinterven-
tion) surveys showed that 36 cases (19 for intervention 
group, 17 for control group), all measles, required imme-
diate notification. Of these 36 cases, only 1 immediately 
notifiable case was reported (from a control facility using 
paper forms). During the 6-month period after the interven-
tion, 169 immediately notifiable cases (130 for the inter-
vention group, 39 for the control group) were detected: 160 
measles, 6 anthrax, 2 Q fever, and 1 guinea worm. Of the 
39 cases detected in the control group, notification of only 
1 case (2.6%), which was measles, was sent. Of the 130 
immediately notifiable cases detected in the intervention 
group, 25 (19.2%) were reported to disease surveillance 

coordinators at the subcounty, county, and national levels. 
This proportion of cases reported was significantly higher 
than that reported by the control group (% difference 16.7, 
95% CI 2.71–25.07; Table 2). 

All 25 cases for which notifications were sent from 
the intervention group were measles cases reported 
through mSOS; 2 cases were also reported with paper 
forms. For these 25 mSOS notifications, the threshold 
for a measles outbreak response (5 suspected cases) was 
met once, and disease surveillance coordinators at the 
subcounty level responded to this event. Furthermore, 
24 (96%) of the 25 suspected measles cases were report-
ed within 24 hours. 

In the per-protocol analysis, the percentage of cases 
for which notification was sent was greater in the interven-
tion group than in the control group (27.3% vs. 4.8%), but 
the difference was of borderline statistical significance (% 
difference 22.5, 95% CI –0.32 to 34.13 by Wilson proce-
dure with continuity correction [11]). Similar differences 
were found when the analysis was restricted to health  
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Figure 1. Structure and communication flow of a mobile short-message-service–based disease outbreak alert system (mSOS) in Kenya. 
Source: mSOS Technical Working Group, Ministry of Health Kenya.
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facilities that stocked paper-based tools (i.e., control group, 
1/18 [5.6%] vs. intervention group, 22/78 [22.6%]; % dif-
ference 17.0, 95% CI -2.93 to 35.30).

Conclusions
This study showed that SMS intervention significantly in-
creased timely notifications; however, despite a relatively 
large improvement, response remained suboptimal, with 
timely notifications of only one fifth of detected cases. 
These findings mirror results of a study in Tanzania, which 
showed that SMS considerably increased vital registration 
coverage but fell far short of reporting actual birth and 
death events in the community (12).

Our study has implications for health managers who 
implement interventions to improve disease surveillance 
in resource-limited settings. First, the number of de-
tected cases requiring immediate notification increased 
postintervention. This effect was observed in both inter-
vention and control groups but was higher in the group 
using SMS; this group had a 7-fold increase in detected 

cases compared with baseline findings. IDSR refresher 
training may have contributed to increased case de-
tection, and the combined interventions, including the 
technology component, resulted in a greater detection 
effect. Second, expecting health workers to complete 
paper-based forms and deliver them without incentive 
within 24 hours is ineffective for ensuring notification 
of cases, with or without exposure to the refresher train-
ing. Third, we observed a large drop-out rate (47.4%) for 
health facility in-charges participating in the study. The 
study took place during a period of health management 
decentralization in Kenya, resulting in 47 new counties 
and in health worker transfers. Lack of on-the-job train-
ing for staff who did not attend the training and lack of 
support through posttraining follow-up and supportive 
supervision were weaknesses in the intervention. These 
systemic challenges, reported in other IDSR (13) and 
mHealth surveillance (14) projects, must be addressed 
to avoid compromising the sustainability of such inter-
ventions. Finally, attrition of health workers exposed to 
the intervention and lack of paper-based tools explain 
only part of our results. The short duration of the train-
ing deployed (15) and the possibly suboptimal quality 
of the training delivered (3) may have contributed to the 
unrealized full potential of the intervention.

Despite its limitations (online Technical Appendix), 
this study shows how technology in the form of mSOS can 
increase the rate of notifications of suspected disease out-
breaks and enhance IHR compliance in resource-limited 
settings. Further investigation into ways to optimize the 
quality of delivery of mSOS interventions in countries with 
weak healthcare systems is justified.
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Figure 2. Profile of control and intervention health facilities 
and exclusions during the course of a study of a mobile short-
message-service–based disease outbreak alert system (mSOS) in 
Kenya. IDSR, Integrated Disease Surveillance  
and Response. 
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Table 1. Characteristics	of	health	facilities	and	their	in-charges	for	intervention	and	control	groups	and	study	periods,	Kajiado	County,	
Kenya* 

Characteristic	 
Preintervention,	no.	(%) 

 
Postintervention,	no.	(%)	 

Control,	N	=	65 Intervention,	n	=	66 Control,	n	=	65 Intervention,	n	=	66 p	value† 
Health	facilities,	Kajiado	County 42	(64.6) 41	(62.1)  42	(64.6) 41	(62.1) 0.767 
Ownership       
 Public 39	(60.0) 45	(68.2)  39	(60.0) 45	(68.2) 0.329 
 Private 15	(23.1) 13	(19.7)  15	(23.1) 13	(19.7) 0.637 
 FBO/NGO 11	(16.9) 8	(12.1)  11	(16.9) 8	(12.1) 0.435 
Level	of	care       
 Hospital/health	center 20	(30.8) 19	(28.8)  20	(30.8) 19	(28.8) 0.804 
 Dispensary 40	(61.54) 43	(65.15)  40	(61.5) 43	(65.2) 0.668 
 Other	facility 5	(7.7) 4	(6.1)  5	(7.7) 4	(6.1) 0.712 
Resource	availability       
 Mobile	phone 65	(100) 66	(100)  65	(100) 66	(100) – 
 Electricity 45	(69.2) 47	(71.2)  54	(83.1) 49	(74.2) 0.217 
 Water 54	(83.1) 47	(71.2)  51	(78.5) 50	(75.8) 0.713 
 Surveillance	focal	person 48	(73.9) 44	(67.7)  44	(67.7) 47	(71.2) 0.662 
 IDSR	reporting	tool‡  22	(33.9) 23	(34.9)  34	(52.3) 32	(48.5) 0.662 
 IDSR	job	aid 44	(67.7) 44	(66.7)  49	(75.4) 55	(83.3) 0.261 
Characteristic	of	in-charge       
 Female	sex 32	(49.2) 39	(59.1)  32	(49.2) 39	(59.1) 0.257 
 Median	age,	y	(IQR)§ 34	(29–48) 35	(30–42)  36	(30–49.5) 37	(30–44) 0.677 
 Doctor/clinical	officer 12	(18.5) 15	(22.7)  16	(24.6) 13	(19.7) 0.498 
 Nurse 46	(70.8) 48	(72.7)  44 (67.7) 48	(72.7) 0.529 
 Other	healthcare	worker 7	(10.8) 3	(4.6)  5	(7.7) 5	(7.6) 0.980 
*The	table	does	not	show	data	for	Busia	County	because	values	will	be	inverse	of	data	for	Kajiado County	(i.e.,	N	minus	n).	N	=	total	facilities	in	both	
counties.	The	intervention	group	is	the	group	of	facility	in-charges	who	were	exposed	to	IDSR	and	mSOS	training	and	to	the	mSOS	intervention;	the	
control	group	is	the	group	of	in-charges	who	were	exposed	to	IDSR	training	only.	FBO,	faith-based	organization;	IDSR,	Integrated	Disease	Surveillance	
and	Response;	in-charge,	medical	officer	in	charge	of	facility;	IQR,	interquartile	range;	NGO,	nongovernment	organization. 
†χ2	test	was	used	to	compare	the	proportions	between	control	and	intervention	groups.	Wilcoxon	Mann	Whitney	test	was	used	to	compare	medians	
between	control	and	intervention	groups	(i.e.,	age	of	in-charges).	Analyses	were	conducted	by	using	an	α level	of	0.05. The	p	value	is	shown	for	the	
postintervention	period	only. 
‡Standardized IDSR paper-based	reporting	form	for	immediately	notifiable	diseases. 
§Data	are	median	and	Interquartile	range	rather	than	numbers	and	percentages.	Denominator	excludes	3	facilities	with	missing	values	in	the	
preintervention	control	group	and	1	facility	with	missing	values	for	each	of	the	remaining	3	study	groups. 

 
 

 

 
Table 2. Postintervention reporting of immediately notifiable cases by study group under the intention-to-treat and per-protocol 
analysis* 

Type of analysis 
Control 

 
Intervention 

% Difference (95% CI) Total Cases notified, no. (%) Total Cases notified, no. (%) 
Intention to treat 39 1 (2.6)  130 25 (19.2) +16.7 (2.71–25.07) 
Per protocol 21 1 (4.8)  88 24 (27.3) +22.5 (0.32 to 34.13) 

*Intention-to-treat analysis indicates analysis of treatment groups as they were randomized, regardless of the intervention exposure; per-protocol analysis 
indicates restricted analysis of groups that completed the entire study according to the trial protocol. 
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We characterized Middle East respiratory syndrome coro-
naviruses from a hospital outbreak in Jordan in 2015. The 
viruses from Jordan were highly similar to isolates from 
Riyadh, Saudi Arabia, except for deletions in open reading 
frames 4a and 3. Transmissibility and pathogenicity of this 
strain remains to be determined.

Middle East respiratory syndrome coronavirus (MERS-
CoV) was first recognized in 2012 as the cause of 

severe lower respiratory tract infection in humans (1). As 
of November 13, 2015, a total of 1,618 cases of laboratory-
confirmed MERS-CoV infection and 579 associated deaths 
had been reported to the World Health Organization (2). 
Human-to-human transmission of MERS-CoV can occur 
in households and hospitals, but thus far, major genomic 
changes associated with host switching, as have occurred 
with severe acute respiratory syndrome (SARS) CoV, have 
not been noted for MERS-CoV (3–9). We characterized 
MERS-CoVs from a recent hospital outbreak in Jordan. 

The Study
During August and September 2015, an outbreak of MERS-
CoV infection occurred in hospitals in Jordan (10). MERS-
CoV–positive throat swab or bronchiolar lavage samples 
were obtained from each patient; of these, 13 samples 
were labeled Jordan-1-2015 through Jordan-13-2015 and 
shipped on dry ice to Erasmus University Medical Center 
(Rotterdam, the Netherlands) for testing. Total RNA was 
isolated from 140 μL of each sample by use of a QIAamp 
Viral RNA Mini Kit (QIAGEN, Hilden, Germany) and 
quantified by TaqMan assay targeting the envelope gene, 

as described previously (11). Full MERS-CoV genome se-
quencing was performed on the sample with the highest 
viral load, obtained on August 24, 2015, from a 60-year-old 
man who died of the disease 3 days later. At the end of July 
2015, this man had traveled from Jeddah, Saudi Arabia, to 
Jordan for his annual vacation. From the throat swab sam-
ple from this man, 76,082 sequence reads—of which 851 
were specific for MERS-CoV—were obtained by using 454 
deep-sequencing (12), revealing ≈85% of the MERS-CoV 
genome with coverage of 1–178 reads at single-nucleotide 
positions. Missing sequences and low-coverage regions 
were obtained by conventional Sanger sequencing, except 
for 6 nt at the 5′ end.

Phylogenetic analysis of the complete viral genome 
of this sample revealed that this virus, tentatively called 
Jordan-1-2015, clusters with viruses detected in humans in 
Riyadh in 2015 (Figure 1). Alignment of the full genom-
ic sequences of this virus with the Riyadh 2015 isolates 
showed that they were >99.7% similar. Amino acids in 
the spike protein were the same in Jordan-1-2015 and the 
consensus sequence of the Riyadh 2015 viruses. Of note, 
Jordan-1-2015 contained a 48-nt (16 aa) in-frame deletion 
in open reading frame (ORF) 4a that had not been detected 
in any other MERS-CoV (Figure 2, panel A). This ORF is 
present only in lineage 2c betacoronaviruses and encodes 
protein 4a, which has recently been shown to inhibit type 
I interferon production, presumably by binding and mask-
ing double-stranded RNA from detection by RNA sensors 
such as RIG-1 (retinoic acid–inducible gene 1)–like heli-
cases and the double-stranded RNA-binding protein PACT 
(protein activator of the interferon-induced protein kinase) 
(13,14). Subsequent sequence analysis showed that all 13 
viruses from patients sampled during this outbreak con-
tained the deletion and that the flanking regions were iden-
tical, indicating that this deletion mutant was transmitted 
(Figure 2, panel B).

To further characterize the viruses in the clinical 
samples, we subjected all samples to titration on Vero 
cells (American Type Culture Collection no. CCL-81). 
We observed cytopathic changes in cells inoculated with 
samples Jordan-1-2015 and Jordan-10-2015 (obtained 
on September 17 from a 29-year-old man, who survived 
the illness); however, no cytopathic changes were ob-
served in the cells inoculated with the other samples. 

Deletion Variants of Middle East  
Respiratory Syndrome Coronavirus  

from Humans, Jordan, 2015 
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Subsequently, we obtained complete genomes by deep 
sequencing of the second-passage viruses, with high 
coverage of reads at single-nucleotide positions. No cell 
culture adaptive mutations in the genome sequence were 
observed for the virus isolated from clinical sample Jor-
dan-1-2015. Pairwise comparison of Jordan-1-2015 with 
Jordan-10-2015 revealed that both viruses were highly 

similar (99.99% nt identity) and confirmed that both 
carried the 48-nt deletion in ORF4a. However, in ad-
dition to this deletion, a 9-nt (3-aa) in-frame deletion 
was observed in the genome of Jordan-10-2015. This 
deletion was located in ORF3, which encodes a protein 
with an unknown function. The presence of this deletion 
in the virus from clinical sample Jordan-10-2015 was  

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016	 717

Figure 1. Phylogenetic analysis of 
Middle East respiratory syndrome 
coronavirus (MERS-CoV) isolated 
from Jordan (Jordan-1-2015; boldface) 
compared with reference strains. 
Genome sequences of representative 
isolates were aligned by using 
ClustalW, and a phylogenetic tree 
was constructed by using the PhyML 
method in Seaview 4 (http://pbil.univ-
lyon1.fr/software/seaview); the tree was 
visualized by using FigTree version 
1.3.1 (http://tree.bio.ed.ac.uk/software/
figtree). Values at branches show the 
result of the approximate likelihood 
ratio; values <0.70 are not shown. Scale 
bar indicates nucleotide substitutions 
per site.
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confirmed by Sanger sequencing, excluding the pos-
sibility that it was an adaptation to cell culture. Next, 
sequencing of ORF3 from all other clinical samples re-
vealed that the ORF3 deletion was present in a subgroup 
of clinical samples (Figure 2, panel C). These samples 
had been collected toward the end of the outbreak, sug-
gesting that the ORF3 deletion may be an adaptation 
resulting from sustained transmission between humans. 
All sequences obtained in this study were deposited in 
GenBank (accession nos. KU233362–KU233377). Iden-
tical deletions in ORF3 and ORF4a in the same sample 
set from Jordan were independently confirmed by Eras-
mus University Medical Center and the Centers for Dis-
ease Control and Prevention (Atlanta, GA, USA).

Conclusions
Despite the human-to-human transmission capacity of 
MERS-CoV and substantial sequencing efforts, major ge-
nomic changes associated with human adaptation have not 
been described (3–8). We observed a large-scale deletion in 
ORF4a and a small deletion in ORF3 in MERS-CoVs that 
caused the outbreak in Jordan. 

One of the most striking genomic changes observed in 
SARS-CoV isolated from humans soon after its transmis-
sion from animals was the acquisition of a 29-nt deletion 
in ORF8, an accessory protein with an unresolved function 
(9). The SARS-CoV ORF8 deletion disrupted the reading 
frame of the early-stage human isolates and created 2 new 
ORFs, designated ORF8a and ORF8b. Although no clear 
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Figure 2. Genomic 
characterization of Middle 
East respiratory syndrome 
coronaviruses (MERS-CoVs) from 
Jordan. A) Nucleotide differences 
between MERS-CoV strain 
Jordan-1-2015 and the consensus 
sequence of the Riyadh 2015 
cluster. Nucleotide changes are 
indicated by vertical lines in bar. 
B) Protein sequence alignment 
of open reading frame (ORF) 4a 
(residues 10–76) of all 13 MERS-
CoV strains from Jordan in 2015 
compared with the consensus 
sequence of the Riyadh 2015 
cluster. No nucleotide substitutions 
were observed in this region 
between MERS-CoVs from Jordan. 
Predicted secondary structures 
are indicated (13). Classical 
double-stranded RNA binding 
proteins have αβββα architecture. 
C) Protein sequence alignment 
of ORF3 (residues 25–77) of 
all 13 MERS-CoV strains from 
Jordan in 2015 compared with 
the consensus sequence of the 
Riyadh 2015 cluster. No nucleotide 
substitutions were observed in 
this region between MERS-CoVs 
from Jordan. Alignments were 
generated with the ClustalW 
program (http://pbil.univ-lyon1.fr/
software/seaview) and visualized 
by using Jalview 2.9 (http://www.
jalview.org/). Boxes in panels B 
and C indicate regions where 
amino acids have been deleted in 
the viruses from Jordan.



Deletion Variants of MERS-CoV from Humans, Jordan

roles have been designated for both ORFs, viruses contain-
ing this deletion predominated later during the epidemic, 
showing that these viruses were able to spread efficiently 
from human to human. 

The deletion we describe in ORF4a of MERS-CoV 
does not result in the removal of an entire gene, because the 
reading frame is not disrupted, suggesting that this mutation 
is not a loss-of-function mutation. However, whether this 
ORF4a deletion variant can still bind double-stranded RNA 
needs to be assessed because the deleted region contains a 
predicted β-sheet belonging to the classical double-strand-
ed RNA binding αβββα fold of this protein (13; Figure 2, 
panel B). The data from this study indicate that adaptive 
pressures possibly exerted by the human host may operate 
on the ORF4a and ORF3 regions. Alternatively, proteins 
encoded by these ORFs could have functions specific for 
the camel host, causing them to be redundant in humans 
and enabling accumulation of mutations that do not affect 
viral fitness in humans. Future studies of the roles of these 
proteins are needed.

The deletion located in the type I interferon antago-
nist protein 4a was detected in all samples collected during 
the outbreak. Another small-scale deletion was detected 
in ORF3 in a subset of samples collected later in the out-
break. Overall, the data suggest that MERS-CoV ORF4a 
and ORF3 can acquire deletions by selection or by chance. 
Whether these deletions affect the transmissibility or patho-
genicity of this particular MERS-CoV strain needs to be 
addressed. The finding that all viruses analyzed contained 
the ORF4a deletion suggests that all patients were infected 
with the same virus. Although unlikely, some MERS pa-
tients may have indirectly become infected through inde-
pendent transmission of viruses in dromedaries carrying 
highly related viruses, some of which acquired deletions 
in their genome. Therefore, a more detailed epidemiologic 
investigation of this outbreak is needed. These data under-
score the need for close monitoring of the molecular evolu-
tion of MERS-CoV.
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We assessed a media-based public health surveillance sys-
tem in Bangladesh during 2010–2011. The system is a highly 
effective, low-cost, locally appropriate, and sustainable out-
break detection tool that could be used in other low-income, 
resource-poor settings to meet the capacity for surveillance 
outlined in the International Health Regulations 2005.

The International Health Regulations (IHR) 2005 state 
that an effective public health system should conduct 

surveillance activities to enhance detection, reporting, no-
tification, verification, response, and collaboration in the 
event of an outbreak (1).Traditional approaches to disease 
surveillance heavily rely on laboratories, points of care, or 
population-based surveillance for disease reporting. Al-
though these approaches are generally effective, traditional 
surveillance systems are limited by reporting delays, high 
cost, and reliance on an overburdened healthcare infra-
structure for information collection.

In 2009 the Institute of Epidemiology, Disease Con-
trol and Research (IEDCR) of Bangladesh, the national 
agency responsible for disease surveillance and outbreak 
investigation, established a surveillance system to monitor 
print and television media to quickly detect outbreaks. We 
describe this media-based surveillance system and report 
results from a formal evaluation of its characteristics.

The Study
IEDCR contracted for a media scanning company to identify 
relevant news stories for this surveillance system (Figure). 
Each day, the company collected the major daily newspa-
pers available in the capital city of Dhaka shortly after morn-
ing distribution. Trained staff members at the company read 
through each paper to identify any health-related article and 
scan them into PDF file format. Other staff members scanned 
television news reports and recorded relevant video clips.

The national rapid response team, consisting of key 
staff members from IEDCR, received a daily email con-
taining all identified health-related newspaper articles and 
video clips. The team examined each news item and de-
cided whether it warranted an outbreak response on the 
basis of expert clinical and epidemiologic knowledge; 
public health importance (e.g., number of cases and deaths 
reported, severity of symptoms); and verification by local 
health officials. For the purposes of this analysis, IEDCR 
retrospectively created a database of reported events sent 
by the media scanning company, which included the num-
ber of reported events, outbreak etiology, news source, and 
the outcome of each investigation. The outbreaks reported 
were classified by media type, etiology, and season.

