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During 2006–2014, a total of 15 multistate outbreaks of 
turtle-associated salmonellosis in humans were reported in 
the United States. Exposure to small pet turtles has long 
been recognized as a source of human salmonellosis. The 
risk to public health has persisted and may be increasing. 
Turtles are a popular reptilian pet among children, and nu-
merous risky behaviors for the zoonotic transmission of Sal-
monella bacteria to children have been reported in recent 
outbreaks. Despite a long-standing federal ban against the 
sale and distribution of turtles <4 in (<10.16 cm) long, these 
small reptiles can be readily acquired through multiple ven-
ues and continue to be the main source of turtle-associated 
salmonellosis in children. Enhanced efforts are needed to 
minimize the disease risk associated with small turtle expo-
sure. Prevention will require novel partnerships and a com-
prehensive One Health approach involving human, animal, 
and environmental health.

Salmonella spp. cause an estimated 1.2 million human 
illnesses, 23,000 hospitalizations, and 450 deaths each 

year in the United States (1). Infections are usually ac-
quired through direct or indirect exposure to contaminated 
food or animals that carry Salmonella, including turtles and 
other reptiles (1,2). Most of these infections are foodborne, 
although an estimated 11% of Salmonella enterica infec-
tions were recently attributed to animal exposure (2). Ex-
posure to small turtles (Figure) has been recognized as a 
source of human salmonellosis in the United States since 
the 1960s, when small baby turtles first became a popu-
lar pet (3). By the early 1970s, ≈15 million turtle hatch-
lings were sold annually in the United States, 4% of all 
US households owned at least 1 pet turtle at a given time, 
and 14% of human salmonellosis cases were attributed to 
exposure to small pet turtles (4). In 1975, to prevent turtle-
associated salmonellosis among children, the US Food and 
Drug Administration (FDA) enacted a ban prohibiting the 
intra- and interstate sale and distribution of turtles with a 
shell length of <4 in (<10.16 cm) within the United States; 
after this ban, the small turtle industry turned to the export 
trade (5–7). The federal ban was effective, preventing an 
estimated 100,000 cases of turtle-associated salmonellosis 

in children each year after its enactment (8). By the late 
1990s, only 6% of sporadic Salmonella spp. infections in 
the United States were attributed to reptile and amphibian 
contact (9). However, the regulation allows for small turtles 
to be distributed for bona fide scientific and exhibition pur-
poses and for educational purposes other than use as pets.

The risk of acquiring a Salmonella infection from tur-
tles has persisted and may be increasing, as suggested by a 
recent surge in the number of national salmonellosis out-
breaks. The increased number of cases indicates the need 
for renewed attention to this long-standing public health 
issue, using a One Health approach involving human, ani-
mal, and environmental health.

Healthy turtles carry Salmonella spp. as part of their 
normal intestinal flora and intermittently shed the bacte-
ria in their droppings. Humans become infected through 
direct contact with a turtle or by contact with its habitat, 
including contaminated tank water (10,11). Human sal-
monellosis typically causes acute gastroenteritis; how-
ever, severe invasive illness (e.g., sepsis, septic arthritis, 
meningitis) and death may occur, especially in persons at 
high risk (e.g. children <5 years of age, seniors, pregnant 
women, and immunocompromised persons). Turtle-asso-
ciated salmonellosis disproportionately affects persons at 
high risk for severe illness, particularly infants and young 
children (3,4,12–16).

Increase in Multistate Outbreaks of 
Turtle-Associated Salmonellosis
Turtle-associated salmonellosis outbreaks were defined 
as >2 culture-confirmed human S. enterica infections 
with a combination of epidemiologic, laboratory, or 
trace-back evidence linking the illnesses to turtles. Dur-
ing 2006–2014, a total of 15 multistate turtle-associated 
salmonellosis outbreaks were reported to and investigated 
by the Centers for Disease Control and Prevention (CDC; 
Atlanta, GA, USA); this number represents an average 
of 2 cases per year. The outbreaks accounted for 921 ill-
nesses, 156 hospitalizations, and the death of a 3.5-week-
old infant (Table) (6,12–15,17). Outbreaks ranged in size 
from 4 to 135 (median 44) laboratory-confirmed cases. In 
all 15 outbreaks, the median age of ill persons was <10 
years, indicating that children are still the most affected 
by turtle-associated salmonellosis.

Turtle-Associated Salmonellosis, 
United States, 2006–2014

Stacey Bosch, Robert V. Tauxe, Casey Barton Behravesh

SYNOPSES

Author affiliation: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA

DOI: http://dx.doi.org/10.3201/eid2207.150685
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The 8 multistate outbreaks reported in 2012 alone ac-
counted for 473 reported illnesses; total estimated medi-
cal costs were ≈US $2,800,000 (17). Among 191 persons 
for whom information was available, 85 (45%) reported 
Hispanic ethnicity. Most reported turtles were small: 124 
(88%) of 141 ill persons with turtle exposure reported 
that the implicated turtles had shell lengths of <4 in. Of 
35 patients specifically asked their reason for purchas-
ing a small turtle, all reported purchasing the turtle as  
a pet (17).

Patient interviews conducted during these recent out-
break investigations indicated that knowledge of the con-
nection between reptiles and salmonellosis was lower than 
in previous turtle-associated outbreaks. Only 14 (15%) of 
95 patients who reported turtle exposure during the 2012 
outbreaks were aware that reptiles could carry Salmonella 
bacteria (17). By comparison, 20% of patients in the 2007–
2008 Salmonella Paratyphi B var. Java outbreak investiga-
tion and 27% in the 2008 Salmonella Typhimurium out-
break investigation knew of the connection (13,14). This 
observation is concerning because numerous risky behav-
iors were reported in the 2012 outbreaks, including kiss-
ing turtles, letting them roam on kitchen countertops and 
tabletops where food and drink was prepared or consumed, 
and cleaning turtle habitats in kitchen sinks, all of which 
can lead to transmission of Salmonella bacteria. Frequency 

of reported turtle contact behavior and knowledge of the 
connection between reptiles and salmonellosis did not vary 
by reported ethnicity (17).

As part of the 2012 investigations, multiple federal 
and state public health and regulatory agencies collabo-
rated to trace small turtles, which had been illegally sold 
in Florida beachside souvenir shops, back to 2 turtle farms 
in Louisiana. Two different outbreak strains were isolated 
from 1 farm’s breeding pond: Salmonella Pomona (PFGE 
XbaI restriction enzyme pattern POMX01.0004) and Poona 
(PFGE XbaI restriction enzyme pattern JLX6X01.0104) 
(16). Because turtle farms in Louisiana are regulated by 
the Louisiana Department of Agriculture and Forestry (18), 
cease and desist orders were issued on domestic shipments 
of turtles from the implicated farms, thereby stopping, at 
the source, distribution of the turtles causing human illness. 
The Florida Department of Health and the Florida Wildlife 
Conservation Commission stopped the sale of small turtles 
at the souvenir shops, highlighting the effectiveness of state 
agency actions in these investigations (17).

Trends in Turtle Ownership 
and Sources of Turtles
The increase in turtle-associated salmonellosis may be 
related to the growing popularity of turtles as pets in the 
United States over the past 15 years. The proportion of 
US households that own pet turtles increased from 0.5% 
in 1996 to 1.1% in 2011 (19). Turtles are the most com-
mon reptile species owned as pets in the United States; 
approximately twice as many households own turtles than 
own pet snakes (0.5%) or lizards (0.6%) (19). No nation-
al data indicate what proportion of pet turtles have shell 
lengths <4 in, although a resurgence in the illegal sale and 
distribution of small pet turtles was reported by the FDA 
in 2003–2004 (20,21).

Small turtles can be purchased from retail pet stores, 
discount stores, flea markets, swap meets, roadside ven-
dors, street vendors, beachside souvenir shops, and on-
line merchants (6,17). In addition, small turtles are often 
available for sale at fairs, outside of sporting events, or 
at parks. Because small turtles are being sold illegally, 
it is difficult to quantify how many are purchased as pets 
in the United States; however, it appears they come pri-
marily from domestic farmers and distributors. According 
to the US Fish and Wildlife Service, ≈1.6 million turtles 
of any size were imported into the United States during 
2000–2011 (US Fish and Wildlife Service, pers. comm., 
2012 May 15); this number represents a small fraction of 
the ≈151 million turtles exported to other countries dur-
ing the same period. Furthermore, during 2006–2012, 
US quarantine stations detained and denied US entry 
only 7 times to shipments of turtles with shell lengths 
of <4 in that were imported for commercial purposes.  

Figure. Small turtle with a shell length of <4 in (<10.16 cm). Photo 
credit: Casey Barton Behravesh.
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Together, those 7 shipments totaled 66 turtles (CDC, Di-
vision of Global Migration and Quarantine, pers. comm.,  
2013 Mar 23).

Special Risk of Small Turtles
The regulatory size restriction for turtles (i.e., length <4 in) 
was designed to protect children without interfering with 
the desire of turtle fanciers to obtain larger turtles (6). Small 
turtles are inexpensive to purchase and may seem to be a 
safe and attractive pet for young children. Indeed, they are 
more likely to be given as pets to children compared with 
other reptiles, such as snakes and iguanas (6,22), because 
small turtles are perceived as harmless, slow-moving pets 
that are safe for children. Hatchlings are small enough to 
fit in a young child’s mouth and are also kissed and held in 
close physical contact by their young owners (6,17). Small 
turtles are often housed in a small pool of water in a plas-
tic turtle bowl, which can become heavily contaminated 
with Salmonella spp. (4,11). Illnesses have also been at-
tributed to swimming with turtles in an unchlorinated pool 
(12). Cleaning turtle habitats in a kitchen sink or bathtub 
can lead to cross-contamination with Salmonella bacteria 
and indirect transmission to persons who never had direct 
contact with the small turtle; this scenario is common for 
infants who become infected (17). Even diligent caregivers 
can have difficulty ensuring that young children wash their 
hands immediately and properly after handling a pet turtle 
or its habitat.

Changes in Turtle-Farming Practices
The US turtle-farming industry has supported research 
into methods to reduce the carriage rate of Salmonella 

spp. in pet turtles. These efforts have been driven primar-
ily by Louisiana, the only state that currently licenses and 
regulates its turtle farms (18). Farms in Louisiana that sell 
turtles domestically or internationally must meet certain 
sanitary conditions, and they are required to treat turtle 
eggs with a surface disinfectant wash followed by a treat-
ment with a bactericidal solution delivered through the 
egg pores via a pressure-differential process. Louisiana 
turtle farms are also required to undergo routine facility 
and equipment inspections at least once a year. In addition, 
state inspectors from the Louisiana Department of Agri-
culture and Forestry collect a 1-time random sample of 60 
eggs or hatchling turtles from each lot (≈20,000 eggs or 
hatchlings) intended for sale. These samples are then test-
ed for Salmonella spp. at a state-approved laboratory. If a 
Salmonella sp. is identified in the eggs or turtles sampled, 
that lot is removed from commerce (18). This process has 
prompted some farmers who followed this protocol and 
passed state inspections to incorrectly claim they are sell-
ing certified Salmonella-free turtles.