Low-Cost National Media-Based Surveillance 
System for Public Health Events, Bangladesh 
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To assess the surveillance system’s performance, we 
followed the guidelines for evaluating public health surveil-
lance set by the US Centers for Disease Control and Pre-
vention (CDC) (2).We aimed to assess all 9 recommended 
system qualities: simplicity, flexibility, data quality, accept-
ability, sensitivity, positive predictive value (PPV), repre-
sentativeness, timeliness, and stability (3). However, be-
cause we did not have external data to serve as a reference 
standard or comparator, we were unable to assess the sen-
sitivity and PPV of the system. We calculated the propor-
tion of all outbreak investigations conducted by IEDCR that 
were first detected through the media surveillance. We in-
terviewed key stakeholders, including the manager and staff 
of the contracted media scanning company, the director of 
IEDCR, and national rapid response team members. We also 
conducted a group discussion with 4 journalists representing 
large national newspapers to explore the processes of obtain-
ing information for health events and timeline of reporting.

A total of 36 news sources were scanned regularly in this 
media surveillance system: 23 (64%) were Bengali language 
newspapers, 6 (17%) were English language newspapers, 
and 7 (19%) were Bengali language television channels. 

From May 2010 through September 2011, the media scann- 
ing company captured and delivered 2,821 news stories to 
IEDCR. Of those, 2,501 (89%) were health related, 810 
items included the term “outbreak” (29% of total), and 196 
were the first reports of a possible outbreak (7%); 90% of all 
outbreak reports came from Bengali language media sources.

During the same period, the national rapid response 
team investigated 30 outbreaks, 21 (70%) of which were 
first detected through this surveillance system. At the rate 
of US$125/year to hire the scanning company, the total 
cost for the 16-month period was US$167. The cost of con-
tracting with the scanning company for each outbreak de-
tected with this system was therefore approximately US$8 
(US$167 divided by 21 outbreaks). Outbreaks of diarrhea, 
measles, and anthrax were reported through this system 
(Table 1). Outbreaks were reported year-round and from 51 
of the 64 administrative districts in Bangladesh (Table 2).

Key informant interviews consistently indicated that 
the system was simple, flexible, timely, and acceptable 
because it used existing media infrastructure and required 
only minimal costs to contract with a company to compile 
daily reports of news items. Changes to the system could 

 

 

 
Table 1. Outbreaks	first	identified	by	event-based	surveillance	and	investigated	by	IEDCR,	Bangladesh,	May	2010–September	2011* 
Outbreak	no. Date Etiology	reported	by	media Confirmed	etiology 
1 2010	May	 Anthrax Cutaneous	anthrax 
2 2010	Jun	 Anthrax Cutaneous	anthrax 
3 2010	Jul	 Unknown	poisoning Unintentional	pesticide	poisoning 
4 2010	Jul Mass	psychogenic	illness Mass	psychogenic	illness 
5 2010	Jul Suspected	pneumonia Bronchiolitis 
6 2010	Jul Unknown	animal	scratch Rabies 
7 2010	Jul Food	poisoning Food	poisoning 
8 2010	Jul Diarrhea Diarrhea 
9 2010	Aug Cutaneous	anthrax Cutaneous	anthrax 
10 2010	Nov Diarrhea Cholera 
11 2010	Nov Suspected	high-energy	biscuit	poisoning Mass	psychogenic	illness	after	biscuit	consumption 
12 2010	Dec Suspected	pneumonia Bronchiolitis 
13 2010	Dec Suspected	rabies Rabies 
14  2011	Apr Diarrhea Cholera 
15 2011	May Cutaneous	anthrax Cutaneous	anthrax	(5	outbreaks) 
16 2011	Jun Cutaneous	anthrax Cutaneous	anthrax	(2	outbreaks) 
17† 2011	Jun Unusual	duck	and	geese	mortality† Avian	influenza,	subtype	H5N1,	in	geese,	but	no	

human	cases	detected 
18 2011	Jul Cutaneous	anthrax Cutaneous	anthrax 
19 2011	Jul Cutaneous	anthrax Cutaneous	anthrax 
20 2011	Aug Unknown	disease Influenza	B	virus	infection 
21 2011	Aug Cutaneous	anthrax Cutaneous	anthrax 
*IEDCR,	Institute	of	Epidemiology,	Disease	Control	and	Research,	Bangladesh. 
†Non–human-related	outbreak. 

 
 

 

 

 
Table 2. Case	numbers	for	media-reported	outbreaks, by	cause	and	season,	Bangladesh, May	2010–September	2011 

Reported	etiology 

No.	(%)	cases 
Pre-monsoon,	
Mar–May Monsoon,	Jun–Sep 

Post-monsoon,	
Oct–Nov Winter,	Dec–Feb Total 

Diarrhea 24	(50) 7	(15) 10	(21) 7	(15) 48	(100) 
Anthrax 3	(14) 19	(86) 0 0 22	(100) 
Mass	psychogenic	illness 9	(45) 10	(50) 0 1	(5) 20	(100) 
Upper	respiratory	infection 0 2	(33) 3	(50) 1	(17) 6	(100) 
Measles 3	(60) 0 0 2	(40) 5	(100) 
Other/unknown 31	(33) 49	(52) 5	(5) 10	(11) 95	(100) 
 Total 70	(36) 87	(44) 18	(9) 21	(11) 196	(100) 
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be implemented effectively through frequent communica-
tions between the media scanning company and IEDCR. 
The system was widely acceptable by all stakeholders and 
was considered a valuable component of disease surveil-
lance in Bangladesh.

We were unable to quantitatively assess the coverage 
of remote areas by national newspapers, especially those 
lacking easy access to telecommunication infrastructure. 
The system moderately captured a representative sample of 
possible sources of information in the country. Both Ben-
gali- and English-language news items were collected, al-
though only newspapers available in Dhaka were included, 
so some newspapers with only local circulation were not 
available for review. 

Timeliness and stability of the system were both high. 
Although time from outbreak onset to reporting in the me-
dia source might vary, once media sources learned of an 
outbreak, publication occurred within 24 hours. Because it 
was low-cost, low-tech, and highly acceptable to all stake-
holders, the system was highly stable.

This media surveillance identified outbreaks of emerg-
ing infections that might not have been otherwise investi-
gated, including several outbreaks that were potential pub-
lic health events of international concern. In the context of 
global health security, international donors should support 
media-based surveillance to further strengthen existing tra-
ditional indicator-based approaches. 

The media-based surveillance system in Bangladesh 
fills a gap that is not covered by other global event-based 
surveillance systems, which collect publically available 
information about potential health threats mostly from 
Internet sources (4), such as ProMED (5), BioCaster, and 
HealthMap (6). Although these systems collect and analyze 
enormous amounts of information from the Internet regard-
ing potential health threats, they are limited by the inability 
to process information in local, non-English languages or 
to capture information not on the Internet. In 2013, ≈341 
million persons in the world (5%) spoke English as a first 
language (http://www.nationsonline.org/oneworld/most_
spoken_languages.htm); clearly, most news sources in 
the world are written in languages other than English and, 
therefore, are beyond the reach of these English language 
event-based surveillance systems.

Although all stakeholders were knowledgeable 
about their duties and responsibilities and the procedures 
which needed to be followed, no written standard oper-
ating procedures were in place by which we could evalu-
ate process performance. Written procedures, for both 
the media scanning company and IEDCR staff, could 
enhance system performance by fostering sustainability 
and ensuring standardization.

Our evaluation of this surveillance system was limited in 
2 key ways. Because the database for the system was created 
retrospectively over a short period, some reports may have 
been missing from the database. In addition, the absence of 
other data sources meant that we were unable to determine 
the sensitivity and PPV of the system. However, neither of 
these limitations influences the high proportion of outbreaks 
detected through this system nor the low cost per outbreak 
detected, the most critical findings from our evaluation.

Conclusions
IEDCR in Bangladesh has created an innovative, low-cost, 
locally appropriate solution for event-based surveillance 
that helps to meet the purposes of the country’s surveil-
lance goals and IHR requirements. This surveillance sys-
tem could serve as a model for outbreak detection in other 
resource-poor countries.
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In 2012, an outbreak of infection with Middle East respira-
tory syndrome coronavirus (MERS-CoV), was detected in 
the Arabian Peninsula. Modeling can produce estimates 
of the expected annual number of symptomatic cases of 
MERS-CoV infection exported and the likelihood of expor-
tation from source countries in the Middle East to countries 
outside the region.

In September 2012, the first confirmed case of Middle 
East respiratory syndrome coronavirus (MERS-CoV) 

infection was reported in the Kingdom of Saudi Arabia 
(KSA) (1). Approximately 900 laboratory-confirmed 
cases had been identified as of January 16, 2015; more 
than 300 (37%) have resulted in death. Although KSA has 
reported >80% of cases, infections have been confirmed 
in other Middle Eastern, European, North American, and, 
more recently, Asian countries (2). Multiple introductions 
from an animal reservoir have occurred (3), but human-
to-human transmission of MERS-CoV has also been 
documented among family members of case-patients and 
healthcare personnel who cared for case-patients (4–6). 
More than a dozen cases have been identified among trav-
elers returning from the Middle East to their home coun-
tries; onward transmission in destination countries also 
occurred (7,8).

The Study
We calculated the expected annual number of exporta-
tions of symptomatic cases of infection with MERS-CoV 
and the likelihood of exportation from the Middle Eastern 
countries where additional cases have been detected (KSA, 
Jordan, Qatar, and the United Arab Emirates [UAE], which 
we refer to as source countries) to countries outside the 
Middle East. We defined exportation as the arrival of a 
person infected with MERS-CoV in a country other than 
KSA, Jordan, Qatar, and UAE as a result of MERS-CoV 

infection in those source countries and subsequent out-
bound travel (not including medical evacuation). Because 
it is unclear whether MERS-CoV cases in Middle Eastern 
countries other than the source countries resulted from im-
portation or a local outbreak, those countries were excluded 
from the analysis. Exportations can occur by visitors re-
turning to their home countries or source country residents 
traveling abroad. We produced example calculations for 
destination countries outside the Middle East where expor-
tation of MERS-CoV infection cases has been confirmed 
(Algeria, Austria, France, Greece, Italy, Malaysia, Nether-
lands, Tunisia, United Kingdom, and the United States) as 
of January 16, 2015 (Table 1, http://wwwnc.cdc.gov/EID/
article/22/4/15-0976-T1.htm).

To calculate exportations, we used a simple multiplier 
model whereby MERS-CoV incidence rates among source 
country residents were extrapolated to rates among visitors. 
In particular, for each source country, the expected number 
of cases among travelers was calculated by multiplying the 
infection rate among residents in the affected countries (to-
tal number of cases divided by number of residents) by the 
number of travelers and the days travelers spend, on average, 
in the affected countries (9). To calculate incidence rates in 
destination countries, the number of symptomatic cases was 
considered to be 10 times greater than the reported number of 
cases (8). Calculations were made by using Excel (Microsoft 
Corporation, Redmond, Washington, USA). The probability 
of exportation was calculated while assuming the number of 
exportations was Poisson distributed, with the mean equal 
to the expected exportations (online Technical Appendix 1, 
http://wwwnc.cdc.gov/eid/article/22/4/15-0976-Techapp1.
pdf, and online Technical Appendix 2, http://wwwnc.cdc.
gov/eid/article/22/4/15-0976-Techapp2.xlsx). 

Expected annual exportations of symptomatic MERS-
CoV infection cases among visitors to the Middle East 
source countries were highest among visitors to KSA (Table 
2). For visitors returning from KSA, expected exportations 
were higher among visitors returning to Algeria, where the 
number of expected exportations was 1 (95% CI 0–5) and 
the likelihood of >1 exportation was 58%; and Malaysia, 
where the number of expected exportations was 1 (95% CI 
0–5) and the likelihood of >1 exportation was 47%.

Expected exportations among residents from the 
Middle East source countries traveling abroad also were 
estimated to be higher for visitors from KSA (Table 3). 
Expected exportations among residents in KSA visit-
ing abroad were highest for the United States, where the  

Exportations of Symptomatic Cases of MERS-CoV 
Infection to Countries outside the Middle East
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number of expected exportations was 1 (95% CI 0–5) and 
the likelihood of >1 exportation was 51%.

Conclusions
More complex models have been developed to character-
ize exportations of infectious disease cases via infectious 
travelers (10,11). The main advantage of our approach is 
its simplicity and reproducibility within short timeframes. 
This model also complements previous work on the risk 
for MERS-CoV exportation by global air travel, which 
attempted to quantify travel volume to the affected areas 
and calculate exportations among Hajj pilgrims in KSA 
(12,13). In our calculations, however, the visitor data in-
cluded persons traveling by air, land, and sea and distin-
guished between visitors to the Middle East and persons 
from the Middle East traveling abroad over the period of 
1 year. Unlike Khan et al. (12), we accounted for the rate 
of infection in the source countries by calculating source 
country–specific MERS-CoV incidence rates. Furthermore, 
by accounting for the different travel volume of visitors to 
the Middle East compared with Middle East residents trav-
eling to non–Middle Eastern countries, we suggested the 
mode of exportation (visitor to the Middle East vs. Middle 
East resident visiting abroad). For Malaysia, estimated  

expected exportations were higher among visitors to source 
countries than among source country residents visiting 
abroad, consistent with the number of exportations detect-
ed by surveillance. However, the opposite was true for the 
United States, where 2 source country residents were found 
to have MERS-CoV infection during their US visit (7).

Our findings have limitations. The estimates are based 
on historical incidence data. Thus, they are especially ap-
plicable for periods in which the incidence of the disease 
remains stable. For outbreaks characterized by a highly 
transmissible pathogen, the model might severely under-
estimate exportations if incidence rates are not projected 
to the period for which exportations are calculated. In ad-
dition, our small multiplier only took into account exporta-
tions of symptomatic cases. Given that most of the detected 
exportations resulted in hospitalization of the infected case-
patient, the number of exportations calculated here likely 
refers to exportations of severe symptomatic cases. Recent 
results from a serologic survey performed during December 
2012–December 2013 indicate that there might be as many 
as 44,951 (95% CI 26,971–71,922) persons infected with 
MERS-CoV in KSA (14). During that period, there were 
125 reported confirmed cases; thus, the ratio of asymp-
tomatic to reported cases might be much higher, possibly  

 

 

 
Table 2. Estimated	annual	number	of	symptomatic	cases	of	MERS-CoV	infection	exported	and	likelihood	of	>1	exportation	for	
countries	outside	the	Middle	East	among	visitors	to	the	source	countries* 

Country	of	
destination 

Observed	no.	symptomatic	cases	
exported 

No.	cases	exported	from	source	countries	(95%	CI);	%	likelihood	for	>1	
exportation† 

Jordan KSA UAE 
Algeria 2	from	KSA 0	(0–4);	0 1	(0–5);	58 NA 
Austria 0 0	(0–4);	0 0	(0–4);	1 NA 
France 1	from	UAE 0	(0–4);	0 0	(0–4);	11 0	(0–4);	9 
Italy 1	from	Jordan 0	(0–4);	0 0	(0–4);	3 0	(0–4);	9 
Greece 0 0	(0–4);	0 0	(0–4);	1 NA 
Netherlands 2	from	KSA 0	(0–4);	0 0	(0–4);	5 0	(0–4);	4 
Malaysia 1	from	KSA 0	(0–4);	0 1	(0–5);	47 NA 
Tunisia 1	from	Qatar 0	(0–4);	0 0	(0–4);	19 NA 
United	Kingdom 1	from	KSA 0	(0–4);	0 0	(0–4);	24 0	(0–4);	35 
United	States 0 0	(0–4);	1 0	(0–4);	27 0	(0–4);	31 
*The	incubation	period	considered	was	5.5	days	(95%	CI	3.6–10.2	days)	(8).	MERS-CoV,	Middle	Eastern	respiratory	syndrome	coronavirus;	KSA,	
Kingdom	of	Saudi	Arabia;	UAE,	United	Arab	Emirates;	NA,	not	available. 
†Information on tourists to Qatar was not available. 

 

 

 

 
Table 3. Estimated	annual	number	of	symptomatic	cases	of	MERS-CoV	infection	exported	and	likelihood	of	>1	exportation	for	
countries	outside	the	Middle	East	among	source	country	residents	traveling	outside	the	Middle	East* 

Country	of	
destination 

Observed	no.	
symptomatic	cases	

exported 

No.	cases	exported	from	source	countries	(95%	CI);	%	likelihood	for	>1	
exportation† 

Jordan KSA Qatar UAE 
Italy‡ 0 0	(0–4);	1 0	(0–4);	18 NA 0	(0–4);	8 
Malaysia§ 0 0	(0–4);	0 0	(0–4);	33 0	(0–4);	1 0	(0–4);	2 
Tunisia‡ 0 0	(0–4);	0 0	(0–4);	2 0	(0–4);	0 0	(0–4);	0 
United	Kingdom§ 0 0	(0–4);	0 0	(0–4);	35 0	(0–4);	3 0	(0–4);	25 
United	States§ 2	from	KSA 0	(0–4);	0 1	(0–5);	51 0	(0–4);	2 0	(0–4);	8 
*The	incubation	period	considered	was	5.5	days	(95%	CI	3.6–10.2	days)	(8).	*MERS-CoV,	Middle	Eastern	respiratory	syndrome	coronavirus;	KSA,	
Kingdom	of	Saudi	Arabia;	UAE,	United	Arab	Emirates;	NA,	not	available. 
†Information on Middle Eastern visitors	to	France,	Netherlands,	and	Greece	was	not	available.	Number	of	Middle	Eastern	residents	visiting	Algeria	and	
Austria	was	not	available	by	country	of	residence. 
‡Number of Middle Eastern visitors traveling to Italy and Tunisia corresponds to persons	whose	nationality	is	that	of	Middle	Eastern	source	countries. 
§Number	of	Middle	Eastern	visitors	traveling	to	Malaysia,	the	United	Kingdom,	and	the	United	States	corresponds	to	residents	in	the	Middle	East. 
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Exportations of MERS-CoV outside the Middle East

in the hundreds. This finding suggests that exportations of 
asymptomatic cases might be several orders of magnitude 
higher than those of severe symptomatic cases.

The upper bound of exportations for the countries least 
likely to receive symptomatic case importations was 4, sug-
gesting that small numbers of importations are largely sto-
chastic events. Although every country is at risk, as illus-
trated by the recent outbreak of MERS-CoV infections in 
South Korea that was triggered by just 1 importation (15), 
our model can be used to assess risk level. Combined with 
other indicators, our model can help determine the level of 
additional public health measures (e.g., border screenings) 
required for infectious diseases threats from abroad.

No exportations of symptomatic cases were detected 
in some of the top travel volume countries for trips origi-
nating in KSA, Jordan, UAE, and Qatar. Travel volume to 
Egypt, India, and Pakistan was several times higher than 
that for other countries where MERS-CoV has been de-
tected. However, only 1 case of MERS-CoV infection has 
been detected in Egypt (in a KSA resident) (http://www.
who.int/csr/don/2014_05_01_mers), and no MERS-CoV 
cases have been detected in India or Pakistan. This finding 
suggests that MERS-CoV introductions may have already 
occurred in these countries but have not been detected.

In summary, by adapting a simple model of disease 
spread, we estimated the expected number of MERS-CoV 
symptomatic case exportations during a 1-year period 
among visitors to the Middle East and visitors from KSA, 
Jordan, Qatar, and UAE to non–Middle Eastern countries 
where case exportations have occurred. Our estimations 
suggest that the risk for repeated exportations of severe 
symptomatic MERS-CoV cases is low, although the num-
ber of asymptomatic case exportations might be higher.

Dr. Carias is a modeler in the National Center for Emerging and 
Zoonotic Infectious Diseases at the Centers for Disease Control 
and Prevention. She is interested in using economic and infec-
tious disease models to assist decision making in public health.
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We used active and passive surveillance to estimate nonty-
phoidal Salmonella (NTS) infection during 2012 in Guang-
dong Province, China. Under passive surveillance, for every 
reported NTS infection, an estimated 414.8 cases occurred 
annually. Under active surveillance, an estimated 35.8 cas-
es occurred. Active surveillance provides remarkable ad-
vantages in incidence estimate.

Gastrointestinal illness or diarrhea caused by foodborne 
pathogens, such as nontyphoidal Salmonella (NTS), 

is a global public health concern (1). Many countries (e.g., 
the United States, England and Wales, Australia, Canada, 
Jordan, and Japan) have estimated the incidence of gastro-
intestinal illness caused by specific pathogens (2–8). How-
ever, in China, information is limited about the incidence of 
specific foodborne pathogens.

In 2003, China initiated a national, internet-based 
disease reporting system called the National Notifiable 
Disease Reporting System (NNDRS). This system legally 
requires routine reporting from all medical institutions 
and public health units of a list of infectious diseases. In 
this system, diarrheal pathogens other than Vibiro chol-
erae and Shigella dysenteriae, such as Salmonella spp., 
Escherichia coli, and Listeria spp., are reported as “other 
infectious diarrhea”; information about etiology is pro-
vided as an additional comment (9). Because NNDRS 
is passive, few reports include laboratory confirmation. 
According to previous data from passive surveillance, 
<1,000 NTS cases were reported in Guangdong Province 
annually since 2009, representing only a small proportion 
of actual infections.

In 2009, Guangdong Provincial Center for Disease 
Control and Prevention (Guangdong CDC) established 
laboratory-based active surveillance for NTS infection. In 
2012, this system covered more than half of the Guangdong 

Province prefectures, capturing 61.5% of the population 
served by 27 sentinel hospitals (21 general hospitals and 6 
specialized hospitals, including pediatric and gynecologic). 
In the surveillance system, patients with >3 loose stools in 
a 24-hour period plus fever, vomiting, or abdominal pain 
who visited the sentinel hospitals were enrolled as cases, 
and fecal samples were collected. The sentinel hospitals 
were required to forward Salmonella isolates to Guangdong 
CDC, along with epidemiologic data, for analysis. Culture-
confirmed cases were then reported to NNDRS with patho-
gen information. Based on the pyramid model of burden of 
illness, we used data from active and passive surveillance 
to estimate NTS infection and to clarify the advantages and 
disadvantages of each system (2,7,10).