Academic researchers have found bactericidal pressure-
differential egg treatment methods reduce but do not elimi-
nate the frequency and quantity of Salmonella spp. in turtle 
hatchlings (23–25). Little is known about how those efforts 
affect Salmonella spp. carriage rates in turtles at points of 
sale or in household aquariums. In a recent study, research-
ers following Salmonella-free turtle hatchlings for 1 year 
in a laboratory setting found they did not shed Salmonella 
bacteria during that time (26). That study was conducted us-
ing turtle hatchlings acquired directly from a turtle farm and 
then housed in controlled aquarium environments with ideal 
husbandry practices (e.g., using an in-tank water circulator 

 

 

 
Table.	Characteristics	of	15	multistate	outbreaks	of	human	Salmonella enterica infections	linked	to	turtle	exposure,	United	States,	
2006–2014* 
Outbreak	
no., year† 

Duration,	
mo Serotype(s) Outbreak strain(s)‡ 

No.	
cases 

No.	
states 

No.	
hosp. 

No.	
deaths 

Median	patient	
age,	y	(range) 

1,	2006 1 I	4,[5],12:i- JPXX01.0621,	JPXX01.1056 4 2 1 0 10.0	(7–45) 
2,	2007 7 Pomona POMX01.004,	POMX01.002 20 11 1 1 3.0	(<1–59) 
3,	2007 4 Paratyphi	B	var.	Java JKXX01.0014,	JKXX01.0015,	

JKXX01.0038 
107 34 26 0 7.0	(1–87) 

4,	2008 8 Typhimurium JPXX01.0416,	JPXX01.0006 135 25 29 0 7.0	(1–94) 
5,	2009 5 Muenchen JJ6X01.0063 10 8 0 0 10.0	(<1–60) 
6,	2011 14 Paratyphi	B	var.	Java JKXX01.0116 132 18 13 0 6.0	(1–75) 
7,	2012 30 Sandiego JLXX01.0053 124 22 15 0 6.0	(<1–85) 
  Newport JJPX01.1253      
8,	2012 25 Pomona POMX01.0004 23 14 5 0 5.5	(<1–89) 
9,	2012 27 Poona JLX6X01.0104 58 22 16 0 3.5	(<1–84) 
  Sandiego JLXX01.0002      
10,	2012 8 Sandiego JLXX01.0051 7 3 1 0 10.0	(<1–65) 
11,	2012 32 Pomona POMX01.0002 120 29 19 0 2.0	(<1–94) 
12,	2012 20 Poona JL6X01.0055 78 13 8 0 3.0	(<1–83) 
13,	2012 4 I	4,[5],12:i- JPXX01.1056 19 5 3 0 2.0	(<1–33) 
14,	2012 8 Typhimurium JPXX01.1048 44 11 11 0 3.0	(<1–70) 
15,	2014 7 Poona JL6X01.0055 40 12 8 0 5.0	(<1–75) 
*Hosp.,	hospitalizations. 
†Outbreaks are depicted in the year they were reported to the Centers for Disease Control and Prevention. For some, onset of illness	may	have	occurred	
in	preceding	years. 
‡Defined by pulsed-field	gel	electrophoresis	XbaI	restriction	enzyme	pattern. 
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and bioscrubber, providing consistent lighting, and feeding 
a consistent commercial diet). Similar long-term studies 
using treated egg–hatched turtles that are sold and raised 
in homes are lacking; in such a study, the turtles would be 
shipped to retail stores in a box with many other turtles and 
then held in store tanks before being purchased by consum-
ers who use a variety of housing environments and feeding 
practices. This information gap is critical because multiple 
outbreaks of human illness have been attributed to turtles 
that were claimed to be certified Salmonella-free, including 
the 2012 multistate outbreak of serotypes Poona and Sandi-
ego (Table) (17,27).

Although the turtle farming industry has changed since 
the 1960s, in light of recent investigation findings, we cau-
tion against the overreliance on egg treatment methods 
alone to reduce turtle-associated salmonellosis. Advertise-
ment of a Salmonella-free turtle could give consumers a 
false sense of security, making them less likely to wash 
their hands or think other precautions are necessary after 
handling a turtle or its habitat. Even if turtles do not carry 
Salmonella spp. at the time of sale, they might not remain 
Salmonella-free throughout their lives (6). Salmonella bac-
teria are ubiquitous in the environment and are natural in-
habitants of the turtle gastrointestinal tract. Turtles could 
acquire Salmonella spp. through several routes, including 
from other turtles through cross-contamination during ship-
ping or comingling in holding tanks or through contami-
nated food. Turtles from multiple sources are often kept 
in high-density conditions in store tanks, which may not 
be regularly cleaned or maintained (28). No market con-
trols or industrywide guidance promote humane and proper 
housing of turtles in stores after they leave the farm; this is 
another area for improvement because rates of Salmonella 
spp. shedding are probably higher among turtles housed in 
stressful conditions (24,29).

Ongoing Federal Ban Enforcement Challenges
Since the federal ban against the sale of small turtles was 
enacted, turtle producers have sought to repeal the ban, in-
cluding through proposed federal legislation and lawsuits 
in federal court (30,31). Although the federal ban remains 
in place, its enforcement continues to be challenging. Con-
sumer demand for baby turtles has led to a veritable black 
market of small turtles. Many of these turtles are purchased 
with cash from transient, untraceable vendors, such as sell-
ers in flea markets and unmarked vans or roadside vendors. 
Therefore, any subsequent regulatory action by state or 
federal agencies would be difficult or impossible to con-
duct (6,12–15,17). Turtles sold via the Internet and shipped 
through the mail may also be difficult to trace.

Some merchants routinely exploit a regulatory exemp-
tion allowing for the purchase of small turtles for “bona 
fide scientific, exhibition, or educational purposes, other 

than use as pets.” This is done by asking customers to 
sign a waiver stating they are purchasing a small turtle for 
educational purposes only (21,27,28). Some vendors on 
the Internet provide information on the illegality of sell-
ing small turtles as pets and a person’s risk for Salmonella 
infection buried in the fine print of the website’s terms and 
conditions of use (6). Customers are asked to check a box 
indicating they have read and agree to the terms of use 
when purchasing turtles online; this effort is dubious be-
cause <10% of customers on the Internet read terms of use 
agreements when purchasing products online (32). It seems 
that few persons in the United States who purchase small 
turtles over the Internet are likely to know that they are 
purchasing an illegally sold product that could make them 
sick. A bona fide market for turtles purchased for scientific 
and educational purposes may exist, but in outbreak after 
outbreak, ill persons reported acquiring their small turtles 
specifically as pets, an act prohibited under the federal ban 
(6,12–15,17,27).

Lack of regulatory authority at the state or local level 
creates another hurdle in stopping the sale of small turtles. 
A review of state laws in March 2014 identified 10 states 
with regulations prohibiting or restricting the sale of turtles 
with shells <4 in long that enable those states to pursue en-
forcement activities against the sale of small turtles in their 
jurisdictions (33). States that have not enacted such laws 
are reliant upon the FDA to enforce regulations, but federal 
resource limitations mean the FDA must prioritize which 
turtle suppliers to investigate and prosecute. States may 
wish to develop their own regulations limiting or banning 
the sale of small turtles, including requirements that mer-
chants display signage on the human health risks of rep-
tile ownership and barring all turtles from nursing homes 
and schools and daycare facilities serving young children 
(6,34,35). Some states have enacted new laws regulating 
small turtles (6,33,34), but others have encountered chal-
lenges (J. Scheftel, pers. comm., 2014 Mar 31), indicating 
a need to identify other ways to empower state and local 
jurisdictions to prevent illegal turtle sales.

In states without laws prohibiting the sale of small 
turtles, investigators have asked retail merchants to volun-
tarily stop illegal turtle sales in response to outbreaks of 
human salmonellosis (17,27). Public health investigators 
have partnered with other state agencies (e.g., Departments 
of Agriculture or Fish and Wildlife) with enforcement au-
thorities over the sale of animals (e.g., prohibitions against 
the sale of endangered or invasive species) (17,27). In ad-
dition, the pet industry has a role to play in confronting this 
public health issue.

Retail Pet Industry
Small turtles implicated in outbreaks were often purchased 
from small, independently owned retail pet stores whose 
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proprietors often claimed to have no knowledge of the 
federal ban (12,13,17,27). By contrast, national pet store 
chains typically do not sell turtles with shell lengths <4 in 
because doing so is illegal and because hatchlings have 
poor survival rates in store tanks and tanks in customers’ 
homes (T. Edling, pers. comm., 2014 Mar 20). An oppor-
tunity exists to educate small pet store owners and engage 
their help in FDA ban compliance. Public health agencies 
can send letters to licensed pet store owners, informing 
them of turtle-associated Salmonella infections reported in 
their area and of the ongoing federal ban against the sale 
and distribution of turtles with shell lengths <4 in. In ad-
dition, public health agencies can inform pet store owners 
of any applicable state laws or local laws and ask them to 
prominently post education materials on the risk of Salmo-
nella infection from reptiles.

Conclusions and Recommendations
The long-standing public health issue of turtle-associated 
salmonellosis is reemerging in the United States, where 
multistate outbreaks have increased since 2006. These ill-
nesses have most often occurred after exposure to small pet 
turtles with shell lengths <4 in, the sale and distribution of 
which is illegal in the United States. Further efforts to pre-
vent salmonellosis from pet turtles will take an integrated 
One Health approach involving human, animal, and envi-
ronmental health officials as well as the turtle industry and 
the retail pet industry.

Public health partners can help spread awareness, in 
English and Spanish, of the risk of turtles as a source of sal-
monellosis in humans and the particular hazard small tur-
tles pose for young children. Pediatricians and family prac-
tice physicians are in a unique position to educate families 
about the risk for turtle-associated salmonellosis during 
wellness examinations for young children. Veterinarians 
can reinforce these messages by recommending reptiles 
as pets only for households with children >5 years of age 
and by providing detailed instruction to clients on proper 
reptile care and practices to prevent zoonoses. Healthcare 
providers for humans and animals can make educational 
literature available in waiting rooms and provide informa-
tion on websites and in newsletters (36,37). Suitable ed-
ucational materials are available in multiple formats and 
languages on the CDC Zoonotic Diseases (Diseases from 
Animals) website (http://www.cdc.gov/zoonotic/gi). If pe-
diatricians have a young patient with salmonellosis, they 
should consider reptiles in the differential of exposures and 
inform the local health department if small turtles appear 
to be involved.

In accordance with federal law, turtle farmers, pet store 
owners, souvenir shop owners, and others who sell turtles 
should not sell or distribute those with shells <4 in long. 
Collaboration between human and animal health officials at 

state- and federal-level public health and regulatory agen-
cies is often necessary to identify and stop merchants and 
suppliers who illegally sell small turtles. When state and 
local authorities are able to investigate suppliers, any regu-
latory action can be facilitated by the collection of water 
and environmental samples for culture as well as affidavits, 
bills of lading and invoices, photos to verify turtle size and 
breed (e.g., turtle pictured next to a ruler or quarter), and 
receipts that show purchase of small turtles.