The Study
The estimation requires multiple steps. First, a person must 
have symptoms severe enough for medical care (multiplier 
1). Second, the physician must collect patients’ specimens 
(multiplier 2) and forward them for testing by bacterial cul-
ture (multiplier 3). Third, the sample test result must be 
positive (multiplier 4), and the confirmed case must be re-
ported (multiplier 5) (2,7,8).

To obtain multiplier 1, we conducted a 12-month 
population-based household survey during March 1, 
2012–February 28, 2013 (approved by the Ethics Com-
mittee of Guangdong CDC). Respondents were randomly 
selected from 4 districts in western, eastern, and central 
Guangdong Province. The case definition was the same as 
that for active surveillance. We used a standard question-
naire to collect information about diarrhea in the previ-
ous 4 weeks. The incidence rate of diarrhea was 0.1081 
(95% CI 0.1004–0.1158) episodes/person-year; 38.6% of 
the household survey respondents with diarrhea sought 
medical care. Multipliers 2 and 3 were based on data from 
sentinel hospitals and comprised the overall number of 
diarrhea cases, samples collected, and samples submit-
ted for culture during the year. A total of 75,583 (45.3%) 
samples of 166,729 registered diarrhea cases in the sen-
tinel hospitals were collected, of which 22,577 (29.9%) 
were tested. Laboratories of sentinel hospitals cultured 
samples for Salmonella in accordance with standard pro-
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tocol provided by the national reference laboratory by 
using MacConkey agar as plating medium. According to 
a proficiency testing program, the Salmonella isolation 
sensitivity rate of these laboratories was 87.5% (multi-
plier 4). The numbers of Salmonella isolates identified 
and reported to NNDRS as NTS infectious diarrhea by 
all sentinel hospitals yielded the proportion of cases re-
ported (648/1,061, 61.1%) (multiplier 5). We estimated 
the number of infections using the above 5 multipliers. 
Thus, active surveillance for each reported NTS infection 
identified 35.8 cases. We also analyzed multipliers of spe-
cialized hospitals (Table 1).

In the population survey–based passive surveil-
lance system, multiplier 1 was the same as for active 
surveillance. According to a comparison with samples 
from the submission proportion in a survey of physi-
cian-diagnosed diarrhea in Guangdong Province during 
2009 (Mann-Whitney test, p = 0.246) (11), and a com-
parison between medical institutions that charged and 
did not charge for testing (Kolmogorov-Smirnov test, p 
= 0.837), the proportion of samples submitted and test-
ed from active surveillance were also used as estimates 
of passive surveillance. The average test sensitivity of 
sentinel laboratories before active surveillance began 
was used as an estimate of all medical institutions (i.e., 
the sensitivity of passive surveillance [48.2%]). Using 
numbers of Salmonella isolates in Guangdong Prov-

ince from laboratory data, and number of reported NTS 
cases by all medical institutions, we determined the  
proportion of reported NTS was 9.6% (991/10,360). Thus, 
for each reported NTS case under passive surveillance, 
414.8 cases actually occurred. Multipliers of 5 age groups 
also were presented (Table 1).

To generate a more robust estimate, we conducted 
uncertainty and sensitivity analyses (online Technical Ap-
pendix, http://wwwnc.cdc.gov/EID/article/22/4/15-1372-
Techapp1.pdf) on passive surveillance data using Monte 
Carlo simulation (@Risk 6.0; Palisade, Ithaca, NY, USA) 
(12). We used β distribution to describe the uncertainty of 
proportions and negative binominal distribution to esti-
mate the number of cases. The sensitivity analysis helped 
determine factors that provide higher uncertainty in  
the estimate.

The uncertainty analysis model predicted a 411.9 
(95% CI 308.4–592.7) overall multiplier and estimated 
that 408,499 (95% CI 302,899–591,901) Salmonella 
cases occurred per year when the overall multiplier was 
applied to the 991 reported NTS cases, resulting in 391.6 
(95% CI 290.3–567.4) cases/100,000 persons in 2012. 
Incidence for 5 age groups was also estimated (Table 
2). The rank correlation of various factors in the model 
showed that patients seeking medical care provided the 
highest uncertainty in the overall estimate (influence rate 
96%) (Figure).

 

 

 
Table 1. Active	and	passive	surveillance	multipliers	used	to	determine	the	incidence	of	nontyphoidal Salmonella infections,	
Guangdong	Province,	China,	2012* 

Surveillance	steps 

Active	surveillance 

 

Passive	surveillance,	by	age	group,	y 

Overall 
General	
hospitals 

Specialized	
hospitals Overall 0–4 5–24 25–44 45–64 >65 

Multiplier	1:	Patient	seeks	medical	care 2.59 2.59 2.59  2.59 1.25 5.0 8.0 2.0 3.0 
Multiplier	2: Physician	obtains	samples 2.21 2.01 2.31  2.21 2.21 2.21 2.21 2.21 2.21 
Multiplier	3:	Samples	tested	for	Salmonella 3.35 2.45 6.73  3.35 3.35 3.35 3.35 3.35 3.35 
Multiplier	4:	Positive	laboratory	test	result 1.14 1.14 1.14  2.07 2.07 2.07 2.07 2.07 2.07 
Multiplier	5:	Confirmed	cases	reported 1.64 1.60 1.82  10.45 10.45 10.45 10.45 10.45 10.45 
Overall 35.8 23.3 83.7  414.8 200.1 800.6 1,280.9 320.2 480.4 
*Incidence	is	cases	per	100,000	persons. 

 

 

 

 
Table 2. Results	of	Monte	Carlo	simulation	characterizing	the	uncertainty	about	the	number	of	cases	and	the	passive	surveillance	
multipliers	and	the	annual	reported	and	estimated	cases	and	incidence	of	nontyphoidal	Salmonella infections,	Guangdong	Province,	
China,	2012 

Age	group,	
y 

Annual	no.	cases,	median	
(95%	CI) 

Multipliers,	median	 
(95%	CI) 

No.	cases 

 

Annual	incidence, cases/100,000 

Reported 
Estimated	 
(95%	CI) Reported 

Estimated	 
(95%	CI) 

0–4 87,195 
(68,367–138,725) 

209.6 
(168.5–332.1) 

415 87,195 
(68,367–138,725) 

 6.13 1,287.9	 
(1,009.8–2,049.0) 

5–24 222,558 
(90,222–1,376,278) 

605.3 
(248.9–3720.3) 

367 222,558	 
(90,222–1,376,278) 

 0.90 547.7	 
(222.0–3387.1) 

25–44 119,409 
(49,292–488,534) 

1038.3 
(436.4–4250.9) 

115 119,409	 
(49,292–488,534) 

 0.32 333.4	 
(137.6–1,364.1) 

45–64 18,577 
(11,400–36,234) 

320.2 
(216.8–603.2) 

58 18,577	 
(11,400–36,234) 

 0.40 126.6	 
(77.7–247.0) 

>65 16,421 
(8,351–42,273) 

457.1 
(259.7–1156.5) 

36 16,421	 
(8,351–42,273) 

 0.56 255.1	 
(129.7–656.8) 

Overall 408,499 
(302,899–591,901) 

411.9 
(308.4–592.7) 

991 408,499	 
(302,899–591,901) 

 0.95 391.6	 
(290.3–567.4) 
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Conclusions
Our estimated NTS incidence was lower than the incidence 
in China as determined from a literature review (626.5 
cases/100,000 persons) (13) but close to that in the United 
States (352.1 cases/100,000 persons) (3). However, inci-
dences for persons <5 years of age and 5–24 years of age in 
our study were higher than those for persons in China and 
the United States, highlighting that Salmonella represents 
a major health problem in Guangdong Province, especially 
among younger persons. Our estimated active surveillance 
rate (35.8) of NTS infections per reported case is similar 
to estimates in the United States (38.6 and 39) (2,10) but 
different from those for England (3.2), Jordan (278), and 
Japan (63) (7,8,14). Such differences might be due to dif-
ferences in methods used and to actual differences in Sal-
monella infections.

With fewer missing cases and less underestimation, 
active surveillance has lower overall multipliers than pas-
sive surveillance, indicating smaller surveillance artifacts 
and more accurate incidence estimate and presents remark-
able advantages over passive surveillance. The estimate for 
active surveillance also showed that if we seek to reduce 
uncertainty in the overall estimate, we should first focus on 
encouraging patients to seek medical care.

Our study provides policymakers in China with a ref-
erence for the importance of Salmonella incidence and 
calls for balanced surveillance on both foodborne infec-
tions and foods and enlarging active surveillance scales. 
More surveillance guidelines need to be developed to help 
physicians identify timing of sampling, tests, and perfor-
mance. Laws requiring reporting of foodborne diseases 
and pathogens need to be enacted to increase quantity and 
quality of reporting. The result suggests that to increase 
care seeking and sample submission, government health 

insurance schemes should be further developed to cover 
diagnostic tests and treatments of diseases of public health 
significance.
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Human adenovirus 7d, a genomic variant with no reported 
circulation in the United States, was isolated from 2 adults 
with severe respiratory infections in Illinois. Molecular typ-
ing identified a close relationship with strains of the same 
genome type isolated from cases of respiratory disease in 
several provinces of China since 2009.

Species B human adenoviruses are frequent causative 
agents of acute respiratory disease requiring hospital-

ization mainly for children but occasionally also for adults. 
In particular, respiratory infections with human adenovi-
rus 7 (HAdV7) have a well-documented association with 
severe clinical manifestations, nosocomial transmission, 
prolonged hospitalizations, pulmonary sequela, and deaths 
(1–6). Adenovirus pneumonia among immunocompetent 
adults is still relatively infrequent and therefore attracts 
considerable attention (4).

In the absence of active sentinel surveillance for adeno-
virus infections, there is no current sense of what the actual 
burden of adenovirus-associated respiratory disease is in the 
United States or which are the most prevalent pathogenic 
types circulating in this country. Only large outbreaks or 
severe cases elicit enough interest to pursue etiology inves-
tigation. We report characterization of adenovirus strains 
isolated from 2 adults in the same family who had severe re-
spiratory infections in Illinois, USA, during December 2014.

The Study
This study was approved by the Northwestern University 
institutional review board. A waiver of consent was pro-
vided by this board.

Patient 1 was a 44-year-old man (electrician) who had 
no previous medical problems. He came to a hospital on 
December 2, 2014, with chest pain, fever (temperature up 
to 101°F), cough and shortness of breath, a few days after 
returning from a visit with family in Alabama. Two respira-
tory specimens were positive for adenovirus by PCR.

The patient was transferred to Northwestern Memorial 
Hospital (NMH) (Chicago, IL, USA) because of respiratory 
failure on December 13. A nasal swab specimen obtained 

at admission to NMH was positive for adenovirus B/E by 
the GenMarkDx eSensor Respiratory Virus Panel (Genmark 
Diagnostics, Inc., Carlsbad, CA, USA). He was given a di-
agnosis of adenovirus pneumonia, acute heart failure, and 
respiratory failure that required veno-venous extracorporeal 
membrane oxygenation during December 14-19. He slowly 
recovered but remained hospitalized until cardiac function 
normalized and was discharged on January 17, 2015. No oth-
er viral, bacterial or fungal pathogens were detected in any 
multiple blood, induced sputum, and bronchoalveolar lavage 
(BAL) specimen cultures performed during hospitalization. 
A BAL specimen obtained on December 17 was positive for 
adenovirus B/E by PCR. Sputum specimens were negative 
for Mycoplasma spp. and Chlamydia. spp.

Patient 2, the father of patient 1, was a retired 68-year-
old man with a history of coronary artery disease, chronic 
obstructive pulmonary disease, chronic kidney disease, and 
diabetes. He came to a hospital on December 14, 2014, 
with fever, weakness, and shortness of breath. He was 
transferred to NMH because of respiratory failure, admit-
ted to the intensive care unit, and required intubation and 
mechanical ventilation during December 16-21. A BAL 
specimen obtained on December 17 was positive for ade-
novirus B/E by the GenMarkDx eSensor Respiratory Virus 
Panel. No other pathogens were detected in this specimen. 
The patient had a nearly complete recovery and was dis-
charged from the hospital on December 25.

No cases of respiratory illness were reported for 
other family members. Admission chest radiographs for 
both patients are shown in Figure 1, and a timeline of 
events are shown in Figure 2 (http://wwwnc.cdc/gov/EID/
article/22/4/15-1403-F2.htm).

Adenovirus-positive clinical specimens (1 nasal swab 
specimen and 1 BAL specimen from patient 1 and 1 BAL 
specimen from patient 2) were shipped from NMH to 
Lovelace Respiratory Research Institute (Albuquerque, 
NM, USA) for molecular typing of the detected virus. 
HAdV was readily isolated in A549 cells from the nasal 
swab specimen obtained on December 13 at admission of 
patient 1at NMH, and from the initial culture of the BAL 
specimen obtained from patient 2 on December 17. These 
findings indicated that a high infectious virus load was 
present in the respiratory tract of both patients at the time 
of specimen collection.

Virus isolates from both patients were typed as 
HAdV7 by amplification and sequencing of the hexon gene 
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hypervariable regions 1–7 and the complete fiber gene by 
using previously described primer pairs (7). Sequences 
of both amplicons (GenBank accession nos. KT266797−
KT266800) were identical for the 2 isolates.

DNAs extracted from infected A549 cells by described 
procedures (8) were examined by restriction enzyme analy-
sis, which is a powerful molecular approach for discrimi-
nation of intratypic genetic variability (9). Both isolates 
showed identical restriction profiles for endonucleases 
BamHI, BclI, BstEII, HpaI, and SmaI, which confirmed 
the epidemiologic link and determined their genome type 
as 7d (9). A comparison between these profiles (Figure 3, 
panel A) and the corresponding in silico-generated profiles 
for HAdV7 genomic sequences available from GenBank 
(accession nos. KC440171 [Figure 3, panel B], JF800905, 
JX625134, KC857700, and KJ019880−KJ019888), and 
phylogenetic analysis of hexon and fiber gene sequences 
performed by using MEGA version 6.0 software (10) (Fig-
ure 3, panels C, D) showed a close relationship of the strain 
from Illinois with strains described in association with 
cases of severe pneumonia recently reported in difference 
provinces in China (11) and in Taiwan (12).

Conclusions
HAdV7 has been detected sporadically among cases of 
acute respiratory infection in the United States over the past 
15 years, and genomic variants 7b, 7d2, and 7h have been 
identified among the isolated strains (2,7,13,). Our molecu-
lar typing findings suggest that genome type 7d might be 
circulating in the United States as a recently introduced 
newly emerging variant probably imported from Southeast 
Asia where increased incidence of severe HAdV7-associ-
ated respiratory disease has been reported (11,12,14). The 
2 patients in this study had not traveled outside the United 
States and had not had contact with persons who recently 

traveled to Asia.
Two clusters of cases of severe respiratory disease 

associated with detection of HAdV7 were recently iden-
tified in the northwestern United States and are currently 
under investigation at the Centers for Disease Control 
and Prevention (Atlanta, GA) (K.S. Scott et al., pers. 
comm.). Comparison of complete genomic sequences 
of isolated strains and genome typing data will be criti-
cal for investigation of possible epidemiologic links be-
tween these cases.

Although no adequate data are available to compare 
clinical presentations associated with infection by different 
HAdV7 genome types, differences in virulence and trans-
missibility are likely among them. This issue merits further 
investigation. Severe respiratory disease has been reported 
in association with various genomic variants of HAdV7 
(1,11,15), which suggests that the severity of HAdV-asso-
ciated disease might also be attributable to population or 
individual host differences in susceptibility. Although pa-
tient 1 did not have an unusual medical history, patient 2 
had concurrent conditions that might have contributed to 
severity of disease.

The described cases provide another example of the 
fact that adenoviruses can cause severe influenza-like re-
spiratory disease in immunocompetent adults, and together 
with numerous case reports, highlight the need for retaining 
testing for adenovirus infection in the differential diagnosis 
of the etiology of acute respiratory disease. Our study con-
firms the value of restriction enzyme analysis (conducted 
by using gel electrophoresis of digested DNA or in silico 
digestion of complete genomic sequences) as a powerful 
approach for discrimination of intratypic HAdV genetic 
variability for molecular epidemiology studies.

HAdV7-associated respiratory disease has been 
shown to be preventable by oral vaccination with a live 

Figure 1. Admission chest 
radiographs of 2 adults with severe 
infections with adenovirus type 7 
in family, Illinois, USA, 2014. Chest 
radiograph of patient 1 shows 
diffuse parenchymal consolidation 
involving all lobes. Chest 
radiograph of patient 2 shows 
interstitial changes in all lung fields 
and cardiomegaly.
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nonattenuated virus formulation currently licensed for 
exclusive use among military personnel (http://www.cdc.
gov/vaccines/hcp/vis/vis-statements/adenovirus.html). 
Licensing of this vaccine for use among civilians, or the 
design of next generation noninfectious vaccines, merits 
consideration for efficient intervention to prevent severe 
adenovirus-associated acute respiratory disease in the 
general population.

This report describes 2 cases of severe respiratory 
disease in adults associated with the apparent recent emer-
gence of genome type 7d in the United States in 2014.  
In the possible scenario of a dispersion of this strain as 
a prevalent causative agent of acute respiratory disease  

requiring hospitalization, genome typing will be a valuable 
asset to surveillance and outbreak investigation efforts.
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The hyper-virulent emm59 genotype of invasive group A 
Streptococcus was identified in northern Arizona in 2015. 
Eighteen isolates belonging to a genomic cluster grouped 
most closely with recently identified isolates in New Mexico. 
The continued transmission of emm59 in the southwestern 
United States poses a public health concern.

Several cases of invasive group A Streptococcus (GAS) 
disease were detected in January 2015 in a northern Ar-

izona hospital. A substantive percentage of the cases were 
associated with a homeless shelter and a local jail; outbreak 
case-patients were predominantly male and Native Ameri-
can. Other studies have shown an increase in infection risk 
for invasive GAS in Native American/First Nations popula-
tions (1,2), and outbreaks within this population in Arizona 
have been previously documented (3). Whole genome se-
quence analysis determined that the hypervirulent subtype 
emm59 was present among the first cases analyzed in early 
2015. emm59 is known to have caused a nationwide out-
break of invasive GAS in Canada during 2006–2009 (4,5), 
and cases and outbreaks have been reported in the United 
States (6–8).

The Study
We identified isolates for sequencing from 29 invasive 
GAS cases diagnosed in patients in a northern Arizona hos-
pital during January–July 2015 and randomly selected an  

additional 99 GAS isolates from a repository of >2,000 Ari-
zona GAS isolates collected during 2002–2006 (no isolates 
from patients in Arizona were available for 2007–2014). 
Four additional isolates from central Arizona identified in 
2015 were included in the analysis (online Technical Ap-
pendix Table, http://wwwnc.cdc.gov/EID/article/22/1/15-
1200-Techapp1.pdf). All isolates were grown on 5% 
sheep blood tryptic soy agar plates (Hardy Diagnostics, 
Santa Maria, CA), and incubated at 37°C with 5% CO2. 
DNA was extracted by using a DNeasy Blood and Tissue 
Kit (QIAGEN, Valencia, CA, USA) following manufac-
turer’s protocol. Genomic DNA libraries were prepared by 
using the Nextera XT library prep kit (Illumina, San Di-
ego, CA) and sequenced with paired-end reads (250 bp) 
on an Illumina MiSeq instrument, as previously described 
(9). The finished genome of the emm59 Canadian clone 
MGAS15252 (GenBank accession no. CP003116) and 
high-quality publicly available sequence-read data from 
44 US isolates, from NCBI short read archive (BioProject 
#PRJNA194066), were included in the subsequent phylo-
genetic analyses. The final core genome (all nucleotide loci 
found in all genomes) for single-nucleotide polymorphism 
(SNP) detection was 1,636,024 bp (98.6% of reference).

We used NASP SNP analysis pipeline (http://tgen-
north.github.io/NASP/) for whole-genome SNP typing as 
previously described (10). SNP matrices were developed 
for both the whole species and the emm59-only analyses. 
We used MEGA version 5.2.2 software (11) to generate 
maximum parsimony phylogenetic trees. Regions of high 
SNP density were identified as possible regions of recom-
bination and were further analyzed for impact on the con-
sistency index. Genomes were assembled by using UGAP 
(https://github.com/jasonsahl/UGAP). GAS emm subtypes 
were assigned by using BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi), querying the study genome assem-
blies against the Centers for Disease Control and Preven-
tion’s (CDC) emm type-specific sequence database (http://
www.cdc.gov/streplab/m-proteingene-typing.html). We 
resolved dual emm-type hits using CDC’s emm typing 
Sanger sequencing primers (http://www.cdc.gov/streplab/
protocol-emm-type.html) as a BLAST query and noting 
hit locations.

We identified 18 of the 29 contemporary northern 
Arizona isolates as subtype emm59; the remaining isolates 
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Southwestern United States
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were composed of 6 additional emm types: emm1 (n = 2), 
emm5 (n = 2), emm58 (n = 1), emm81 (n = 2), emm83 (n 
= 1), emm89 (n = 2), and emm94 (n = 1). The 99 historical 
and 4 contemporary background Arizona isolates included 
25 distinct emm types (online Technical Appendix Table). 
No emm59 isolates were identified in this background set, 
and none had been previously reported in Arizona.

The 18 Arizona emm59 cases occurred during Janu-
ary–July 2015 (Table). An emm59-only phylogenetic 
analysis demonstrated the apparent presence of multiple 
lineages of emm59 in the 2015 Arizona isolates (Figure 1). 
A distinct clone consisting of 14 of the 18 emm59 isolates 
were separated from each other by only 0–4 SNPs, genomi-
cally supporting the presence of an ongoing outbreak; >8 
of these patients were epidemiologically linked to physi-
cal contact, cohabitation, or both with 1 other person (data 
not shown). The additional emm59 isolates make up addi-
tional lineages separated from one other by 8–28 SNPs. No 
recombination was identified among the Arizona isolates. 
A relatively large number of SNPs and indels were seen 
within an approximate 23-kilobase region (Figure 1). This 
region has been previously reported to contain mutational 
hotspots associated with virulence (12,13). Considering the 
presumptive positive selective force on this region, SNPs 
within the region were not included in the final phyloge-
netic analysis.

When compared with all other publicly available US 
emm59 isolate genomes, nearly all the genomes identified 
in the United States were closely related to each other and 
to the Canadian clone MGAS15252; individual isolate SNP 
branch lengths ranged from 0 to 10 (Figure 2). The Ari-
zona outbreak isolates were separated from 2 New Mexico 
isolates by 4 and 5 SNPs each; these isolates fell within 
the overall Arizona clade and were subsequently included 

 

 

 
Table. Epidemiologic	data	for	18	case-patients with	invasive	
emm59	group	A	Streptococcus infection,	Arizona,	USA,	2015* 
Category Value 
Race  
 American	Indian	or	Alaskan	Native 15	(83) 
 White 3	(7) 
Sex  
 F 4	(22) 
 M 14	(88) 
Mean	age,	y	(range) 40	(26–79) 
Clinical	information  
 Cellulitis 7	(39) 
 Necrotizing	fasciitis 5	(28) 
 Sepsis 9	(50) 
Risk	factors  
 Injury 7	(39) 
 Alcohol	abuse 10	(56) 
 Homeless 8	(44) 
 Living	in	shelter 5	(28) 
 Local	jail	term within	1	mo. of	diagnosis 6	(33) 
*Values	are	no.	(%)	patients	except	as	indicated.	Epidemiologic	data	
based	on	available	information. 

 

Figure 1. Phylogenetic single-nucleotide polymorphism (SNP) tree of emm59 isolates from a northern Arizona hospital displaying 
distribution of mutations in a 23kb positively selected region during invasive group A Streptococcus outbreak, southwestern United 
States. Maximum parsimony tree of all SNP loci (n = 58) in emm59 isolates (n = 18) from Arizona, 2 recent New Mexico isolate 
genomes, and the Canadian clone reference isolate MGAS15252. Consistency index = 1.0. Branch lengths represent numbers of SNPs 
between isolates; unit bar is in the figure. Numbered circles distinguish lineages of selected mutations in scpA, enn, sfbl, mga, sfbx, and 
sof genes in a 23-kb hotspot mutational region. Scale bar indicates SNPs.

 Hypervirulent emm59 GAS Outbreaks, United States
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Figure 2. Phylogenetic single-
nucleotide polymorphism (SNP) 
tree of emm59 isolates from 
Arizona during invasive group 
A Streptococcus outbreak in the 
southwestern United States, 
previously analyzed US emm59 
isolates, and the Canadian clone. 
Maximum parsimony tree of all 177 
SNP loci (44 parsimony informative 
SNPs) in emm59 isolates from 
Arizona (n = 18), Minnesota (n = 29), 
Oregon (n = 8), New Mexico (N = 3), 
Colorado (n = 2), and California (n = 
1) and the Canadian clone reference 
isolate MGAS15252. Tree has 
regions of recombination removed 
and is rooted with Minnesota isolate 
SRR11574570. Consistency index = 
1.0. Numbers above branches  
are SNP distances. Scale bar 
indicates SNPs.
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in the Arizona-only phylogenetic analysis (Figure 1). Con-
versley, the isolate from patient M appears more distant 
from the larger Arizona population. The Arizona clades, 
with the exception of that of the isolate from patient M, all 
appear to arise from the large Minnesota polytomy. The 
previously estimated 1.3–2.1 SNPs/year mutation rates for 
GAS (14,15) further support the Arizona outbreak as be-
ing caused by a single clone, likely originating from New 
Mexico and being spread over 6–12 months.

Conclusions
The emm59 subtype of GAS, the etiologic agent of a sub-
stantial nationwide outbreak of invasive GAS in Canada 
during 2006–2009 (4), is now present in Arizona, causing 
at least 1 outbreak of epidemiologically and genomically 
linked cases and several additional epidemiologically un-
related cases. The lack of emm59 in background isolates in 
Arizona from the previous decade, along with its low genetic 
diversity, suggests that emm59 emerged recently in Arizo-
na. Following the emm59 epidemic in Canada, this subtype 
was subsequently seen in a few US states; a retrospective 
analyses of the Centers for Disease Control and Prevention 
Active Bacterial Core surveillance (ABCs) system (http://
www.cdc.gov/abcs/reports-findings/survreports.pdf) iden-
tified 40 US emm59 isolates during 2000–2009 (6) and an 
additional 67 isolates during 2010–2012 (7). Of note, only 
5 (of the 40 emm59 isolates from 2000–2009 (2 from Min-
nesota, 2 from California, and 1 from Oregon) appeared 
to be closely related to the Canadian clone (defined by the 
authors as being separated by <16 SNPs) (6); in contrast, 
all of the strains from the 2010–2012 survey appeared to 
be more closely related to the Canadian clone. The more 
recent ABCs analysis identified an increasing number of 
southwestern isolates, including 4 from Colorado and 6 
from New Mexico (7), although no outbreaks were specifi-
cally described in these states (Arizona is not included in 
the ABCs system). Similar to this outbreak study, Olsen et 
al. (7), in an analysis of 60 MN emm59 isolates from case-
patients with identified race, determined that 25 (42%) were 
from Native Americans; of 5 isolates from New Mexico in 
that study, 3 were from Native Americans. 

Given the apparent distal nature of the Arizona/New 
Mexico isolates to the Minnesota population in our study, 
it is reasonable to propose an unidentified epidemiologic 
relationship between these case populations. However, 
caution must be used in drawing conclusions regarding 
the relationships of isolates from disparate geographic 
regions because only limited comparable sequence data 
from previous emm59 studies in the United States (7) were 
publicly available to compare to the Arizona isolates. Epi-
demiologic investigations, along with healthcare provider 
and patient education activities, are ongoing in Arizona to 
further determine the extent of the current outbreak and the 

associated risk factors and to help mitigate effects and limit 
or prevent further spread to at-risk populations.

Dr. Engelthaler is an associate professor with the Translational 
Genomics Research Institute in Flagstaff, AZ. His research inter-
ests are in advancing epidemiology and clinical response through 
applied infectious disease genomics.
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To the Editor: Leishmania infantum is endemic to 
northeastern Brazil. It is responsible for visceral leishmani-
asis (VL), a major emerging health problem in urban areas. 
Transmission occurs predominantly by the Lutzomyia lon-
gipalpis sand fly, but transfusion-associated VL, caused by 
L. infantum, has been reported from southern Europe and, 
by L. donovani, on the Indian subcontinent (1,2). Most L. 
infantum infections are asymptomatic (3), raising concern 
that the parasite could be present in donated blood from oth-
erwise healthy residents in areas to which it is endemic (4).

VL caused by L. infantum is endemic to 20 of Brazil’s 
27 states; an annual average of 3,553 cases occur nation-
wide, with 54% of all cases reported from Brazil’s north-
eastern region. The state of Ceará historically ranks first 
or second in number of cases; an annual average of 467 
cases were reported during the last decade (5). Thirty-eight 
percent of cases were reported from Fortaleza, the capi-
tal, where 28.4% of the state’s population resides. Over a 
10-year-period, 277 (7.8%) persons with VL have died, and 
109 (39%) of VL-related deaths have occurred in Fortaleza. 

Sixty-nine percent of blood donors for Ceará reside in 
Fortaleza. To determine the prevalence of Leishmania infec-
tion among healthy blood donors, we tested blood donated 
to the State of Ceará Public Blood Bank. Compulsory sero-
logic testing was also done for Trypanosoma cruzi (Chagas 
disease), hepatitis B and C, Treponema pallidum (syphilis), 
human T-cell lymphotropic virus types 1 and 2, and HIV-1 
and -2. In the blood bank, 60% of units are centrifuged to 
separate the buffy coat in preparation for platelet separation. 
During May–November 2011, we randomly selected 431 
buffy coats and tested them for Leishmania spp. by ELISA 
and PCR. To separate plasma from cells, 10 mL of buffy 
coat was centrifuged in Ficoll-Hypaque (Histopaque -1077,  

Sigma-Aldrich, São Paulo, Brazil). We tested plasma for 
leishmanial IgG by ELISA using a modified protocol of 
Evans et al. (6). IOC/L2906 L. infantum strain (MHOM/
BR/2002/LPC-RPV) was used as the source of promas-
tigote antigens. In addition, DNA was extracted from the 
mononuclear cell preparation, and PCR was performed with  
primers 150 (5′-GGG[G/T]AGGGGCGTTCT[G/C]CGAA-
3′) and 152 (5′-[G/C][G/C][G/C][A/T]CTAT[A/T]TTA-
CACCAACCCC-3′) that target the 120-bp conserved region 
of the Leishmania kDNA minicircle present in all Leishma-
nia spp (7). As a positive control, kDNA was extracted from 
L. amazonensis promastigotes, strain BA-125 (MHOM/
BR/87), characterized by PCR and isoenzymes (8). All PCR-
positive samples were purified and sent to Ludwig Biotec 
(Alvorada, Brazil) for sequencing by ACTGENE-Molecular 
Analysis. The Federal University of Ceará Ethics Committee 
approved this study.

Buffy coats from 57 (13.2%) serum samples from 431 
donors were positive for leishmanial IgG, and 20 (4.6%) 
were positive for Leishmania spp. DNA. Sequencing of 
all PCR-positive samples confirmed the Leishmania ge-
nus. Three donors tested positive by both ELISA and PCR. 
Overall, the prevalence of leishmanial infection was 17.1% 
of blood donors. Eighty of the 431 units tested positive for 
>1 of compulsorily screened infections and were rejected. 
Of the remaining 351 that were negative for co-infection, 
43 (12.2%) were positive for leishmanial IgG and 15 
(4.3%) for Leishmania spp. DNA. Two donors were posi-
tive for both by ELISA and PCR. The prevalence of Leish-
mania infection among blood units accepted for transfusion 
was 16%.

The results demonstrate a surprisingly high prevalence 
of Leishmania infection in blood donors in Fortaleza, sev-
eral times higher than that other diseases for which blood is 
screened (Figure). In a recent study in Salvador, Brazil (9), 
5.4% of blood donors had leishmanial antibodies, of which 
68% were positive by its PCR targeting kDNA amplification.

The percentages of antibody- or PCR-positive units 
capable of transmitting Leishmania and the outcomes are 
unknown. Viable Leishmania might not be in the blood 
of all PCR-positive donors, and even when present, the 
inoculum might be reduced by removal of infected circu-
lating mononuclear phagocytes in the buffy coat, or para-
sites might be affected by steps involved in preparation 
or storage. However, if we consider units that test posi-
tive by PCR as being potentially infectious, the number of 
recipients at risk is of substantial concern. For example, 
in 2011, there were 99,933 blood donations to the State 
of Ceará Public Blood Bank. After compulsory screening 
for the other bloodborne pathogens, 93,238 units were 
accepted for transfusion. Extrapolating from the PCR-
positive rate of 4.3%, a total of 4,009 recipients possibly 
were exposed to infection. Further studies are needed to 
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determine whether recipients of blood from donors who 
are PCR positive and/or leishmanial antibody positive be-
come infected with L. infantum. Persons with advanced 
AIDS or other immunosuppressive conditions seemingly 
would be at greatest risk for VL.

In Brazil, legislation requires that all blood for transfu-
sion be tested for T. cruzi ., hepatitis B and C, T. pallidum, 
human T-cell lymphotropic virus types 1 and 2, and HIV-
1 and -2. As additional information becomes available, 
screening for L. infantum also might be advisable to reduce 
the possibility of the recipient becoming infected, develop-
ing VL, and possibly being a reservoir of infection in the 
community (10), particularly in Ceará and other regions 
where the prevalence of L. infantum infection is high.
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To the Editor: Four strains of cetacean morbillivirus 
(CeMV; family Paramyxoviridae, genus Morbillivirus) 
have been detected in the global cetacean population: 
porpoise morbillivirus (1), dolphin morbillivirus (2), 
pilot whale morbillivirus (PWMV) (3), and Longman’s 
beaked whale morbillivirus (4). In addition, 2 novel 
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Figure. Comparison of the prevalence of Leishmania infantum 
as tested by PCR and ELISA and of other infections compulsorily 
tested in 431 blood donors in Fortaleza, state of Ceará, 
northeastern Brazil. HBV, hepatitis B virus; HCV, hepatitis C virus; 
HTLV, human T-cell lymphotropic virus; Tc, Trypanosoma cruzi; 
Tp, Treponema pallidum.



CeMV sequences or strains isolated from the Indo-Pacif-
ic bottlenose dolphin (Tursiops aduncus) and the Guiana 
dolphin (Sotalia guianensis) have been recently reported 
in the Southern Hemisphere (5,6).

Pilot whales are known to be susceptible to 2 strains 
of CeMV, PWMV, and dolphin morbillivirus (3,7,8). Only 
2 deaths of whales have been reported to be caused by 
PWMV: 1 long-finned pilot whale (Globicephala melas) 
(3) and 1 short-finned pilot whale (G. macrorhynchus) (8). 
We report deaths of 3 short-finned pilot whales caused by 
PWMV in the northeastern Atlantic Ocean along the coast 
of the Canary Islands, Spain.

During mid-January–May 2015, a total of 3 whales 
(animals 1, 2, and 3) were found dead along the coasts of the 
Canary Islands (Table). Complete standardized necropsy 
was performed for all whales. Tissue samples from animals 
1 and 2 were collected and fixed in 10% neutral-buffered 
formalin for histologic and immunohistochemical analyses 
(online Technical Appendix Figure, http://wwwnc.cdc.gov/
EID/article/22/4/15-0954-Techapp1.pdf). Immunohisto-
chemical analysis was performed (brain, intestine, lymph 
nodes, lung, kidney, adrenal gland, uterus, ovary, testis, 
and spleen) by using a monoclonal antibody against the nu-
cleoprotein of canine distemper virus (CDV-NP; VMRD, 
Inc., Pullman, WA, USA) (7). Samples of lung, pulmonary 
lymph nodes, larynx, laryngeal tonsil, intestine, spleen, and 
brain were frozen (-80°C) for virologic analysis.

Grossly, the most remarkable findings in animal 1 were 
severe suppurative rhinitis, with clogged nasal passages by 
the accumulation of large quantity of purulent material, oti-
tis media, sacculitis, and laryngitis. Severe diffuse epithe-
lial hyperplasia and hyperkeratosis was observed along the 

upper respiratory tract and keratinized stomach. Animal 2 
had severe proliferative dermatitis and cheilitis, and severe, 
suppurative, laryngeal tonsillitis. Animal 3 had advanced 
autolysis, which precluded pathologic analysis.

Histologically, moderate, multifocal, bronchointersti-
tial pneumonia, severe suppurative tonsillitis and systemic 
lymphoid depletion were identified in animals 1 and 2. Se-
vere nonsuppurative meningoencephalitis with neuronal 
and glial cell degeneration and necrosis, microgliosis and 
syncytial cells were observed in animal 2.

Immunohistochemical analysis showed morbillivirus 
antigen in the bronchiolar epithelium, type 2 pneumocytes, 
and alveolar multinucleate cells. Syncytia from lymph 
nodes, laryngeal tonsil, spleen, and intestine also showed 
positive immunolabeling for morbillivirus. Epithelial tro-
pism caused by the virus was suggested by identification 
of viral antigen in epithelia of the lung, larynx, keratinized 
stomach, intestine, kidney, urinary bladder, epididymis, 
and endometrial glands. In addition, intense immunolabel-
ing was detected in neurons (soma, dendrites, axon hillock, 
and axons) and glial cells, primarily throughout the cere-
bral gray matter of animal 2.

Molecular detection of CeMV was performed by a us-
ing a 1-step reverse transcription PCR for a 426-bp con-
served region of the phosphoprotein gene (7). All tested 
samples from animals 1 and 2 and a laryngeal tonsil sam-
ple from animal 3 showed positive PCR results. Because 
co-infections with herpesvirus and morbillivirus were ob-
served during morbillivirus epizootics in seals in 1988 and 
dolphins in 2006–2007, we also tested the same tissue for 
herpesvirus by conventional nested PCR (9). Herpesvirus 
DNA was detected in all samples from animal 1 except 
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Table. Characteristics for 3 short-finned pilot whales stranded along the Canary Islands, Spain, 2015* 
Animal no., 
age/sex 

Total body 
length, cm 

Weight, 
kg 

Date 
stranded Location 

Decomposition 
code 

Main pathologic 
findings 

IHC-positive 
result 

PCR-positive 
result 

1, J/F 202 119 Jan 14 Fuerteventura Moderate 
autolysis 

Dermatitis, 
suppurative rhinitis, 
paranasal sinusitis, 

otitis media, air 
sacculitis, laryngitis, 
laryngeal tonsillitis, 
BIP, hyperkeratotic 
gastritis, lymphoid 

depletion 

Lung, larynx, 
laryngeal 

tonsil, lymph 
nodes, spleen, 
adrenal gland, 

keratinized 
stomach, 
intestine, 

uterus, ovary 

Lung, larynx, 
pulmonary 

lymph node, 
laryngeal 

tonsil, 
spleen, 

intestine 

2, C/M 168 75 May 15 Fuerteventura Fresh Dermatitis, cheilitis, 
suppurative 

laryngeal tonsillitis, 
BIP, encephalitis 

Lung, 
laryngeal 

tonsil, lymph 
nodes, spleen, 
kidney, testis, 
epididymis, 
intestine, 

adrenal gland, 
urinary 

bladder, brain 

Lung, 
pulmonary 

lymph node, 
laryngeal 

tonsil, 
intestine, 

brain 

3, A/M 448 900 May 20 Tenerife Advanced 
autolysis 

Advanced autolysis None Laryngeal 
tonsil 

*IHC, immunohistochemical analysis; J, juvenile; BIP, bronchointerstitial pneumonia; C, calf; A, adult. Tissues that were positive for herpesvirus and 
morbillivirus simultaneously are indicated in bold. 

 



lung, although no specific lesions compatible with this in-
fectious agent were observed.

A pool containing all morbillivirus-positive PCR 
amplicons for animals 1 and 2 (GenBank accession nos. 
KT006289 and KT006290), a PCR amplicon for the brain 
sample from animal 2 (GenBank accession no. KT006291), 
and a PCR amplicon for the larynx from animal 3 were se-
quenced. A BLAST search (http://www.ncbi.nlm.nih.gov/
blast/Blast.cgi) showed that amplified samples were nearly 
identical to reference PWMV sequences (GenBank acces-
sion nos. AF200817 [3] and FJ842381 [8]). The sequence 
obtained from animal 3 was too short and degenerated to 
be accurately classified as CeMV, although it showed high 
homology with PWMV and porpoise morbillivirus.

It has been proposed that pilot whales might be enzo-
otically infected with CeMV (10). These whales might be 
responsible for maintaining and transmitting CeMV over 
long distances or to other odontocetes. No die-offs have been 
observed in these species. However, an outbreak of a lethal 
morbillivirus infection in long-finned pilot whales caused by 
a dolphin morbillivirus strain occurred in the Mediterranean 
Sea during the end of October 2006–April 2007 (7).

Results of this study support the previous hypothesis 
that pilot whales have a species-adapted morbillivirus but 
indicate that lethal infections are not as rare as previously 
believed (3). The tropism of the virus in these cases, the high 
number of multinucleated syncytial cells, and the severity of 
the lesions resemble the acute systemic symptoms observed 
in dolphins infected with morbillivirus (2). Thus, pilot 
whales in the northeastern Atlantic Ocean could be at risk for 
infection, especially in one of the main pilot whale–watching 
regions between La Gomera and Southern Tenerife Islands 
in the Canary Islands, which has >700,000 visitors each year.
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To the Editor: Globally, an increasing number of se-
rogroups of verotoxigenic Escherichia coli (VTEC) have 
been reportedly associated with human illness. The best 
known is serogroup O157; the World Health Organiza-
tion also recognizes VTEC O103, O111, O145, and O26 
as having the potential to cause severe disease (1). The 
increasing number of non-O157 VTEC infections is cause 
for concern. In general, human infections with VTEC are 
reportedly more common in late summer; the European 
Centre for Disease Control and Prevention reported that 
the number of cases across the European Union peaks 
each year during July–September (2). Similarly, the Unit-
ed States reported that the number of VTEC O157 cases 
peaks in late summer (3).

Ireland is now one of the countries with the highest 
incidence of VTEC infection (2). In Ireland, statutory no-
tification of VTEC infection became mandatory in 2004. 
In common with surveillance internationally, the focus was 
initially on VTEC O157; since then, testing and surveil-
lance for non-O157 VTEC have improved substantially as a 
result of increased awareness and availability of diagnostic 
methods for non-O157 detection. Non-O157 VTEC were 
first reported in Ireland in 1999 (4), and surveillance data 
indicated that only 14% of VTEC notifications in 2004 com-
pared with 75% in 2014 were caused by non-O157 VTEC. 