Merchants who legally sell or display turtles (i.e., 
turtles with shell lengths >4 in and that are not endangered 
or otherwise prohibited from sale) can serve as positive 
role models in the effort to reduce the incidence of tur-
tle-associated salmonellosis. Merchants should use good 
turtle husbandry practices to reduce in-store stress to mini-
mize Salmonella spp. shedding and spread among turtles 
in the store. These practices could include maintaining a 
low turtle density in tanks, using a reputable turtle suppli-
er, avoiding the mixing of turtles from different sources, 
using a water recirculator and filter, and feeding with a 
Salmonella-free food (T. Edling, pers. comm., 2014 Apr 
15). In addition, merchants can prominently display in-
formation in stores and online about the risk of acquiring 
salmonellosis from turtles (as well as other reptiles and 
amphibians) and their tanks or aquariums and instructions 
for proper cleaning of the turtle habitat. Pet store staff 
educated about the risk of salmonellosis can direct cus-
tomers to a more appropriate pet if persons at high risk 
for severe illness are in the household. This information 
should be provided to customers well before the point 
of purchase, not at the cash register or buried in terms of 
use agreements. CDC and other public health officials are 
partnering with reptile hobbyist and tradeshow groups and 
representatives from the pet industry to engage their par-
ticipation in developing an integrated approach for keep-
ing illegal turtles out of the marketplace.

Turtle-associated salmonellosis remains a preventable 
and costly public health problem almost 50 years after it 
was first recognized in the United States. Enhanced ef-
forts to minimize the risk associated with small turtles are 
needed, including novel One Health partnerships and ap-
proaches for prevention.
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EVD and Infection Control in Obstetric Services

Many of the survivors of the 2014–2015 epidemic of Ebola 
virus disease (EVD) in West Africa were women of child-
bearing age. Limited clinical and laboratory data exist that 
describe these women’s pregnancies and outcomes. We 
report the case of an EVD survivor who became pregnant 
and delivered her child in the United States, and we dis-
cuss implications of this case for infection control practices 
in obstetric services. Hospitals in the United States must be 
prepared to care for EVD survivors.

The 2014–2015 epidemic of Ebola virus disease (EVD), 
which was centered in West Africa, is the largest EVD 

epidemic in history. Vertical transmission of Ebola virus 
from mother to fetus can occur during acute Ebola infection, 
leading to intrauterine fetal death, stillbirth, or neonatal death 
(1–5). Little is known about the risk for vertical transmis-
sion of Ebola virus from women to their neonates outside 
of the acute infectious period. Ebola virus (EBOV) has been 
found in breast milk during acute disease (6), and a study 
documenting 2 discordant mother–child pairs postulated that 
breast feeding of 1 infant may have led to infection of the 
infant (7). EBOV has been found in immune-privileged sites, 
ocular fluid and semen, many months after onset of infection 
(8–13), and it is possible that other immune-privileged sites, 
such as the central nervous system (CNS), may also contain 
EBOV many months after onset of infection. In addition, 
acutely infected pregnant women have had high amounts of 
Ebola viral nucleic acid persist in the amniotic fluid follow-
ing clearance of viremia; however, it is not known whether 
this amniotic fluid is infectious (2). Some theoretical concern 
exists that during labor and delivery or obstetric anesthetic 
procedures (e.g., spinal anesthesia), contact with products of 
conception or cerebrospinal fluid from EVD survivors may 
pose an infectious risk (6,14–18).

As of March 9, 2016, an estimated 17,323 persons 
worldwide have survived EVD, and among them are 
≈5,000 women of childbearing age (19). Survivors will re-
quire medical care for routine illnesses, surgical services, 
dental work, and management of disease sequelae (20,21). 
In addition, many of the female survivors who are of re-
productive age will require obstetric care. Some of these 
survivors may come to the United States, and hospitals 
and healthcare workers must be prepared to provide care 
in a manner that promotes patient dignity and comfort, pre-
vents stigmatization, and ensures that all patients receive 
appropriate, high-quality medical care (22–24). However, 
limited preparations have been made for follow-up care 
for EVD survivors, including those needing obstetric care. 
We describe the case of an EVD survivor who delivered 
a healthy neonate in a community hospital in the United 
States 14 months after acute EBOV infection, and we dis-
cuss the implications of the findings from this case for in-
fection control in obstetric services.

Clinical Course

Ebola Virus Disease Course
A 29-year-old physician from West Africa became ill 
with EVD in late July 2014. She had contracted the virus 
from an EVD patient whom she had cared for from July 
20th until his death on July 25. On July 29, the woman be-
gan feeling unwell, noting arthralgia and myalgia, which 
she self-treated with antimalarial medications. On August 
1, she had fever, and on August 3, she began vomiting and 
had diarrhea. The woman was admitted to an Ebola treat-
ment center (ETC) and isolated after results of an EBOV 
real-time reverse transcription PCR (rRT-PCR) were pos-
itive for EBOV RNA (cycle threshold unknown). Accord-
ing to the woman, she spent 13 days in the ETC, where 
she was treated with oral rehydration fluids, acetamino-
phen, and a second course of antimalarial medications. 
She was discharged from the ETC on August 16, after 
showing negative results on 2 EBOV rRT-PCRs. After 
her recovery, the woman noted some fatigue, anorexia, 
arthralgia, and alopecia; she did not report any sleep dis-
turbances, headaches, or vision problems. Symptoms re-
solved 2–3 months later.

Pregnancy, Labor, and Delivery
Eight months before her EVD diagnosis, the patient had 
had a spontaneous abortion at 10 weeks’ gestation. In Janu-
ary 2015, twenty-two weeks after her last negative EBOV 
rRT-PCR, she became pregnant again. For this second 
pregnancy, the estimated date of delivery was established 
on the basis of an 11.5-week ultrasound that was consis-
tent with the patient’s last menstrual period. The patient 
received routine prenatal care in West Africa, and at 25 
weeks’ gestation, she traveled to Kern County, California, 
USA, and a detailed anatomy ultrasound was performed in 
Los Angeles County, California, and demonstrated normal 
fetal development.

The hospital identified staff members who were will-
ing to assist during labor and delivery for the patient, and at 
40 weeks and 1 day of gestation, labor was induced to en-
sure that those staff members were present. The patient was 
given 2 vaginal doses of misoprostol, and oxytocin was ad-
ministered, and labor progressed normally. The patient was 
given epidural anesthesia for pain control and had a normal 
vaginal delivery of a female neonate (weight 4,128 g) with 
Apgar scores of 8 and 9 at 1 and 5 min of age, respectively. 
The patient had a second-degree perineal laceration, which 
was repaired.