In the notification dataset for Ireland, the 2 primary 
VTEC serogroups (O26 and O157) over many years have 
seemed to differ in their seasonality; VTEC O26 notifica-
tions generally peaked ≈2 months earlier than VTEC O157 
notifications (Figure, panel A). This earlier incidence peak 
for VTEC O26 has become progressively more consistent 
as the number of reported VTEC O26 notifications has ris-
en. A study by Rivero et al. also suggested that non-O157 
human infections may not exhibit the same seasonal varia-
tion observed for VTEC O157 (5).

In this study, we compared the seasonality of the 2 
strains by using national notification data for 2004–2014 
(n = 2,569 notifications for O157 and O26). We estimated 
the timing of the seasonal peaks (phase of seasonality) for 
each of the serogroups, and the difference between the 
2 phases, by using times series quasi-Poisson regression, 
fitting terms for temporal trend, and a sine wave with a 
period of 12 months for seasonality and for interaction by 
serogroup. We compared the phase shifts of the 2 sero-
groups by using the Wald test. To rule out the possibility 
that the observed distributions were influenced by the oc-
currence of a limited number of outbreaks, we reanalyzed 
the data for sporadic cases alone and, because risk factors 
for VTEC infection have been shown to vary by age (6), 
separately for patients <5 years of age and for older child 
and adult patients.

The number of predicted cases peaked in July for 
VTEC O26 and in September for VTEC O157; the 2-month 
difference in phase (seasonality) by serogroup was signifi-
cant (p<0.0001) (Figure, panel B). The difference in sea-
sonality remained significant (p<0.0001) for sporadic cases 
alone; the predicted 2-month difference in seasonality was 
the same. The serogroup-dependent seasonality also re-
mained when the data were analyzed separately for patients 
<5 years of age (predicted difference in phase 2 months, 
p<0.0001) and >5 years of age (predicted difference in 
phase 1 month, p<0.0001).

A significant increasing annual trend was also ob-
served, in particular for VTEC O26. However, this increase 
is probably, at least in part, artifactual because of increased 
availability and more widespread use of clinical diagnostic 
tests for non-O157 VTEC in later years.

One possible explanation for the difference in season-
ality is that the primary animal reservoirs for the 2 sero-
groups could differ. Cattle and sheep have been identified 
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Figure. Verotoxigenic Escherichia coli (VTEC) O157 and VTEC O26, Ireland, 2004–2014. A) Seasonal distribution of notifications. 
B) Predicted seasonal distribution. Data source: Computerised Infectious Disease Reporting System (https://www.hpsc.ie/Notifiable 
Diseases) in Ireland, as of June 24, 2015. Predicted number of cases by month were derived from a cyclical quasi-Poisson model after 
trend and seasonality and interaction by serogroup were accounted for.



as carriers of O157 and O26 strains in Ireland (7,8). In 
Germany, cattle density has been shown to be significant-
ly associated with human VTEC O157 incidence but only 
marginally associated with O26 incidence (9); the same 
study showed no association between cattle density and 
VTEC O91 infection, indicating that not all serogroups 
necessarily share the same reservoirs. Alternatively, ani-
mals of the same species may be preferentially colonized 
with different serogroups at different times of the year or 
at different developmental ages. Other possible explana-
tions could be variation in survival characteristics be-
tween the 2 strains, which results in a different seasonal 
distribution in the environment, or specific human behav-
ior (e.g., seasonal food) resulting in more frequent expo-
sure to sources of VTEC O157 and VTEC O26 at different 
times of the year.

The consistent differences in seasonality identified 
here between the 2 most common VTEC serogroups sug-
gest the existence of noteworthy underlying differences in 
disease etiology between the strains. Further exploration is 
recommended.
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To the Editor: New Delhi metallo-β-lactamase 
(NDM)–producing Enterobacteriaceae have swiftly spread 
worldwide since an initial report in 2008 from a patient 
who had been transferred from India back home to Swe-
den (1). Epidemiologically, the global diffusion of NDM-1 
producers has been associated with the Indian subcontinent 
and the Balkan region, which are considered the primary 
and secondary reservoirs of these pathogens, respectively 
(1). However, recent reports suggest that countries in the 
Middle East may constitute another potential reservoir for 
NDM-1 producers (1). More than 100 NDM-producing 
isolates have been reported in the United States, most of 
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which were associated with recent travel from the Indian 
subcontinent (2,3). We report an NDM-1–producing Kleb-
siella pneumoniae strain that was recovered from a patient 
who had been transferred from Iran to a hospital in Florida, 
United States.

The patient was a 72-year-old woman with diabetes 
who had suffered a hip fracture while residing in Iran. 
After fixation of the bone failed, the patient underwent hip 
replacement, which was complicated by dislocation and 
an infected hematoma. She was transferred to a hospital 
in Florida in February 2014 for further care. The wound 
culture collected upon arrival grew K. pneumoniae K351. 
The patient underwent surgical debridement, implant re-
moval, and placement of an antimicrobial spacer for pros-
thetic joint infection. She was treated with tigecycline; 
however, the wound did not heal, and she underwent de-
bridement with removal of the spacer and placement of 
antimicrobial beads.

K. pneumoniae K351 from the patient was resistant 
to all β-lactams tested, including carbapenems, and highly 
resistant to aminoglycosides and fluoroquinolones, retain-
ing susceptibility only to tigecycline and colistin. PCR and 
sequencing revealed the presence of β-lactamase genes 
blaNDM-1, blaCTX-M-15, blaSHV-12, and blaTEM-1 and 16S rRNA 
methyltransferase genes rmtC and armA. The strain se-
quence type (ST) was ST147, which is one of the predomi-
nant NDM-producing K. pneumoniae lineages and has 
been reported in many countries (3,4). Conjugation experi-
ments using broth and filter mating methods did not yield 
any Escherichia coli J53 transconjugants with blaNDM-1, de-
spite repeated attempts. Plasmids of K351 were extracted 
by using the standard alkaline lysis method and used to 
transform E. coli TOP10-competent cells. An E. coli trans-
formant harboring plasmid pK351 grew on Mueller-Hinton 
agar plates supplemented with 200 µg/mL of ampicillin. 
The transformant exhibited resistance to all β-lactams, in-
cluding carbapenems and aminoglycosides; this resistance 
could be attributed to the presence of blaNDM-1 and rmtC in 
plasmid pK351, which was confirmed by PCR.

pK351 was fully sequenced on a PacBio RS II se-
quencing instrument (Pacific Biosciences, Menlo Park, 
CA) and annotated (GenBank accession no. KR351290) 
(5). pK351 is 106,844 bp in length, has an average GC 
content of 55.4%, and encodes IncFIB and IncFII-like 
replication proteins, with IncFIB belonging to B36 ac-
cording to the replicon sequencing typing scheme (6). 
pK351 is most closely related (98% coverage and 99% 
identity) to 3 blaNDM-1-carrying plasmids pKOX_NDM1, 
pRJF866, and pNDM-Ec1GN574 (GenBank accession 
nos. NC_021501, KF732966, and KJ812998, respective-
ly) (online Technical Appendix Figure, http://wwwnc.cdc.
gov/EID/article/22/4/15-1176-Techapp1.pdf). Compared 
with the 3 plasmids, pK351 is missing a 4,086-bp region 

between insertion sequence (IS) IS1 and IS903-like mo-
bile elements, probably due to IS1-mediated deletion. In 
addition, the region containing gene ccdBA between gene 
resD and an IS1 remnant is replaced by a region encod-
ing 2 hypothetical proteins in pK351. The remainder of 
pK351 exhibits 99.95% identity to the 3 related plasmids. 
The immediate genetic environment of blaNDM-1 in pK351 
is identical to that in the 3 related plasmids, encompassing 
blaNDM-1 itself and the downstream sequence, flanked by 
256-bp direct repeats (7).

Plasmids pKOX_NDM1 and pRJF866 were found in a 
K. oxytoca strain from Taiwan and a K. pneumoniae ST11 
strain from Shanghai, China, respectively (7,8). K. oxytoca 
(pKOX_NDM1) was isolated from a patient from Taiwan 
who underwent surgery in Jiangxi, China. K. pneumoniae 
ST11 (pRJF866) was isolated from a patient in a burn unit 
in Shanghai just after a highly related NDM-1–producing 
K. pneumoniae ST11 strain was isolated from another pa-
tient in the same unit who had traveled to Jiangxi Province 
(8). pNDM-Ec1GN574 was detected in an E. coli strain 
from a patient previously hospitalized in India before being 
admitted to a community hospital in Canada (9). Identifica-
tion of highly similar blaNDM-1–carrying plasmids in various 
strain lineages and species in different locales suggests ex-
tensive horizontal transfer of these plasmids among broad-
range hosts. Acquisition of these plasmids by globally dis-
tributed, multidrug-resistant K. pneumoniae lineages (ST11 
and ST147) is of grave concern.

The epidemiology of NDM-1–producing Enterobacte-
riaceae continues to evolve. The case reported here was 
imported to the United States upon patient transfer from 
Iran (10). The unusual path for this NDM-1–producing K. 
pneumoniae supports the hypothesis that the Middle East 
might be an additional reservoir for NDM producers.
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To the Editor: The current rates of animal and human 
brucellosis in southern Israel are unacceptably high (1). Un-
supervised livestock rearing, smuggling of herds, and the 
dissolution of Israel’s “test, slaughter, and compensate” pro-
gram for small ruminants in 1997 have generated a large, un-
controlled animal reservoir in the region. The Bedouin Arab 
inhabitants who live in close proximity to herds and con-
sume unpasteurized dairy products are disproportionately 

affected. Outbreaks from parts of Israel that were previously 
free of brucellosis are reported with increasing frequency. 
Moreover, 2 decades after supposed elimination of bovine 
brucellosis, a cattle herd adjacent to Bedouin grazing areas 
was found to be highly infected with Brucella melitensis (2).

We report 5 cases of severe brucellosis in patients 
from a community whose members typically do not raise 
herds and do not consume unpasteurized dairy products. 
The patients were Ethiopian-born Jews who exhibited fe-
ver and either respiratory signs or radiologic evidence of 
new pulmonary findings (Table). The true nature of the 
infection only became evident when B. melitensis was 
identified from blood cultures. Directed questioning re-
vealed that all patients participated in ceremonial slaugh-
ter of sheep that were purchased from Bedouin owners in 
southern Israel.

The diagnostic pitfalls encountered by the medical 
staff are exemplified in the case of patient 1 (Table). In May 
2014, this 68-year-old man was admitted to a hospital in 
southern Israel, with a 14-day history of fever, cough, and 
night sweats. His medical history was notable for asthma 
and previously treated pulmonary tuberculosis (TB). Com-
puted tomography scan of his chest showed a new 1.5-cm2 
apical lung lesion with irregular borders. Laboratory evalu-
ations were negative for rickettsiae, Coxiella burnetii, HIV, 
Plasmodium spp., and Mycobacterium tuberculosis. Four 
days after admission, gram-negative coccobacilli grew 
from his blood culture. Brucella IgM titer was 1:1,920. The 
patient received appropriate treatment for 6 weeks (Table) 
and recovered. Brucella IgM titers dropped to 1:40. Four 
months later, he returned to the infectious diseases clinic 
exhibiting fever, chills, and clinical and sonographic evi-
dence of epididymo-orchitis. Brucella IgM titers rose to 
1:1,240. Treatment was resumed for 3 months. In addition, 
a thoracoscopic biopsy of the lung lesion was performed 
to rule out malignancy. Pathologic examination of the bi-
opsy specimen revealed a focus of fibrosis, with giant cells 
surrounded by lymphocytes (online Technical Appendix 
Figure, http://wwwnc.cdc.gov/EID/article/22/4/15-1192-
Techapp1.pdf). After treatment, the patient’s symptoms re-
solved and titers returned to low levels.

The long symptom-to-diagnosis interval (range 21–
97 days) for patients in this report is alarming (Table). 
Treatment delays are associated with increased focal 
complications and relapse rates (3). Further, high case-
fatality rates, allegedly due to low physician awareness, 
were reported in a largely immigrant cohort of brucellosis 
patients in Germany (4). 

Several circumstances might have led to the failure to 
include brucellosis in the initial differential diagnosis for 
these patients, even in a disease-endemic region. First, we 
can assume that physicians are unfamiliar with the ceremo-
nial slaughter central to the celebrations of Ethiopian Jews. 
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The tradition includes slaughtering, skinning, and eviscer-
ating a sheep, followed by mincing of the sheep meat. This 
venerated ritual is performed by trained members of the 
Ethiopian community and supervised by the spiritual lead-
er, the Kes (5). Second, patients were consistently reluctant 
to disclose their participation in ceremonial slaughter to 
medical staff. Third, the managing physicians considered 
differential diagnoses for febrile respiratory illness in line 
with the patients’ Ethiopian origins: reactivation of TB or 
chronic pulmonary disease exacerbation (6). Patients 3 and 
5 had a history of prolonged cough at admission; patient 
3 had chest radiograph results suggestive of miliary TB. 
Finally, for patient 5, Actinobacillus ureae was initially but 
erroneously identified as the cause of bacteremia.

All patients in our study had clinical or radiologic evi-
dence of lung involvement. Causality between exposure to 
Brucella-infected aerosols and pulmonary manifestations 

of brucellosis has been demonstrated in animal models.  
After an aerosol challenge with B. melitensis, animal lungs 
have shown perivascular inflammation as well as micro-
granulomas (7). In a study of hunters infected with B. suis, 
in which 38% had respiratory symptoms, aerosol spread 
or conjuctival innoculation was considered the most likely 
route of infection (3). 

Aerosol exposure during slaughter could be linked 
to the pulmonary manifestations of brucellosis observed 
in these patients. The granulomatous changes in the lung 
biopsy specimens of patient 1 are typical of lung involve-
ment in brucellosis (8). The patients in this report did not 
use protective gear during contact with animal parts, which 
inevitably increased their risk for infection through direct 
or aerosol contact (9).

This reports illustrates an unsuspected mode of bru-
cellosis transmission in an area with soaring brucellosis  
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Table. Characteristics, treatment, and outcomes of patients with brucellosis who engaged in ritual slaughter, Israel* 

Pt 
no. 

Age, 
y/sex 

Clinical 
features 

Laboratory 
findings at 
admission Chest imaging 

Alternative 
diagnoses 

Fever-to- 
diagnosis 
interval, d Complication 

Treatment and 
outcome 

1 68/M Cervical neck 
pain; cough; 
night sweats; 

38°C 

Hb, 11.9 mg/dL; 
leukocytes, 16.3  
103 /L; AST, 63 

U/L; ALT, 118 U/L 

CT: apical lung 
finding, new onset 

Asthma 
exacerbation; 

lung 
malignancy 

21 Focal lung 
lesion; relapse: 

epididymo-
orchitis; 

suspected 
osteomyelitis C6: 
increased uptake 

bone scan 

STR/2 wk, dox 
+ cipro/6 wk; 

relapse: rising 
Brucella titers + 

epididymitis; 
same 3 

drugs/12 wk; 
recovery 

2 70/M 1st 
admission: 

fever; 
productive 

cough 

Hb,14.9 mg/dL; 
leukocytes, 12 x 

103 cells/L; 
platelets, 136 x 
103/L; AST, 61 
U/L; ALT, 47 U/L 

Chest radiograph: 
retrocardial 

infiltrate 

Asthma 
exacerbation; 

bronchitis 

NA  Inhalatants: IV 
solumedrol, 

then oral 
prednisone 

2nd 
admission: 

hypothermia: 
35.7°C; pulse 

oximetry, 
94% on room 

air 

Hb: 12 mg/dL; 
leukocytes, 2.8 x 

103 cells/ L, 3.7 x 
103 cells/L; 

platelets, 38 x 
103/L; Na, 129 

meq/L; AST, 134 
U/L; ALT, 100 U/L 

CT: multiple RUL 
pulmonary 
nodules; 

mediastinal 
lymphadenopathy 

TB 92 Sepsis STR/2 wk, 
dox/6 wk: 
recovery 

3 45/M Fever; 
prolonged 
headache  

Hb, 11.7 mg/dL; 
AST, 58 U/L; ALT, 
102 U/L; Na, 133 
meq/L; ESR, 70 

mm Hg/h 

Chest radiograph: 
diffuse bilateral 

pulmonary 
nodules rule out 

miliary TB 

TB; 
cryptococcal 
meningitis 

21 Suspected 
discitis C5–6 per 

MRI 

Genta/wk, dox + 
cotrim/12 wk; 

recovery 

4 55/M Cough; fever; 
low back 

pain 

Hb, 11.8 mg/dL; 
AST, 86 U/L; ALT, 
120 U/L; ESR, 90 
mm Hg/h; CRP, 

92.6 mg/L 

Chest radiograph: 
peribronchial 

thickening 

Pneumonia (rx 
cefuroxime); 

temporal 
arteritis 

28  Genta/2 wk, 
dox/6 wk;  

persistent low 
back pain 

5 49/F Cough; fever Hb, 9.5 mg/dL; 
leukocytes, 3.7 x 

103 cells/L; 
platelets, 116 x 

103/L 

Chest radiograph: 
no pathologic 

changes; CT: no 
pathologic 
changes 

TB; infective 
endocarditis 
caused by 

Actinobacillus 
ureae 

90  Genta/2 wk; dox 
+ rif/7 wk; 
recovery 

*Pt, patient; lab, laboratory; Hb, hemoglobin; leukocyte: leukocytes; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CT, computed 
tomographic scan; C6, cervical vertebra 6; STR, streptomycin; dox, doxycycline; cipro, ciprofloxacin; NA, not available; IV, intravenous; Na, sodium; RUL, 
right upper lobe; TB, tuberculosis; ESR, erythrocyte sedimentation rate; MRI, magnetic resonance imaging; genta, gentamicin; cotrim, cotrimoxazole; 
CRP, C-reactive protein; rx, prescription; rif, rifampin. 

 



rates: transmission from infected animals to persons clan-
destinely engaging in ritual slaughter; specifically, an 
Ethiopian Jewish community. Physicians in countries re-
ceiving immigrants should be aware of ceremonial prac-
tices that place patients at risk for zoonoses. The severe 
respiratory manifestations that ensued following aerosol 
exposure to animal blood or secretions suggest that bru-
cellosis with pulmonary involvement after inhalation of 
Brucella-infected aerosols might be more common than 
previously documented.

References
  1.	 Shemesh A, Yagupsky P. Increasing incidence of human  

brucellosis in southern Israel after the cessation of a veterinarian 
control campaign. Air Water Borne Diseases. 2013;2:112.  
http://www.omicsgroup.org/journals/increasing-incidence-of-
human-brucellosis-in-southern-israel-after-the-cessation-of- 
a-veterinarian-control-campaign-2167-7719.1000112.
php?aid=17444

  2.	 Brucellosis—Israel (02): (Hadarom) melitensis, bovine,  
human. ProMED-mail. 2015 31 Oct [cited 2015 Oct 31]. 
http://www.promedmail.org, archive no. 20151031.3757610.

  3.	 Eales KM, Norton RE, Ketheesan N. Short report: brucellosis in 
northern Australia. Am J Trop Med Hyg. 2010;83:876–8.  
http://dx.doi.org/10.4269/ajtmh.2010.10-0237

  4.	 Al Dahouk S, Neubauer H, Hensel A, Sconeberg I, Nockler K, 
Alpers K, et al. Changing epidemiology of human brucellosis, 
Germany 1962–2005. Emerg Infect Dis. 2007;13:1895–900.  
http://dx.doi.org/10.3201/eid1312.070527

  5.	 Salomon H. Blood between the Beta Israel and their Christian 
neighbours in Ethiopia—key symbols in an inter-group context 
[article in Hebrew]. Jerusalem Studies in Jewish Folklore.  
Mandel Institute for Jewish Studies. 1993 [cited 2015 Jan 6].  
http://www.jstor.org/stable/23356293 

  6.	 Rosenberg R, Vinker S, Zakut H, Kizner F, Nakar S, Kitai E.  
An unusually high prevalence of asthma in Ethiopian immigrants  
to Israel. Fam Med. 1999;31:276–9.

  7.	 Henning LN, Miller SM, Pak DH, Lindsay A, Fisher DA, 
Barnewall R, et al. Pathophysiology of the rhesus macaque model 
for inhalational brucellosis. Infect Immun. 2012;80:298–310.  
http://dx.doi.org/ 10.1128/IAI.05878-11

  8.	 Theegarten D, Albrecht S, Totsch M, Teschler H, Neubauer H,  
Al Dahouk S. Brucellosis of the lung: case report and review of 
the literature. Virchows Arch. 2008;452:97–101. http://dx.doi.org/ 
10.1007/s00428-007-0518-0

  9.	 Nabukenya I, Kaddu-Mulindwa D, Nasinyama G. Survey of 
Brucella infection and malaria among abattoir workers in Kampala 
and Mbarara districts, Uganda. BMC Public Health. 2013;13:901. 
http://dx.doi.org/10.1186/1471-2458-13-901

Address for correspondence: Inbal Fuchs, Clalit Health Services–
Infectious Diseases, 17 Shlomo Hamelech, Beer Sheva 85545, Israel; 
email: fuksen@bgu.ac.il, inbalfp@gmail.com

Follow-up of Ebola Patient, 
2014–2015

Venkatesh Srinivas, Pragya Yadav, Veena Mittal, 
Gouri Chaubal, Mala Chhabra, Sanjay Mattoo, 
Arvind Rai, Devendra T. Mourya
Author affiliations: National Centre for Disease Control, New 
Delhi, India (S. Venkatesh, V. Mittal, M. Chhabra, A. Rai); National 
Institute of Virology, Pune, India (P. Yadav, G. Chaubal, D.T. 
Mourya); Airport Authority of India, New Delhi (S. Matto)

DOI: http://dx.doi.org/10.3201/eid2204.151405

To the Editor: The 2014–2015 epidemic of Ebola vi-
rus disease (EVD) in West Africa affected 23,666 persons 
and caused 14,603 deaths (1). The World Health Organiza-
tion (WHO) declared the epidemic a public health emergen-
cy (2). Although Ebola virus is transmitted by unprotected 
physical contact with infected persons, published reports 
about which body fluids are infected or the risk for fomite 
transmission are few (3). For most cases, virus was detected 
by reverse transcription PCR (RT-PCR) of clinical (saliva, 
feces, semen, breast milk, tears, nasal blood, skin swab) and 
environmental specimens (4). Earlier reports of the follow-
up of recovered patients stated that viral RNA was detected 
by RT-PCR for up to 33 days in vaginal, rectal, and con-
junctival swab samples from 1 patient and up to 101 days in 
seminal fluid from 4 patients. Infectious virus was detected 
in 1 seminal fluid sample 82 days after disease onset (4,5).

Attendees at the Eighth Meeting of the WHO Advisory 
Group on the EVD Response (1) discussed potential risk 
factors, including hidden chains of transmission and sexual 
transmission, and determined the following criteria. A coun-
try can declare “interruption of transmission” when 42 days 
have elapsed since the last diagnosis of a case. A country 
can declare that the “outbreak has stopped” when test results 
from the last case are negative twice or after another 90-day 
interval. For determining a cutoff for finally declaring the 
strategy and criteria for elimination, extensive follow-up on 
infectivity of semen in Ebola survivors is needed.

We report follow-up of a man who recovered from 
EVD and was monitored for 165 days after he was declared 
Ebola-free. The 26-year-old man from India returned to 
New Delhi, India, from Liberia on November 10, 2014, with 
a certificate from the government of Liberia stating that he 
was “cured” of Ebola. Because EVD is considered an exotic 
disease in India, he was placed in isolation at the Airport 
Health Organization quarantine center at Indira Gandhi In-
ternational Airport, New Delhi (6). Serum and semen sam-
ples were collected and sent to the National Centre for Dis-
ease Control (NCDC), New Delhi, and the National Institute 
of Virology (NIV), Pune, India. The serum was negative by 
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real-time RT- PCR ([7]; http://www.cdc.gov/vhf/ebola/diag-
nosis/index.htm) and positive (titer 1:400) by IgG ELISA 
(8). However, the semen was positive for Ebola viral RNA 
by real-time RT-PCR. A viral RNA extraction kit (QIAGEN, 
Valencia, CA, USA) was used to extract RNA from samples. 
Real-time RT-PCRs were set up in a Bio-Rad real-time PCR 
machine (Model C1000 Touch CFX96; Hercules, CA, USA) 
by using a SuperScript III Platinum One-Step qRT-PCR kit 
with ROX (Invitrogen, Carlsbad, CA, USA).

As a confirmatory measure, partial nucleoprotein gene 
(1216 nt), partial viral protein (VP) gene (337 nt), and the 
intergenic region near the VP gene along with VP polyA tail 
(383 nt) from the semen sample were amplified by RT-PCR 
(9). These sequences (GenBank accession nos. KT191140–
KT191142) showed 100% similarity with Zaire ebolavirus 
isolate EBOV/DML14077/SLe/WesternUrban/20150630. 
To avoid cross-contamination, we used a γ-inactivated  
Ebola Reston virus strain as a positive control. The RT-
PCRs were set up in a Bio-Rad thermal cycler (C1000) 
by using SuperScript III One-Step RT-PCR System with 
Platinum-Taq-DNA-Polymerase (Invitrogen).

Ebola virus isolation attempts were made from the se-
men sample in VeroE6 cells, Vero CCL81, Pipistrellus bat 
embryo, and BHK-21 cell lines at NIV. No isolate was ob-
tained. Cycle thresholds of 28.5 and 31.5 were observed 
in Vero CCL81 and Vero E6 cells, respectively, in the first 
passage by real time RT-PCR, but no virus or cytopathic 
effect was detected in the subsequent 2 passages (Table).

According to WHO guidelines, the semen sample was 
transported from NCDC to a Biosafety Level 4 laborato-
ry at NIV (for virus isolation). At the time of inoculation 
in cell culture, the sample had been subjected to a single 
freeze–thaw cycle. The sensitive nature of the virus may be 
why Ebola virus was not isolated. PCR positivity alone is 

not sufficient for considering a patient infectious for Ebola; 
however, because EVD is considered an exotic disease in 
India, we depended on real-time RT-PCR–based data for 
establishing EVD positivity.

Follow-up semen samples were positive by real time 
RT-PCR for up to 165 days after the patient was declared 
Ebola-free and were negative thereafter. Cycle thresholds 
of samples tested at NIV were 22.5 on day 45 after being 
declared Ebola-free, 24 on day 64, 34 on day 125, 38 on 
day 141, and 35.0 on day 165 (Table). 

Clear criteria for elimination and declaration of the end 
of an outbreak are needed because any misinterpretation or 
miscommunication among the countries could negatively af-
fect community confidence (10). Although we monitored the 
patient for 165 days, monitoring began ≈10 days after the 
patient had recovered. Ebola viral RNA persistence has been 
documented in a human semen sample for up to 10 months 
after the patient was declared Ebola-free (11). According to 
the data from this study, the current elimination period may 
need to be extended, and further studies on the infectivity of 
semen samples from recovered EVD patients are warranted.
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Table. Results of attempted real-time RT-PCR and virus isolation from semen of Ebola virus disease survivor, 2014–2015* 

Sample 
no. 

Days 
declared 

Ebola-free† 
RT-PCR Ct 

Cell lines 
used for virus 

isolation 

Passage 
1 

 
2 

 
3 

 
4 

NCDC‡ NIV§ CPE Ct CPE Ct CPE Ct CPE Ct 
1 45 17 22.5 Vero CCL81 None 28.5  None None  None None  None None 

Vero E6 None 31.5  None None  None None  ND None 
2 64 21 24 Vero CCL81 None None  None None  None None  ND ND 

Vero E6 None 32.5  None None  None None  ND ND 
3¶ 77 22 ND NA NA NA  NA NA  NA NA  NA NA 
4¶ 98 26 ND NA NA NA  NA NA  NA NA  NA NA 
5¶ 111 27 ND NA NA NA  NA NA  NA NA  NA NA 
6 125 30 34 Vero CCL81 None None  None None  ND ND  ND ND 

Vero E6 None None  None None  ND ND  ND ND 
7 141 28 38 Vero CCL81 None None  None None  ND ND  ND ND 

Vero E6 None None  None None  ND ND  ND ND 
8 165 28 35.0 Vero CCL81 None None  None None  ND ND  ND ND 

BHK-21 None None  None None  ND ND  ND ND 
*Ct, cycle threshold; CPE, cytopathic effect; NA, not applicable; NCDC, National Centre for Disease Control, New Delhi, India; ND, not done; NIV, 
National Institute of Virology, Pune, India; RT-PCR, reverse transcription PCR.  
†Primers from http://www.crcf.sn/wp-content/uploads/2014/09/CDC-Ebola-International-Lab.pdf. 
‡Primers from the Centers for Disease Control and Prevention, Atlanta, Georgia, USA. 
§Primers from (7). 
¶Samples received at NCDC only.  
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To the Editor: Mayaro virus (MAYV), a mosquito-
borne alphavirus endemic to South America, causes a self-
limiting febrile arthralgia syndrome closely resembling 
Chikungunya fever (1). MAYV has been detected increas-
ingly as imported infections in international travelers re-
turning to Europe and North America (2–9). Joint pain, 
the most prominent symptom, is often long-lasting (sev-
eral months), sometimes incapacitating (4,6,7,9), and may 
recur (8). Arthralgia develops during the acute phase and 
symmetrically affects the wrists, ankles, and small joints 
of hands and feet. Joint swelling may occur initially, but 
permanent joint damage has not been described (5). The 
clinical disease and diagnostic procedures have been de-
scribed (1–9), but immunologic parameters and their pos-
sible role in the clinical follow-up of patients (i.e., during 
the postacute long-lasting arthralgia period) remain to  
be investigated.

To further our knowledge of MAYV infection, we ana-
lyzed cytokine levels in serum samples from 6 travelers to 
South America who returned to Europe with Mayaro fever 
(MF). Two of the cases occurred during 2014; 4 occurred 
during 2011–2013 (2–5).

The 6 travelers comprised 2 men and 4 women who 
were 20–54 (median 36) years of age (online Technical Ap-
pendix Table, http://wwwnc.cdc.gov/EID/article/22/4/15-
1502-Techapp1.pdf). The 2 most recent cases occurred in 
spring 2014 in a 28-year-old female student and a 54-year-
old male physician. Serologic testing was performed for 
both patients at the Bernhard Nocht Institute and confirmed 
by virus neutralization testing (4).

The student had traveled for 3 weeks in Ecuador, visit-
ing rainforest villages and hiking in the jungle. During her 
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stay, she had experienced myalgia of the forearms, arthral-
gia of fingers and toes, subfebrile but elevated body tem-
peratures, and maculopapular exanthema. On examination 
in Germany, the student had no clinical signs of disease, but 
she reported arthralgia of the ankles and hands. Laboratory 
test results showed a slightly increased C-reactive protein 
level (6.2 mg/L, reference value <5 mg/L); liver and kid-
ney values and blood count were within reference ranges. 
MAYV indirect immunofluorescence assay showed positive  

IgM and IgG titers (1:320 and 1:2,560, respectively; cut-
off for both was <1:20) (3). Acute MF was diagnosed. Two 
weeks later, follow-up serologic testing showed negative 
IgM but unchanged IgG titers. Arthralgia with stiffness 
lasted for 6 weeks.

The physician had traveled for 3 weeks through the 
jungle in Bolivia, during which time headache, myalgia, 
shivers, and fatigue developed, followed by foot arthralgia 
and maculopapular exanthema. On his return to Germany,  
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Figure. Changes in cytokine 
and growth factor levels in the 
acute and recovery phase of 
Mayaro fever. Box-and-whisker 
plots show median, upper and 
lower quartile, minimum, and 
maximum values. A) During 
the prolonged recovery phase, 
serum levels of interleukin (IL) 
5–10, IL-13, and IL-17 were 
significantly elevated compared 
with levels for healthy controls. 
IL-10 levels were also 
significantly increased during 
the acute phase, as were IL-
12p70 levels. B) Significantly 
increased serum concentrations 
of interferon-γ (IFN-γ)–induced 
protein 10 (IP-10), regulated 
on activation, normal T cell 
expressed and secreted 
(RANTES), macrophage 
inflammatory proteins 
(MIP)–1α and –1β, granulocyte-
macrophage colony-stimulating 
factor (GM-CSF), and IFN-γ 
were detected in the prolonged 
recovery phase; significant 
elevations were also seen in 
the acute phase for RANTES 
and vascular endothelial growth 
factor (VEGF). Tumor necrosis 
factor α (TNF-α) concentrations 
showed a nonsignificant median 
decrease during the acute 
phase, whereas eotaxin levels 
were significantly decreased at 
that time. *p<0.05 and **p<0.01, 
versus values for healthy 
controls (Kruskal-Wallis test).



he was seen in an outpatient practice for persisting (2 
months) bilateral foot pain. Laboratory test results showed 
C-reactive protein levels, and liver and kidney function val-
ues, and full blood count within reference ranges. MAYV 
indirect immunofluorescence assay was negative for IgM 
but positive for IgG (1:20,480). Postacute MAYV infection 
was diagnosed. Two months later, follow-up serologic test-
ing showed unchanged titers. Arthralgia with pronounced 
morning stiffness lasted for 6 months.

After obtaining written consent from all patients, we 
subjected their serum samples to multiplex cytokine se-
rum analyses (Bio-Rad Laboratories, Munich, Germany). 
Blood was drawn at different times after symptom onset 
(15–117 days). Serum samples were classified as acute 
(<30 days after symptom onset, n = 3) or postacute (>30 
days after symptom onset, with arthralgia, n = 8). Twenty 
serum samples from healthy blood donors were run in par-
allel. During the acute phase of MF, interleukin (IL) 10, 
IL-12p70, RANTES (regulated on activation, normal T cell 
expressed and secreted), and vascular endothelial growth 
factor concentrations for patients were significantly el-
evated compared with those for healthy controls (Figure). 
Furthermore, a significant decrease was noted for eotaxin 
levels during the acute phase of disease. In the postacute ar-
thralgic recovery phase, concentrations of IL-5–10, IL-13, 
IL-17, IP-10 (interferon-γ–induced protein 10), RANTES, 
macrophage inflammatory proteins 1α and 1β, granulocyte-
macrophage colony-stimulating factor, and interferon-γ 
were significantly higher than those for healthy controls. 
TNF-α concentrations showed a nonsignificant median 
decrease during the acute phase (Figure). No significant 
changes in either phase were demonstrated for IL-1b, IL-
2, IL-4, basic fibroblast growth factor, granulocyte colony-
stimulating factor, monocyte chemotactic protein 1, and 
platelet-derived growth factor β polypeptide levels (data 
not shown). Cytokine levels measured in the acute phase 
did not differ significantly from those measured in the re-
covery phase.

The most striking clinical feature of MF is long-last-
ing arthralgia, similar to that seen in chikungunya fever, 
which develops in the acute phase and persists thereafter. 
In the travel-associated cases, arthralgia lasted for 2 to >12 
months. In the examined patients, the prolonged arthralgia 
recovery phase was paralleled by significantly increased 
proinflammatory cytokine levels, indicating ongoing in-
flammation, probably related to arthritis. Elevated levels 
of RANTES and IP-10 suggest T-cell recruitment, possibly 
reflecting virus persistence and replication, as described for 
the related Chikungunya virus (10). Thus, cytokine mea-
surements may be helpful for monitoring patient symptoms, 
especially when signs of arthritis (swellings and redness) 
and elevated standard serum inflammatory parameters are 
no longer present. In our study, the picture of MF cytokine 

elevations paralleled those described for Chikungunya vi-
rus infection (10); these elevated levels may help to eluci-
date the pathogenesis of MAYV-induced arthralgia. More 
immunology data are required to complete this evolving 
picture of viral arthralgia syndromes.
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To the Editor: Human enterovirus 71 (EV-A71) of the 
species enterovirus A, genus Enterovirus, and family Picor-
naviridae is a serious public health threat because it can cause 
large outbreaks of hand, foot and mouth disease (HFMD). In 
addition, EV-A71 has been associated with severe and some-
times fatal neurologic complications that affect mostly infants 
and children and that range from aseptic meningitis and en-
cephalitis to poliomyelitis-like acute flaccid paralysis (AFP) 
(1). EV-A71 has been classified into 7 genogroups, A–G, on 
the basis of the diversity of the nucleotide sequences of the 
viral protein 1 (VP1) capsid (1,2). Since 1997, increasing 
epidemic activity of genogroups B and C has been reported 
in the Asia-Pacific region and has caused large HFMD out-
breaks with high rates of illness and death. Subgenogroup C2 
was identified as the main causal agent associated with cases 
of fatal encephalitis in the devastating HFMD outbreaks of 
Taiwan in 1998 and Australia in 1999 (1). Since those out-
breaks, C2 has been frequently reported in countries in Asia, 
Europe, North America, and South America and has been 
associated with neurologic complications and fatal infection 
(1). Although genogroups E and F were recently discovered 
in Africa, the epidemiology of EV-A71 has been largely un-
explored in this continent. Only 4 AFP cases associated with 
EV-A71 infection have been reported in Africa (2–5), and the 
only outbreak caused by EV-A71 occurred in Kenya in 2000 
among a small number of HIV-infected orphans and was at-
tributed to genogroup C (6).

To investigate the circulation and genetic diversity of 
EV-A71 in West Africa, we retrospectively analyzed 236 
nonpolio enterovirus (NPEV) isolates obtained through 
routine poliomyelitis surveillance activities at the World 
Health Organization’s Regional Polio Laboratory in 
Senegal during 2013–2014. Following WHO guidelines 
(7), the laboratory received and processed stool speci-
mens from 1,600 children with AFP from various West 
Africa countries. NPEV was found in isolates from most  

countries except Cape Verde (0/5 specimens): Gambia 
(8/64), Guinea-Bissau (8/49), Guinea (42/355), Maurita-
nia (20/108), Niger (95/596), and Senegal (63/423). NPEV 
was initially characterized by amplification of the VP1 
capsid protein coding region by using reverse transcrip-
tion PCR and partial sequencing, as described (8). After 
molecular typing of all NPEV isolates, we identified 4 
new EV-A71 isolates from 4 patients, 1 each from Guinea, 
Mauritania, Niger, and Senegal (online Technical Appen-
dix Table 1, http://wwwnc.cdc.gov/EID/article/22/4/15-
1588-Techapp1.pdf). BLAST analysis (http://www.ncbi.
nlm.nih.gov/) of the partial VP1 nucleotide sequences 
showed that the isolates from this study shared 96%–97% 
nt sequence identity with those of other EV-A71 isolates 
deposited in GenBank.

The complete VP1 nucleotide sequences of the 4 EV-
A71 isolates were determined by using reverse transcription 
PCR (GenBank accession nos. KT818793–KT818796; on-
line Technical Appendix Table 2). Sequences were aligned 
by using ClustalW (http://www.clustal.org). Phylogenetic 
investigation indicated that the EV-A71 strains detected in 
3 of the 4 isolates (from Senegal, Guinea, and Mauritania) 
clustered within subgenogroup C2. The most closely related 
EV-A71 strains are not those previously reported from other 
Africa countries (Madagascar, Cameroon, Nigeria, and Cen-
tral African Republic) but are strains found in isolates from 
France, Finland, United Kingdom, Spain, Germany and 
Netherlands, all isolated during 2006–2010 (Figure). The 
C2 clusters from Africa and Europe showed an average of 
97.1% nt identity and 99.8% aa similarity. Within the Af-
rica C2 cluster, the nucleotide and amino acid alignments 
displayed a substantial proportion of conserved positions: 
862/891 (96.7%) and 297/297 (100%), respectively. Because 
most enteroviruses evolve at the rate of ≈1% nt substitutions 
per year in the VP1 region, the sequence divergence of ≈3% 
suggests that these enteroviruses had been circulating in the 
region for ≈3 years before they were detected. However, we 
cannot exclude the possibility that these isolates originated 
from multiple importation events from abroad, especially 
from countries in Europe. The fourth isolate (from Niger) 
clustered within genogroup E, which, before this study, in-
cluded only 2 complete VP1 sequences from isolates from 
Central African Republic and Cameroon and an additional 
partial VP1 sequence from an isolate from Nigeria.

Comparison of complete VP1 amino acid sequences of 
all EV-A71 strains considered for the phylogenetic analy-
sis showed that 107 (36%) of 297 aa sites were variable. 
None of the residues found in the variable sites of the Af-
rica strains in our study corresponded to residues previous-
ly associated with genogroup C neurovirulent phenotypes 
(A170V, N31D, L97R, G145E and D164E) (9,10). The Ni-
ger E isolate showed specific residues (L24M, A170T) that 
differed from those of other genogroup E isolates.
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Figure. Phylogenetic tree created with 
the complete VP1 nucleotide sequences 
(891 bp in length) of enterovirus A71 
isolated from 4 patients with acute flaccid 
paralysis in West Africa, the most similar 
nucleotide sequences identified by a 
search in GenBank by using BLAST 
(http://www.ncbi.nlm.nih.gov/), and a 
representative global set of enterovirus 
A71 sequences belonging to different 
genogroups and subgenogroups. The 
coxsackievirus A16 prototype G-10 
sequence was introduced as the outgroup. 
The tree was inferred with a neighbor-
joining method that used MEGA5 software 
(http://www.megasoftware.net/). Distances 
were computed by using the Kimura 2–
parameter model. The robustness of the 
nodes was tested by using 1,000 bootstrap 
replications. Bootstrap support values 
>80 are shown in nodes. Black triangles 
indicate the 4 strains from this study. Open 
square indicates a partial sequence. Scale 
bar represents nucleotide substitutions per 
site. Abbreviations of virus names indicate 
genogroups or subgenogroups/GenBank 
accession number/origin/year of isolation, 
respectively. A color version of this figure is 
available online (http://wwwnc.cdc.gov/EID/
article/22/4/15-1588-F1.htm).



Our findings highlight the presence of EV-A71 with 
a high degree of genetic diversity in patients with AFP in 
West Africa. Future studies about the burden of disease, 
epidemiologic features, and evolution of EV-A71 in this re-
gion of Africa are needed to implement appropriate public 
health measures.
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To the Editor: The safety of blood product use is con-
tinually improving, but blood transfusion remains a chal-
lenge in Africa, given the high prevalence of bloodborne 
pathogens (1). In Africa, the main serologic tests done to 
reduce blood transfusion risks are for HIV and hepatitis B 
and C viruses. However, unknown or emerging pathogens 
among the population of blood donors, such as hepatitis E 
virus (HEV), may also jeopardize transfusion safety. 