The patient and her neonate were discharged from 
the hospital at 36 h postpartum. They returned for routine 
follow-up 7 days postpartum and were monitored for 6 
weeks following delivery, after which they traveled home 
to West Africa.
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Infection Control and Personal Protective Equipment, 
Public Health Response
Two weeks before the patient’s delivery date, her US 
obstetrician contacted the California Department of Pub-
lic Health (DPH; Richmond, CA, USA) and the Centers 
for Disease Control and Prevention (CDC; Atlanta, GA, 
USA) to determine if there were any special precautions 
needed for infection control; the California DPH notified 
the Los Angeles County DPH (Los Angeles, CA, USA). 
Because the patient was healthy and had fully recovered 
from EVD ≈4 months before becoming pregnant, all pub-
lic health agencies agreed that she presented an extremely 
low risk for transmission of Ebola virus. Nevertheless, it 
was deemed appropriate that public health officials play an 
active role assessing and guiding management of the pa-
tient. The Los Angeles County DPH and CDC collaborated 
with the hospitals healthcare providers, nursing directors, 
laboratory director, environmental services staff, anesthe-
siologists, and hospital administration to address concerns 
and review the care plan, including plans for any complica-
tions, such as the need for cesarean delivery or the develop-
ment of peripartum fever.

Hospital infection control procedures were reviewed in 
person with hospital staff. In review of these policies, no ad-
ditional precautions were recommended above the standard 
precautions and policies currently used for all deliveries at 
the hospital. Several hospital staff members not directly in-
volved in patient care expressed discomfort about working 
while an EVD survivor was admitted. To reassure these staff 
members, the patient was kept in 1 room during labor and 
delivery and after delivery. No changes were made to the 
policies for environmental cleaning or waste disposal.

Hospital staff raised concerns about the possibility of 
EBOV being harbored in immune-privileged sites (e.g.,  

cerebrospinal fluid) in EVD survivors and, thus, expressed 
their concerns about a theoretical risk for EBOV transmis-
sion (6,14–17). This patient did not show signs or symptoms 
of CNS involvement during her acute illness or during her 
pregnancy, which likely indicated a decreased risk of any 
latent EBOV reservoir in her CNS; thus, it was considered 
likely that epidural or spinal anesthesia for this patient would 
not pose an infectious risk to staff. Hospital staff also noted 
the often imperfect adherence to use of personal protective 
equipment (PPE) during labor and delivery; thus, they voiced 
concern over this patient’s history of EVD because large vol-
umes of blood and amniotic fluid are often encountered in 
typical, uncomplicated vaginal deliveries (25). As a result of 
these concerns, many discussions were held regarding what 
PPE should be used during labor and delivery. Standard pre-
cautions should always be applied in all medical settings, 
including labor and delivery; however, neither CDC nor the 
American College of Obstetricians and Gynecologists had 
tailored recommendations for PPE specifically for vaginal 
or cesarean deliveries for any patients. Thus, CDC and Los 
Angeles County DPH developed a preliminary set of rec-
ommendations for the patient’s providers regarding the use 
of PPE (Tables 1, 2) during and after labor and delivery to 
ensure that standard precautions were implemented. These 
PPE recommendations were discussed with the providers in 
the days before the delivery, and staff members were able to 
ask for clarification and ensure that materials were readily 
available. These PPE recommendations did not differ from 
standard precautions, but they explicitly discussed which 
PPE to use for casual contact, vaginal examinations, labor 
and delivery, anesthesia, and postpartum care. Routine hand 
hygiene, the use of barriers for mucous membrane protec-
tion, and the use of double gloves for procedures that involve 
sharps were emphasized.
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Table 1. Recommendations	for	use	of	personal	protective	equipment	by	healthcare	workers	during	labor	and	delivery	for	a	woman	
who	became	pregnant	after	surviving	Ebola	virus	disease,	United	States,	2015* 

Potential	exposure 

Personal	protective	equipment 

Face	
mask 

Face	
shield 

Gown  Fluid-resistant,	
midcalf	boot	

covers Isolation 
Fluid-resistant or 

impermeable† 
Gloves 

Single Double 
Casual	contact	with	patient        
 Performing	duties	for	patient	with	intact	 
 membranes	(e.g.,	delivering	food	or	water,	 
 talking	with	patient,	adjusting	external	monitors) 

No No No No No No No 

 Performing	duties	for	patient	with	ruptured	 
 membranes;	no	touching	of	patient	or	bedding 

No No No No No No No 

Noncasual contact	with	patient        
 Touching	patient	with	ruptured	membranes	or	 
 bedding	of	patient	with	ruptured	membranes 

No No Yes No Yes No No 

 Administering	epidural Yes Yes Yes No No Yes Yes‡ 
 Performing	vaginal	examination Yes Yes No Yes Yes No Yes‡ 
 Performing	obstetric	procedures§ Yes Yes No Yes Yes Yes Yes 
*These	personal	protective	equipment	recommendations	were	developed	for	this	particular	patient	and	do	not	represent	a	formal recommendation. 
†Impermeable indicates that the material and construction have demonstrated resistance to synthetic blood and simulated bloodborne	pathogens;	fluid-
resistant	indicates	demonstrated	resistance	to	water	(http://www.cdc.gov/niosh/npptl/topics/protectiveclothing/default.html). 
‡To be used if membranes were ruptured. 
§Procedures	include	placement	of	fetal	scalp	electrode	or	intrauterine	pressure	catheter;	manual	removal	of	placenta;	bimanual	massage	of	uterine. 
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Laboratory Assessment
One week before delivery, EBOV rRT-PCR testing was 
performed on the patient’s blood by the Los Angeles Coun-
ty DPH laboratory and the CDC Viral Special Pathogens 
Branch; both results were negative. As expected, Ebola 
serum antibodies were detected by ELISA (IgG >1:1600, 
IgM negative).