HEV is emerging as a potential threat to blood safety. 
High rates of HEV IgG prevalence among blood donors have 
been found in studies in the United States (7.7%), England 
(13.5%), France (16.6%), and Spain (19.6%) (2,3). A study in 
Iran showed a prevalence of 14.3% (4), and a study in China 
showed rates of up to 22.7% (5). Cases of HEV transmission 
by transfusion or transplantation have been reported, and re-
cent studies in France and England showed risk for HEV in do-
nated blood ranging from 1/2,218 to 1/2,848 donations (5,6).

 In Burkina Faso, the prevalence of HEV IgG has been 
reported as 11.6% among pregnant women during 2012. 
Prevalence is >70% among butchers, who form a popula-
tion exposed to pigs, which are a reservoir for HEV (7,8). 
To determine whether HEV continues to circulate among 
human populations outside known at-risk populations, we 
investigated prevalence of HEV IgG and IgM in the blood 
donor population of Ouagadougou.

During June and July 2014, we recruited 1,497 first-time 
blood donors (398 women, 1,099 men) within the National 
Blood Transfusion Centre in Ouagadougou. Persons 17–65 
years of age who weighed >50 kg were included (Figure, 
panel A). Candidate donors were excluded if they had previ-
ously received blood transfusions, had jaundice or clinical 
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signs of hepatitis, were pregnant, or had sexual contact with 
multiple partners. Demographic data collection was limited 
to age and sex, and residual serum specimens were anony-
mized as approved by the Ethics Committee of the National 
Blood Transfusion Centre. We used Dia.Pro IgG ELISA (Di-
agnostic Bioprobe Srl, Sesto San Giovanni, Italy) to detect 
HEV IgG; this assay uses HEV-specific synthetic antigens 
derived from open reading frame (ORF) 2 and ORF3 of all 
4 HEV subtypes. We used Wantai ELISA (Wantai Biologic 
Pharmacy Enterprise Co., Ltd., Bejiing, China) to test 92 
randomly selected samples for HEV IgG, which showed 
concordant results (data not shown) (8). We also used the 
Wantai ELISA for the detection of HEV IgM; this test has a 
sensitivity of 97.1% (95% CI 94.6%–98.5%) and a specific-
ity ranging from 95.3% in serum samples from patients with 
acute hepatitis A to 100% in healthy donors (http://www.
ystwt.cn/IFU/HEV/HEV-IgM_CE.pdf). The HEV IgM posi-
tive samples were tested twice for accuracy. All tests were 
performed according to the manufacturers’ instructions; pos-
itive and negative controls were used in each plate.

The prevalence of HEV IgG was 39.0% (95% CI 
36.5%–41.5%) by using Dia.Pro ELISA (Figure, panel B). 
This prevalence was twice that found in 2012 (8), but such 
wide variations were commonly found in Africa (9). In 
France, prevalence ranged widely, from 10% in the north 
to 52% in the south (6). HEV IgG prevalence increased sig-
nificantly with age (p<0.001 by χ2 test for trend) in both 

male and female donors, but age variation explained only 
partially the differences in the study population and those 
from a previous study (8). As described in France and other 
high-income countries (4,6), Traoré et al. found HEV geno-
type 3 in swine in Burkina Faso (10); thus, poor sanitation 
that disperses this oral–fecal transmitted virus might result 
in a high prevalence of HEV antibodies among the general 
population without causing epidemic illness that is more 
often associated to genotype 1.

Using the Wantai test, we found HEV IgM, a marker 
of recent infection, in samples from 2 women and 11 men 
in the blood donor population (1.9%, 95% CI 1.2–2.6% 
[Figure, panel C]). Samples from 7 men were positive  
for HEV IgG.

The HEV exposure prevalence we observed is simi-
lar to most of the published data from countries reporting 
endemic HEV and silent infection (6,7). IgM seropreva-
lence of 1.9% is indicative of low ongoing infection cycles, 
although no reference test is available (2). Our study was 
limited by the absence of HEV RNA screening to assess the 
presence of HEV particles and genotype in donated blood. 
However, HEV circulation is supported by 1) IgM signs 
of recent infection; 2) the commonality of silent infections 
with HEV, specifically genotype 3; and 3) another study 
that showed a clear, although rare, positive relationship be-
tween the number of IgM-positive samples and the number 
of HEV RNA-positive samples (4).
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Figure. Age and sex distributions and HEV test results for blood donor population, Ouagadougou, Burkina Faso, 2014. A) All blood 
donors. Women: mean age 29.62 y, median 27 y, range 17–58 y; men: mean age 29.86 y, median 27 y, range 15–70 y. B) Donors 
whose samples were positive for HEV IgG. Numbers above bars indicate number of donors tested. Error bars indicate 95% CI for 
percentage in each category. C) Age and sex distribution of blood donors whose serum samples were positive for HEV IgM. Numbers on 
data bars are ratios of specific ELISA optical density to cutoff values (IgM index); ratios ≥1 are considered positive. Ratios are shown for 
each donor. HEV, hepatitis E virus.



The risk for HEV infection through transfusions of do-
nated blood emerged in West Africa in a similar way as 
described in European countries. Further assessment of the 
transfusion risk associated with HEV-positive donors will 
require an evaluation of HEV RNA in prospective donors 
and posttransfusion surveillance of occurrence of hepatitis.
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To the Editor: Porcine deltacoronavirus (PDCoV) 
was first reported in Hong Kong in 2012 and included the 
HKU15-44 and HKU15-155 strains (1). In early 2014, PD-
CoV was reported in pigs with diarrhea on swine farms 
in Ohio, USA (2), and later in other states (2–5). In April 
2014, PDCoV strain KNU14-04 was reported in pigs in 
South Korea (6). A retrospective study in 2012 reported 
PDCoV strain S27 in Sichuan, China (7). Recently PDCoV 
strain CNJXNI2 has been reported in pigs with diarrhea in 
Jiangxi, China (8).

There are currently 28 complete PDCoV genomes 
from China, South Korea, and the United States available 
in GenBank. We report emergence of PDCoV infections on 
a commercial swine farm in Thailand.

In June 2015, we investigated reports of acute diar-
rhea in piglets, gilts, and sows on a swine farm. An out-
break occurred on a commercial swine farm (3,000 sows) 
located in the eastern province of Thailand. Clinical signs, 
including acute watery diarrhea, loss of appetite, and aga-
lactia, were observed in gilts and sows in the breeding 
and gestation houses. Subsequently, piglets in farrowing 
houses had clinical signs (depression, fever, watery di-
arrhea, and severe dehydration). Although clinical signs 
were detected less frequently in fattening pigs in growth-
finishing houses, PDCoVs were later detected from blood 
samples of fattening pigs.

The outbreak lasted 6 weeks (June 10–July 20, 2015). 
The mortality rate was 27.63% (829/3,000) in sows and 
64.27% (2,892/4,500) in piglets but was lower than that 
usually observed for porcine epidemic diarrhea virus 
(PEDV) infection. A total of 865 (19.22%) piglets died and 
were culled during 10 production weeks. Postmortem ex-
amination of dead piglets showed emaciated animals and 
yellow pasty feces. Intestines and colons showed thin walls 
with a watery content and curdled milk. Histopathologic 
examination showed shortened and fused villi in the jeju-
num and ileum. An attenuated and vacuolated cytoplasm in 
enterocytes was also observed (online Technical Appendix 
Figure 1, http://wwwnc.cdc.gov/EID/article/22/4/15-1852-
Techapp1.pdf) (9,10).
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We examined 30 samples from the affected swine farm. 
Blood (n = 10), intestine (n = 8), lymph node (n = 2), feces 
(n = 6), and feed (n = 4) samples were collected for 2 day-
old piglets and 17-, 19-, and 20-week-old fattening pigs. 
A total of 26 samples were positive for PDCoV by reverse 
transcription PCR (2) (online Technical Appendix Table 1). 
Because sick pigs had clinical signs similar to those of pigs 
with other swine virus diseases, all samples were tested for 
transmissible gastroenteritis coronavirus; PEDV; rotavirus-
es A, B, and C; porcine reproductive and respiratory syn-
drome virus; and circovirus. All test results were negative.

We selected 2 PDCoVs (S5011 and S5015L) for 
whole-genome sequencing and 14 PDCoVs for sequencing 
of spike (S), envelope (E), membrane (M), and nucleocap-
sid (N) genes and the 3′-untranslated region (UTR). Nu-
cleotide sequences obtained were submitted to GenBank 
(online Technical Appendix Table 2).

Sequence analysis of the 2 PDCoVs from Thailand 
showed that their whole genomes had 99.98% nt identity 
(only 4 nt differences) with each other and highest nucleo-
tide identities with PDCoVs from China (98.43% with 
AH2004). S gene sequences showed greatest diversity 
(99.97%–100% nt identities and 99.91%–100% aa identi-
ties) for PDCoVs from Thailand and 95.93%–96.68% with 
other reference PDCoVs, which is consistent with findings 
of previous report (5). In contrast, E, M, and N genes were 
conserved (100% nt identities for PDCoVs from Thailand 
and 99.19%–100% for E genes, 98.28%–99.07% for M 
genes, and 96.88%–97.81% for N genes with reference 
PDCoVs) (online Technical Appendix Table 3).

Phylogenetic analysis of the whole genome of PD-
CoVs from Thailand showed close relatedness with AH-
2004, HKU15-44, S27-2012, and HKU15-155 virus strains 
from China. However, these viruses from Thailand were 
in a different subcluster than PDCoVs from the United 
States (Figure; online Technical Appendix Figure 2). PD-
CoVs identified in this study might represent a new variant 
of PDCoV because these 2 viruses have unique sequence 
characteristics: 3-nt (TCT) and 1-nt (A) deletions in the 5′-
UTR, 6-nt (AGTTTG) and 9-nt (GAGCCAGTC) deletions 
in open reading frame 1a/b, and 4-nt (CTCT) insertion in 
the 3′-UTR (online Technical Appendix Table 4).

We identified PDCoV on a commercial swine farm in 
Thailand. Affected pigs had clinical signs of acute watery 
diarrhea, similar to those of pigs infected with PEDV, and 
had moderate illness and low mortality rates. PDCoVs were 
detected in symptomatic piglets, sows, and fattening pigs, 
although clinical signs in fattening pigs were least severe.

Swine farmers and veterinarians should be aware of 
PDCoV as another causative agent of watery diarrhea in 
pigs. Similar to PEDV, Wang et al. reported that sequence 
deletions, insertions, and mutations in PDCoVs in pigs 
might contribute to variant virus virulence (2).

Our findings might assist in development of diagnos-
tic assays for differentiating PDCoVs in Thailand from 
PDCoVs in other countries. Because PDCoVs from Thai-
land were highly related to each other, PDCoV might have 
transmitted into Thailand by a single event. However, veri-
fication of this possibility would be difficult. Similar to the 
situation in the United States, PDCoV might be underdiag-
nosed in Thailand.
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Figure. Phylogenetic analysis of whole-genome sequences of 
porcine deltacoronaviruses (PDCoVs), Thailand. Black circles 
indicate strains isolated in this study. The tree was constructed 
by using MEGA version 6.06 (http://www.megasoftware.net/) with 
the neighbor-joining algorithm and bootstrap analysis with 1,000 
replications and BEAST (http://beast.bio.ed.ac.uk/) with Bayesian 
Markov chain Monte Carlo analysis of 5,000,000 generations 
and an average SD of split frequencies <0.05. Numbers along 
branches are bootstrap values (posterior probabilities). Scale bar 
indicates nucleotide substitutions per site.
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To the Editor: Field clinicians working during the 
unprecedented Ebola virus disease (EVD) outbreak in 
West Africa, which began in December 2013, have been  

confronted with complex situations concerning mothers 
and breast-fed children in which one or both in a pair have 
tested positive for Ebola virus (EBOV) (1). More data, es-
pecially regarding virus shedding in breast milk, is critical 
to provide better care and guidance in future outbreaks. We 
report the case of a lactating EBOV-positive mother and 
her twin babies. The case is anonymously reported with the 
mother’s consent. The study met the Médecins Sans Fron-
tières Ethics Review Board and approved criteria for stud-
ies of routinely collected data.

In Guinea in 2015, a woman and her 4-month-old 
twins (baby 1 and 2) were registered as contacts after the 
woman’s mother tested positive for EBOV (postmortem 
diagnosis by reverse transcription PCR [RT-PCR]). The 
woman and her babies, who were exclusively breast-fed, 
were followed daily by contact tracers. When baby 1 be-
came febrile, the woman left her home to seek help from a 
traditional healer, bringing both twins with her. A few days 
later, baby 1 died and was buried without EBOV testing; 
according to the World Health Organization case definition, 
baby 1 was a probable EVD case-patient (2). 

Eleven days after baby 1 died, the woman became 
sick; 5 days later, she was admitted to an Ebola treatment 
center. At admission (day 0), she had headache, loss of ap-
petite, abdominal pain, joint pain, dysphagia, conjunctival 
injection, and myalgia but was afebrile. On day 1, a blood 
sample from the woman was positive for EBOV by RT-
PCR (Xpert Ebola Assay, GeneXpert Instrument Systems; 
Cepheid, Sunnyvale, CA, USA) with a cycle threshold (Ct) 
of 32.5. Baby 2 tested negative for EBOV on day 1 and 72 
hours later. Baby 2 was tested twice because he was con-
sidered at high risk for infection after being breast-fed for 6 
days while his mother was symptomatic (i.e., until day 1 of 
her hospital admission).

On day 1, the woman was given convalescent-phase 
plasma from EBOV survivors; the treatment was given ac-
cording to a compassionate-use protocol and was the stan-
dard process in this center at the time. On day 6, breast milk 
was sampled and tested positive for EBOV (Ct 21.6) (Table). 
The woman’s clinical course was favorable; she remained 
afebrile during hospitalization, but mild symptoms persisted 
until day 5. The first convalescent-phase test, done on day 14, 
showed Ct values of 40.5 and 27.5 for blood and breast milk, 
respectively. On day 21, a second breast milk sample tested 
positive (Ct 32.7). On day 24, the woman was given cabergo-
line (0.5 mg 2×/d for 2 days) to cease lactation, after which 
no more breast milk samples could be collected. On day 29 
after admission, she tested negative for EBOV in blood and 
urine and was reunited with baby 2. Serologic testing for 
baby 2 was done on day 23 and showed no sign of previous 
subclinical infection (ELISA, IgM, and IgG negative). 

Many questions in this case remain unanswered, but 
our findings show the potential infectivity of breast milk for 
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at least 26 days after EVD symptom onset and demonstrate 
a case in which a baby was not infected by breast milk from 
his EBOV-positive mother. However, it should be noted 
that the woman’s breast milk was never tested while she 
was breast-feeding baby 2.

The literature on EBOV in breast milk of EBOV-pos-
itive patients is extremely scarce (3). In a previous study 
from the 2000 Sudan EBOV outbreak in Gulu, Uganda, 
breast milk from a convalescent-phase patient was sampled 
15 days after symptom onset and tested positive for EBOV 
by RT-PCR and virus culture (4). Another study conducted 
in Guinea during the current outbreak, reported a mother–
baby pair in which EVD developed in the baby 14 days 
after symptom onset in the mother, but breast milk from the 
mother sampled 17 days after symptom onset was negative 
by EBOV RT-PCR (1). 

It is unclear whether infectious virus or defective 
particles are being secreted in breast milk. Ct values were 
consistently lower in breast milk than in blood when tested 
concomitantly, but in this case, breast milk samples were 
not collected until day 6. Our findings suggest that breast 
milk is infected by EBOV at a later stage of the disease than 
blood but then follows the expected replication kinetics ob-
served in venous blood.

Considering the high EVD death rate, until further evi-
dence is found, we recommend that EBOV-positive women 
stop breast-feeding immediately and that breast-feeding 
not be resumed until 2 negative RT-PCR tests of the breast 
milk have been confirmed. This suggestion is in line with 
the World Health Organization recommendation for testing 
semen in male EVD survivors (5). The public health risk 
for EBOV to remain in breast milk for at least 26 days after 
EVD symptom onset and for breast milk to possibly be in-
fectious after a patient has cleared the virus from the blood 
should also be acknowledged.
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Table. Overview of results from all Ebola virus RT-PCRs performed during hospitalization of breast-feeding mother of twin babies, 
Guinea, 2015* 
Day after admission Blood, Ct Breast milk, Ct Urine, Ct 
1 32.5, glycoprotein NT NT 
3 33.7, glycoprotein NT NT 
6 NT 21.6, nucleoprotein NT 
14 40.5, nucleoprotein 27.5, nucleoprotein NT 
18 41.0, glycoprotein NT NT  
21 40.3, nucleoprotein 32.7, nucleoprotein NT  
25 39.3, nucleoprotein NT NT 
29 Negative, glycoprotein and 

nucleoprotein 
NT Negative, glycoprotein and 

nucleoprotein 
*Testing performed by using the Xpert Ebola Assay (GeneXpert Instrument Systems, Cepheid, Sunnyvale, CA, USA). The lowest of the reported 
glycoprotein and nucleoprotein values are reported. Ct values <20 are highly positive, whereas Ct values >35 are weakly positive. Ct, cycle threshold; NT, 
not tested. 

 



To the Editor: Feline morbillivirus (FeMV) was first 
reported in Hong Kong, and mainland China in 2012 (1) 
and has been associated with tubulointerstitial nephritis, the 
histopathologic correlate of idiopathic chronic kidney dis-
ease (CKD); however, this association has not been proven 
by studies in FeMV-naive animals. In 2013, phylogeneti-
cally related strains were found in Japan, indicating broader 
geographic distribution in Asia (2). The lack of complete 
genome sequences for strains from other regions prevents 
assessment of the clinical relevance and genetic diversity 
of FeMV. Classical morbilliviruses, such as measles and 
canine distemper viruses, have a global distribution, sug-
gesting that FeMV might be present elsewhere in the world 
(3). To confirm the presence of FeMV and assess its genet-
ic diversity and infection patterns in the United States, we 
collected and analyzed urine samples from domestic cats.

We generated amplicons from 10 (3%) of 327 sam-
ples; 3 samples were from cats with CKD and 7 from cats 
without CKD. Sequencing results confirmed that these 493 
bp amplicons correspond to unique strains of FeMV (1).  
FeMVUS1 is 97% similar in the L gene amplicon sequence 
to FeMV776U (1), whereas FeMVUS5 is only 85% identi-
cal, making it very different to all previously identified  
FeMVs. We used these sequences to develop a pan-US 
primer set, priFeMVUSpanL+ and priFeMVUSpanL-, to am-
plify a highly conserved region (460 bp) of the L gene of 
the US strains (online Technical Appendix Table 1, http://
wwwnc.cdc.gov/EID/article/22/4/15-1921-Techapp.pdf). 
The results of these analyses demonstrated that FeMV is 
present outside of Asia.

In October 2013, we obtained the initial FeMVUS1-pos-
itive sample from a healthy 4-year-old male domestic short-
hair cat (animal 0213). Approximately 15 months later, we 
obtained a follow-up urine sample from the still healthy cat, 
performed reverse transcription PCR (RT-PCR), and gener-
ated amplicons (online Technical Appendix Figure, panel 
A). Amplification and sequencing of the hemagglutinin (H) 
gene from the 2015 sample indicated that it was identical 
to that from the 2013 sample, suggesting that the cat was 
chronically infected. We developed a quantitative RT-PCR 
test by using L gene primers and a real-time probe (online 
Technical Appendix Table 2). Results indicated stable and 
comparable virus loads: 9.8 × 104 copies/mL in 2013 versus 
7.8 × 104 copies/mL in 2015. This finding corroborates the 
view that cats can be chronically infected with FeMV and 
that the virus is persistently shed in urine.

We used primers to generate cDNA from clinical ma-
terial and then determined the complete genome sequence 
of FeMVUS1 (GenBank accession no. KR014147) by using 
RT-PCR and rapid amplification of cDNA ends. The major 
morbillivirus surface antigen is the H glycoprotein, and we 
used pan-FeMV H gene primer sets to detect additional vi-
ruses (e.g., FeMVUS2) (online Technical Appendix Figure, 
panel B). An indirect immunofluorescence assay was de-
veloped to screen serum samples for FeMV-specific anti-
bodies. Antibodies to FeMVUS1 were detected in fixed cells 
expressing FeMV H glycoprotein (positive up to 1:12,800 
dilution), and antibodies to FeMVUS5 were detected in non-
permeabilized cells (positive up to 1:6,400 dilution) (online 
Technical Appendix Figure 2). This result confirms that H 
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Figure. Phylogenetic analysis of feline morbillivirus (FeMV) whole genomes and hemagglutinin (H) genes collected from cats in the 
United States. A) Genomic sequence identity of FeMVUS1, compared with Asian strains, performed by using SSE V1.2 software (4) 
with a sliding window of 400 and a step size of 40 nt. B) Maximum-likelihood phylogeny of the translated H gene of FeMVs, the genus 
Morbillivirus, sensu strictu, and unclassified morbilli-related viruses was determined by using MEGA5 software (5) and applying the 
Whelan-and-Goldman substitution model and a complete deletion option. Numbers at nodes indicate support of grouping from 1,000 
bootstrap replicates. Scale bar indicates substitutions per site.



glycoprotein–specific antibodies are present at high lev-
els concurrent with the longitudinal detection of genomic 
RNA. A large-scale seroprevalence and cross-neutraliza-
tion study is ongoing. 

We used complete genome and H gene sequences in a 
comprehensive phylogenetic analysis. FeMVUS1 is closely 
related to viruses from Asia, highlighting the global distri-
bution of FeMV (Figure, panel A). Compared with the se-
quence for the FeMV776U H gene, sequences for FeMVUS1 
and FeMVUS5 were 98% and 81% similar, and the glycopro-
teins were 98% and 86% identical. The complete H gene of 
the most divergent US strain (FeMVUS5) clustered phyloge-
netically in a basal sister relationship with all other viruses 
from Asia and the United States (Figure, panel B), suggest-
ing a long evolutionary association of FeMV in feline hosts.

Ecologic surveys continue to identify novel viruses 
that are homologous to known paramyxoviruses in many 
wildlife species, including bats and rodents (6). Investigat-
ing closely related viruses in domestic species is warrant-
ed, given the substantial number of animals that cohabi-
tate with humans. Switches from natural to unnatural host 
species can result in enhanced pathogenicity (e.g., receptor 
switching has caused feline panleukopenia virus to infect 
dogs as canine parvovirus) (7). Given the high degree of 
antigenic relatedness of morbilliviruses, understanding 
evolutionary origins and trajectories and conferring cross-
protection through immunization are critical. Although no 
evidence for FeMV transmission to humans or other ani-
mals exists, the propensity for noncanonical use of signal-
ing lymphocytic activation molecule 1 F1 (CD150) should 
be investigated because epizootic transmission of morbil-
liviruses can occur (8).

The detection of FeMV sequences in a clinically 
healthy animal after 15 months is a novel and surprising 
observation but is consistent with the known propensity for 
morbilliviruses to persist in vivo (9). All known morbil-
liviruses cause acute infections, and the typical long-term 
clinical manifestations occur in the central nervous sys-
tem, not the urinary system (1). These observations should 
prompt additional research because the prevalence of CKD 
in cats is high and because CKD decreases the quality of 
life of affected animals and is the ultimate cause of death 
for approximately one third of cats (10).
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To the Editor: We would like to add some specification 
and clarification to the discussion regarding the diagnostics 
and case definitions for urinary schistosomiasis in travel-
ers to Corsica, France (1–3). Evidence for a Schistosoma  
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haematobium infection typically depends on the detection of 
viable ova in the urine. However, in regard to S. haematobium 
infections acquired in Corsica, several ova excreted by the 
first 2 published case-patients (i.e., the 12-year-old boy and 
his father) exhibited atypical morphology (4). Therefore, we 
supplemented our morphologic study with a molecular study 
of miracidia by using cytochrome c oxydase mitochondrial 
DNA barcoding and the internal transcribed spacer 2 gene. 

The results indicated that the schistosome responsible 
for the infection of the first case-patient reported in Corsica 
was S. haematobium that had been introgressed by genes of 
zoonotic S. bovis through a hybridization process. S. bovis is 
the cause of bovine intestinal schistosomiasis and uses the 
same intermediate host (Bulinus truncatus snails) that S. hae-
matobium uses (5). Such interactions between S. haemato-
bium and S. bovis have also been reported in Benin (5). These 
findings imply that the clinical course of case-patients and di-
agnostic test results might be affected by atypical schistoso-
miasis. Whereas the boy in our study experienced a clinically 
typical schistosomal infection of the bladder, his father and 
his siblings, who had identical histories of exposure, were 
seropositive for S. haematobium but were asymptomatic (4). 

We recommend that clinicians treat any suspected case 
of S. haematobium infection, whether or not the patient 
excretes ova, given that the disease is potentially serious 
and the indicated drug for treatment (praziquantel) is safe. 
Epidemiologic analyses should take into account the role of 
zoonotic S. bovis infection and supplement parasitological 
investigations with molecular analyses (5,6).
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Correction: Vol. 21, No. 11
Cryptococcus was misspelled in the title of Climatic Influences on Cryptococcus gattii Populations,  

Vancouver Island, Canada, 2002–2004 (C.K. Uejio al.). The article has been corrected online (http://wwwnc.cdc.
gov/eid/article/21/11/14-1161_article).
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Sandra Lee Ford died April 11, 2015, at 64 years of 
age. To her children, she was a loving mother; to her 

co-workers, she was a caring human being and dedicated 
public health worker; to the world, she was a herald of the 
AIDS epidemic, playing a major role in alerting the world 
to the onset of this epidemic.

In January 1979, Sandy took a position in the Para-
sitic Diseases Division in the Centers for Disease Con-
trol, now the Centers for Disease Control and Prevention 
(CDC). Her job was to respond to requests for drugs that 
CDC provided through the Parasitic Diseases Drug Service 
(PDDS). These drugs had been unavailable in the United 
States. By complying with the Food and Drug Administra-
tion’s rigorous requirements for investigational new drugs, 
CDC was able to import and dispense these drugs and fill a 
therapeutic gap. One of the 10 drugs in the armamentarium 
of the PDDS was pentamidine isethionate, which was in-
tended to treat rare, imported cases of African trypanoso-
miasis. An unanticipated need for pentamidine was its use 
in treating Pneumocystis carinii pneumonia, now known as 
Pneumocystis jiroveci pneumonia or Pneumocystis pneu-
monia (PCP). Pentamidine had replaced sulfa drugs as the 
treatment of choice for PCP, which had been occurring 
mainly in infants and children with primary and secondary 
immune deficiencies and in adults receiving immunosup-
pressive drugs.

Demand for pentamidine was brisk. Sandy interacted 
skillfully with hundreds of clinicians across the United 
States to provide life-saving pentamidine to severely ill pa-
tients, and she kept very careful records. She relished the 
opportunity to help physicians, and she cared deeply about 
their ill patients. She wanted to be known as a drug techni-
cian, a title she coined for herself. On numerous occasions, 
she said how much she loved her job.

In early 1981, Sandy noticed an increase in the num-
ber of requests for pentamidine to treat cases of PCP. The cases were unusual because they were in adult male pa-

tients, a departure from the usual cases in children. In one 
instance, a New York physician asked for a second course 
of pentamidine to treat a patient with PCP who had not 

764	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 4, April 2016

In Memoriam:  
Sandy Ford (1950–2015)

Myron G. Schultz,1 Alan B. Bloch

IN MEMORIAM

Author affiliation: US Public Health Service and Centers for  
Disease Control and Prevention (retired), Atlanta, Georgia, USA

DOI: http://dx.doi.org/10.3201/eid2204.151336 1Deceased.

Figure. Sandy Ford with vials of pentamidine for 
distribution to patients with Pneumocystis pneumonia.



responded to the first dose; these circumstances were un-
precedented. Two weeks later, another New York physi-
cian told Sandy about 5 male patients who had both PCP 
and Kaposi sarcoma. Sandy learned that the sexual ori-
entation for all these patients was homosexual. She knew 
that something unusual was occurring and informed her 
supervisor of this cluster of cases. In his bestselling book 
And the Band Played On, which chronicled the discovery 
of AIDS, Randy Shilts said, “That was how the thorough 
GS-7 drug technician in Room 161 of the Centers for Dis-
ease Control’s Building 6 alerted the federal government 
to the new epidemic” (1). Simultaneously, clinicians in 
major medical centers were seeing, for the first time, ho-
mosexual patients with Kaposi sarcoma, PCP, cytomega-
lovirus infection, and other opportunistic infections. On 
June 5, 1981, CDC’s Morbidity and Mortality Weekly Re-
port described 5 severe pneumonia cases observed during 
October 1980–May 1981 in 3 Los Angeles hospitals (2). 
All 5 patients were young men with PCP, and the sexual 
orientation of all was homosexual. This publication was 
historic because it marked the beginning of awareness 
in the United States of a new, fearsome disease that was 
eventually given the name of acquired immunodeficiency 
syndrome (AIDS). The rest, as they say, is history.

Louis Pasteur famously said, “Chance favors the pre-
pared mind.” Chance placed Sandy as a drug technician 

in CDC’s PDDS at a critical juncture in medical history. 
Although she had no formal training in medical science, 
she had a prepared mind and thought like an epidemiolo-
gist. When she comprehended that something unusual was 
occurring, she took appropriate action. In addition to her 
seminal role in the book And the Band Played On, Sandy 
was also portrayed in the movie by the same name and was 
the subject of many magazine and newspaper articles. A 
heroine of the AIDS epidemic, she continued her career at 
CDC until retiring in 2008 after 34 years of service. She did 
not capitalize on her notoriety and conducted her work and 
her relationships with dignity. She personified the woman 
in King Solomon’s poem Eshet Chayil, which praises a 
woman of valor: “A woman of valor, who can find? Her 
worth is far above jewels…. She is robed in strength and 
dignity, and cheerfully faces whatever may come…. Wher-
ever people gather, her deeds speak her praise” (Proverbs 
31:10–31). 
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Immunity
By William E. Paul, Johns Hopkins University Press, 
Baltimore, USA, 2015, ISBN: 978-1-42141-801-8 
(hardback), ISBN: 978-1-42141-802-5 (ebook),  
Pages: 280; Price: US $29.95 

Immunity, written by William E. Paul, MD, is a unique 
synthesis of autobiography and perspective on the his-

tory of immunology with easy-to-follow and informative 
explanations of key concepts. The author’s death occurred 
in September 2015, just before publication of this book, 
his final manuscript. His discovery of interleukin-4 and 
his experiences as head of the Office of AIDS Research 
at the National Institutes of Health (Bethesda, MD, USA) 
are among the author’s many outstanding achievements 
chronicled in the book. One chapter is devoted to Dr. 
Paul’s previously described concept of the laws of im-
munology: universality, the idea that cells and products 
of the immune system are capable of recognizing an un-
limited array of substances; tolerance, the notion that the 
response to self-antigens is controlled or eliminated; and 
appropriateness, the concept that the immune response is 
appropriate to the inducing pathogen. 

Several figures in the book provide additional insights 
into this publication’s distinctiveness: a photograph of 
one of Dr. Paul’s mentors, Baruj Benacerraf, receiving the 
Nobel Prize; another photograph of a German 200-mark 
note featuring Paul Ehrlich, a Nobel Prize winner for his 
work in immunology; a photograph showing an Austrian 
1,000-schilling note with the image of Karl Landsteiner, 
Nobel Prize winner for discovery of the immunology of 
blood groups; a diagram illustrating a peptide bound into 
the groove of a class I major histocompatibility complex 
molecule; and an electron microphotograph of a dendritic 
cell with adherent lymphocytes. The author was a major 
participant in remarkable advances in our understanding 
of immunology. For example, he states, “My professor of 
microbiology… was deeply skeptical about the function 
of lymphocytes…. Lymphocytes are so unprepossessing 
in appearance that many believed their chief function was 
to serve as nutrients for cells that were thought to be more 
important in antimicrobial responses….” Dr. Paul pro-
vides details of his discovery of the molecular structure 
and functions of interleukin-4, a critical regulatory factor 
for lymphocytes.

Furthermore, Dr. Paul offers insights on recent de-
velopments, such as the hygiene hypothesis of the gen-
esis of allergic disease; inflammasomes; colony collapse 
disorder in honeybees; and clinical trials with dupilumab. 
He discusses these issues with the same profundity and 
clarity that he provides on his work in the frontiers of 
immunologic research early in his distinguished career. 

His response to the AIDS crisis provides an inspiring per-
spective for public health officials confronted with urgent 
challenges. He states, “In the end, I concluded that I had 
to take on the responsibility. The AIDS epidemic was 
such that one really didn’t have a choice.... I was deter-
mined that while the planning process had to represent 
the best thinking in the field, it could not be too proscrip-
tive. We didn’t want to quash creativity, without which 
progress was sure to be hampered.” Dr. Paul is recognized 
as being an important catalyst in the development of ef-
fective antiviral therapy and has been called a hero of the  
AIDS epidemic.  

Few readers will not be impressed by Dr. Paul’s en-
ergy, enthusiasm, and innovative spirit. This book will be 
relished by those who are captivated by the history of mod-
ern biologic and medical science.
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One Health: People, Animals, 
and the Environment
Edited by Ronald M. Atlas and Stanley Maloy,  
ASM Press, Washington, DC, 2014, ISBN:  
978-1-55581842-5 (paperback); 978-1-55581843-2 
(ebook), Pages: 318; Price: US $90.00

The One Health concept recognizes that the health of 
humans is connected to the health of animals and 

the environment. An interdisciplinary One Health ap-
proach involving human, animal, and environmental 
health partners worldwide is critical to address current 
public health issues, which include emerging infectious 
and zoonotic diseases. The book One Health: People, 
Animals, and the Environment reviews core concepts of 
One Health and highlights key One Health issues of pub-
lic health importance.

The book comprises 5 sections. The first section cov-
ers the need for a One Health approach and reasons such 
an approach is important. Topics include the human–ani-
mal interface, ecologic approaches to studying zoonoses, 
and the role of wildlife in emerging infectious diseases.  
The second section covers zoonotic and environmental 
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drivers of emerging infectious diseases. This section in-
cludes an overview of the interconnectedness of human 
and animal pathogens for several timely One Health 
events and describes the emergence of influenza virus-
es across the species barrier; rabies control; foodborne 
diseases and transmission among humans, animals, and 
plants; environmental reservoirs of cholera; and the role 
of human activity on the spread of white-nose syndrome in 
bats. The rest of the book is devoted to causes behind the 
emergence of antimicrobial drug resistance and the need 
for disease surveillance that can identify pathogens cross-
ing animal–human interfaces to provide early warning of 
new public health challenges and describes new technolo-
gies and approaches for public health surveillance, and 
the challenge of making One Health a reality. The edi-
tors share several examples of successful applications of 
the One Health approach to highlight the impact of col-
laboration between human, animal, and environmental 
health partners. Remaining challenges of implementing 
a One Health approach are also presented in the context 
of thwarting the threat of emerging infectious diseases. 
Throughout the book, the editors provide case histories 
of notable recent zoonotic infections, which provide real-
world examples of implementing a One Health approach 
for diseases such as West Nile virus disease, hantavirus, 
Lyme disease, and severe acute respiratory syndrome.

The availability of texts describing the One Health 
approach is important, and this book provides a concise 
overview of One Health from the infectious disease per-
spective. Although this book focuses on the role of One 
Health specifically for emerging infectious and zoonotic 
diseases, it is a valuable introduction to the field of One 
Health. The book applies to a wide audience—physi-
cians, veterinarians, environmental scientists, public 
health officials, policy makers, and students. It is a use-
ful resource for those who want a better understanding 
of One Health and their role in the One Health move-
ment. The One Health concept continues to gain recog-
nition as a critical tool to address public health issues at 
the animal–human-ecosystem interface to have the big-
gest impact on improving health for all. In the words 
of the editors, “the One Health approach is simply too 
important to ignore.”
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Grant Wood once quipped that “All the good ideas I ever 
had came to me while I was milking a cow.” Though 

spurious, his comment underscores how the memories of 
farm life from his youth provided substance and inspiration 
for much of his artwork, particularly his landscapes. Wood 
was in fact born on a farm near Anamosa, Iowa, in 1891, 
and he lived there until his father died in 1901. His family 
moved to Cedar Rapids, Iowa, soon thereafter, when Wood 
was 10 years old.

In this month’s cover image, Wood’s Spring in the 
Country, a rolling patchwork of resplendent green Iowa 
farmland recedes to the distant horizon. Soaring clouds 

hover above the fields, swelling from the horizon till they 
meet the sky in the top third of the painting. As a plain-
ly dressed woman prepares the soft ground with a hoe, a 
young man in overalls carefully takes another seedling 
from the basket next to him and presses it into its chosen 
spot. A ladle floats in the bucket of water, within easy reach 
for watering the young plants. Near a flowering tree, crest-
ing a hill, a farmer relies on a pair of farm horses for tilling 
his fields on this warm early spring day. Also visible across 
this pristine panorama are more flowering trees, a small 
herd of white-faced cattle, an orderly row of fence posts, 
and other farms. These 3 people approach their day’s labor 
with a relaxed ease.

One of the last works Wood completed before dying 
of pancreatic cancer hours from his 51st birthday, Spring 
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Grant Wood (1891–1942), Spring in the Country, 1941. Oil on Masonite, 24 in x 22 1/8 in / 60.9 cm x 55.9 cm. Courtesy of the Cedar 
Rapids Museum of Art, Cedar Rapids, Iowa; Museum Purchase. 93.12
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in the Country, shares motifs with many of his other 
landscape paintings. It offers viewers a peaceful respite in 
this lush green, rolling farmland, a place free from signs 
of modernization or industry. James Dennis characterized 
those works as Wood’s “idealized, fantasy Iowascapes.” A 
second look confirms that power lines and telephone poles 
do not transect the landscape; no tractors, combines, or 
threshers thrum anywhere in this vast, pastoral countryside.

Notes from the University of Virginia American Stud-
ies Program state that “Although Wood’s landscapes were 
received as idealized visions of America’s heartland, a criti-
cal feature of the paintings is that they are pointedly not 
contemporary. America in the 1930s was in the grips of the 
machine age, erecting skyscrapers and building technologi-
cal marvels like the Hoover Dam—yet machines do not 
enter into Wood’s landscapes.” Nor does Wood depict the 
sort of desperate toil and plight that would have been char-
acteristic of the Great Depression from which the world 
was emerging.

While Wood was painting his final homages to the by-
gone simple farm life of his youth, agriculture was in the 
throes of major changes. Following a series of mechani-
cal refinements during the 1930s that resulted in greater 
speed, power, and comfort, tractors began displacing farm 
horses and mules, though not outnumbering them until 
the early 1950s. Having reliable mechanical power in turn 
gave rise to related innovations and modifications to farm 
implements, enabling farmers to work faster and to farm 
more land.

Agriculture-related innovation during that time also 
led to the development of new varieties of crops and live-
stock, more effective pesticides, improved fertilizers, and 
better irrigation techniques. Among the dynamic, global 
forces that accelerated changes in food production and 
farming were the burgeoning expansion of mass transpor-
tation, shifts in population from rural to urban areas, and, 
of course, the demands and difficulties that resulted from 
World War II.1 What were once local or regional enterprises 
now operated on national and global scales.

Farming became more specialized, and fewer com-
modities were grown and sold per farm. The pattern of ever 
more efficient food production and the advent of larger-
scaled food processing and distribution has increased the 
risk and the scale of outbreaks of foodborne disease.

Though some foodborne diseases that were common 
near the start of the 20th century—during the time Wood 
was living on his family’s farm—are now rare, others  

persist. Today there are also newly recognized and emerg-
ing pathogens, new toxins, and increasing problems with 
antibiotic resistance, leading to estimates from the World 
Health Organization that unsafe food is linked to the deaths 
of an estimated 2 million people annually from more than 
200 food-related diseases.

Preventing, tracking, and investigating foodborne ill-
nesses is an increasingly complex public health endeavor. 
It involves wide-reaching collaboration among agricul-
ture and food processing industries, regulatory and public 
health agencies, and consumers, and its range can poten-
tially be global. It is jolting to realize that Wood’s nostal-
gic visual fables of farm life, with their white-faced cattle 
and farm horses, rolling green farm lands, and, country 
folks working under a warm spring sky, would in reality 
harbor many of the more than 250 bacterial, viral, and 
parasitic pathogens that today are known to cause food-
borne illness.
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Article Title
Shiga Toxin 1–producing Shigella sonnei Infections,  

California, United States, 2014–2015

CME Questions

Activity Evaluation

1. Your patient is a 32-year-old man in whom Shiga 
toxin 1 (Stx1)–producing Shigella sonnei infection 
is suspected. According to the surveillance study 
by Lamba and colleagues, which of the following 
statements about the epidemiologic features of recent 
emergence of Stx1-producing S. sonnei in the United 
States is correct?
A. 	 In 2014, Stx1-producing S. sonnei infections were 

detected in New Mexico 
B. 	 All reported cases were epidemiologically linked to 

travel to Mexico
C. 	 All isolates encoded stx1 and produced active Stx1, 

with pulsed-field gel electrophoresis (PFGE) revealing 
multiple PFGE patterns

D. 	 In cluster 1 (mostly in San Diego), case-patients were 
less likely to be Hispanic than the general population

2. According to the surveillance study by Lamba and 
colleagues, which of the following statements about 
the clinical characteristics of recent Stx1-producing S. 
sonnei infections in the United States is correct?

A. 	 All patients had bloody diarrhea
B. 	 Half of patients had abdominal cramps
C. 	 Three-quarters of patients required hospitalization
D. 	 Case-patients younger than 5 years vs. those age 5 

years and older were more likely to have fever  
(100% vs. 67%; p = 0.054) and bloody diarrhea  
(80% vs. 68%; not significant) 

3. According to the surveillance study by Lamba 
and colleagues, which of the following statements 
about antibiotic resistance, treatment, and outcomes 
of recent Stx1-producing S. sonnei infections in the 
United States would most likely be correct? 
A. 	 The most common profile of antibiotic resistance 

included resistance to trimethoprim/sulfamethoxazole 
and susceptibility to ciprofloxacin and ampicillin

B. 	 Most case-patients did not receive antibiotic treatment
C. 	 One-quarter of case-patients treated with antibiotics 

had hemolytic uremic syndrome
D. 	 Mortality rate was 10%

1. The activity supported the learning objectives. 
Strongly Disagree Strongly Agree 

1 2 3 4 5
2. The material was organized clearly for learning to occur.

Strongly Disagree Strongly Agree
1 2 3 4 5

3. The content learned from this activity will impact my practice.
Strongly Disagree Strongly Agree

1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.

Strongly Disagree Strongly Agree
1 2 3 4 5
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