After obtaining written informed consent from the 
patient, healthcare staff obtained the following during and 
after delivery: vaginal secretions, amniotic fluid (vaginal 
pool), cord blood, placenta, umbilical cord, breast milk 
(colostrum collected 16 h after delivery), and oral and ear 
swab samples from the neonate. Cord blood, colostrum, 
amniotic fluid, and swab samples were kept refrigerated 
until processed or frozen on dry ice for shipment to CDC. 
A placental sample was frozen in a sterile specimen cup 
and samples of placenta and umbilical cord were placed 
in buffered formalin and shipped at room temperature to 
CDC. EBOV rRT-PCR testing was performed on all of 
these specimens at the Los Angeles County DPH and CDC 
laboratories by using assays specific for nucleoprotein and 
viral protein 40 genes.

Placenta, amniotic fluid, and cord blood samples and 
ear and oral swab samples from the neonate were negative 
by EBOV rRT-PCR. Attempts were made to recover virus 
from placenta, amniotic fluid, cord blood, and colostrum 
at CDC, but no virus was recovered (Table 3). Amniotic 
fluid, cord blood, and colostrum were tested by ELISA for 
IgM and IgG against Ebola virus antigens (26). Cord blood 
was negative for IgM and had an IgG titer of >1:1600. 
Amniotic fluid and colostrum were negative for IgM and 
IgG. The placenta and umbilical cord were histologically 
normal, and no Ebola virus antigen was detected by im-
munohistochemistry (27), including in maternal and fetal 
endothelial cells and leukocytes.

Conclusions
We describe the delivery of a healthy baby to an EVD sur-
vivor who became pregnant 22 weeks after clearance of 
viremia and resolution of post-EVD sequelae (i.e., fatigue, 

anorexia, arthralgia). At 6 weeks follow-up, before return-
ing to West Africa, the mother and baby were doing well. 
Given that the mother did not exhibit any signs or symp-
toms of post-EVD sequelae during her pregnancy, we did 
not expect to find any EBOV by rRT-PCR in any specimens 
obtained, and none was detected. It is somewhat surprising 
that we did not detect Ebola IgG in the colostrum; however, 
studies of antibodies for other infections have found that 
levels of IgG and IgM in colostrum are much lower than 
in serum (28), and this might also be true for antibodies 
against EBOV.

Although we did not detect EBOV RNA in this patient 
during pregnancy, women who are pregnant during acute 
EBOV infection usually transmit virus to the fetus and may 
pose an infectious risk to healthcare providers and others 
during delivery or abortion (3). EBOV can readily cross the 
placenta, and pathologic examination of placental tissues 
of patients with confirmed EVD have demonstrated EBOV 
antigen in the trophoblasts, syncytiotrophoblasts, and cir-
culating maternal macrophages (4). EBOV RNA has been 
demonstrated in amniotic fluid; fetal meconium; vaginal 
secretions; umbilical cord; buccal swab samples from neo-
nates; and peripheral blood samples from neonates, includ-
ing those of mothers with cleared viremia (29,30).

The immune effects of pregnancy in the context of 
EVD have not been well documented (3); however, alter-
ations in the immune system do occur during pregnancy 
(31), which during acute EBOV infection likely increases 
the risk for a poor outcome, including spontaneous abor-
tion and neonatal death. Unlike the CNS, eye, and male 
testis, the genital tract of a nongravid female is not tra-
ditionally considered an immune-privileged site (32–34). 
Laboratory data that demonstrate the absence of EBOV 
or the presence of antibodies in post-EVD pregnancies 
are lacking; however, on the basis of epidemiological evi-
dence in the field of multiple uneventful deliveries in West 
Africa and of the laboratory-analyzed case reported here, 
no evidence currently exists that Ebola virus can persist 
in the female genital tract. Any perceived risk must be 
mitigated to ensure that patients are not stigmatized and 
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Table 2. Recommendations	for	use	of	personal	protective	equipment	by	healthcare	workers	during	postpartum	care	of	a	woman	who	
became	pregnant	after	surviving	Ebola	virus	disease	and	during	care	of	her	neonate,	United	States,	2015* 

Level	of	care Face	mask Face	shield 

Gown  Gloves Fluid-resistant,	
midcalf	boot	

covers Isolation 
Fluid-resistant or 

impermeable† Single Double 
While	caring	for	mother         
 Before	bedding/gown	change Yes Yes No Yes  Yes No Yes 
 After	bedding/gown	change 
 (vaginal	exam,	perineal	care) 

No,	unless	
splash	likely 

No,	unless	
splash	likely 

Yes No  Yes No No 

While	caring	for	neonate         
 Before	bathing Yes Yes No Yes  Yes No Yes 
 After	bathing No No No No  Yes‡ No No 
*These	personal	protective	equipment	recommendations	were	developed	for	this	particular	patient	and	do	not	represent	a	formal	recommendation. 
†Impermeable indicates that the material and construction have demonstrated resistance to synthetic blood and simulated bloodborne	pathogens;	fluid-
resistant	indicates demonstrated	resistance	to	water	(http://www.cdc.gov/niosh/npptl/topics/protectiveclothing/default.html). 
‡To be used if exposure to fluids is likely. 
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receive appropriate care. The authors concur with current 
guidelines by the World Health Organization, which state 
that women who have recovered from EVD are not infec-
tious and should receive routine prenatal care, and their 
labor and delivery should be performed using standard 
PPE for protection against blood and body fluids (35).

The normal pregnancy for the patient described in 
this study and her delivery of a healthy neonate offer re-
assurance that women who become pregnant after recov-
ery from EVD pose little risk for transmission of EBOV 
to the baby or others. Many more EVD survivors will 
become pregnant and deliver, and some may do so in the 
United States. Many other survivors will require routine 
medical care, including care for post-EVD syndrome. 
Lessons learned from this patient, specifically those ad-
dressing concerns about potential risks for virus trans-
mission, may be applied to future patients. However, 
each survivor who seeks medical care will likely need to 
be assessed individually to determine possible risks for 
transmitting virus (16,18). Over the course of the pub-
lic health involvement in this case, it became evident 
that, although standard precautions should routinely be 
used in all labor and delivery settings, written guidelines 
for labor and delivery may be useful, given the height-
ened concern for a theoretical disease transmission risk. 
We hope that the preliminary recommendations for 
PPE use during labor and delivery in the case discussed 
here will provide a template for other professional or-
ganizations to create guidelines for use in all labor and  
delivery settings.
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In January 2013, several months after Middle East respi-
ratory syndrome coronavirus (MERS-CoV) was first iden-
tified in Saudi Arabia, Abu Dhabi, United Arab Emirates, 
began surveillance for MERS-CoV. We analyzed medical 
chart and laboratory data collected by the Health Author-
ity–Abu Dhabi during January 2013–May 2014. Using real-
time reverse transcription PCR, we tested respiratory tract 
samples for MERS-CoV and identified 65 case-patients. 
Of these patients, 23 (35%) were asymptomatic at the 
time of testing, and 4 (6%) showed positive test results for 
>3 weeks (1 had severe symptoms and 3 had mild symp-
toms). We also identified 6 clusters of MERS-CoV cases. 
This report highlights the potential for virus shedding by 
mildly ill and asymptomatic case-patients. These findings 
will be useful for MERS-CoV management and infection 
prevention strategies.

Middle East respiratory syndrome coronavirus 
(MERS-CoV) was first identified in October 2012 

in Saudi Arabia (1). By November 6, 2015, the World 
Health Organization (WHO) had received reports of 
1,611 cases and at least 575 deaths caused by MERS-
CoV. Index cases that occurred outside the Arabian Pen-
insula all had a link to the region, such as recent travel 
(2–11). Most contact investigations outside the Arabian 

Peninsula have identified limited spread to additional 
persons (5,6,10), with the exception of the recent South 
Korea outbreak, in which 186 persons were infected 
(11). Within the Arabian Peninsula, clusters have been 
identified among extended families, households, and 
healthcare settings (12,13).

Abu Dhabi is the largest emirate in the United Arab 
Emirates (UAE), with a diverse and mostly expatriate pop-
ulation of 2.3 million persons. The Health Authority–Abu 
Dhabi (HAAD) is the healthcare sector regulatory body 
and the custodian of public health in the emirate. In this 
role, HAAD directs the public health response for MERS-
CoV, in conjunction with the UAE Ministry of Health. The 
Emirate of Abu Dhabi has 3 regions: the Western Region, 
which borders Saudi Arabia; Abu Dhabi, which includes 
a large, mostly urban population; and the Eastern Region, 
which borders Oman.

Given the emirate’s proximity to Saudi Arabia, HAAD 
created a standardized public health response protocol for 
MERS-CoV in January 2013 with the following objectives: 
1) educate physicians by circulating regular instructions to 
all healthcare facilities, which contained WHO definitions 
for confirmed and probable cases and the mechanism for 
handling suspected cases and reporting to HAAD; 2) en-
sure laboratory capacity to test for MERS-CoV; and 3) add 
reporting options for MERS-CoV to existing electronic 
surveillance systems or create new surveillance systems to 
detect MERS-CoV. This article describes the public health 
response to the emergence of MERS-CoV in the region and 
epidemiologic characteristics of patients with laboratory-
confirmed MERS-CoV infection in Abu Dhabi during Jan-
uary 1, 2013–May 9, 2014.
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Methods

Definitions
A case was defined as laboratory-confirmed MERS-CoV 
infection in a person as determined by a PCR test using 2 
gene targets (14). Cases were further classified into epi-
demiologic categories. A household case was illness in a 
person who spent >1 night or 8 continuous hours in the 
same home with a case-patient while that person was in-
fected. A healthcare-associated case (HCA) was illness in 
a case-patient who had been exposed to another case-pa-
tient exclusively in a healthcare setting in the 14 days be-
fore their own onset of symptoms or specimen collection 
date. A work (or other) setting–related case was illness 
in a person who was exposed to a case-patient but not in 
a healthcare or household setting. An epidemiologically 
unlinked case was defined as illness in a person without 
any documented link to a patient with suspected or con-
firmed MERS-CoV infection. Contacts were persons who 
provided care for the patient, including healthcare person-
nel or family members; had close physical contact with 
the patient; or stayed in the same place with a laboratory-
confirmed case.

A household cluster was defined as >2 cases in the 
same household. An HCA cluster was >2 HCA cases in 
the same healthcare setting or healthcare interaction (e.g., 
hospital transport). A work cluster was >2 cases in the 
same workplace. To be considered part of the same clus-
ter, secondary case-patients must have had a positive lab-
oratory test result and share an epidemiologic link, such 
as a workplace, hospital room, or household. Suspected 
case-patients who had a negative laboratory test result for 
MERS-CoV were classified as test-negative suspected 
case-patients.

Asymptomatic case-patients were those who had no re-
ported symptoms at the time of a positive test recorded by a 
healthcare provider in the medical chart. Mildly symptom-
atic case-patients reported symptoms, such as sore throat, 
rhinorrhea, or cough, and did not require oxygen during 
their hospital stay. Severely symptomatic case-patients re-
quired supplemental oxygenation during their hospitaliza-
tion, ranging from nasal cannula to intubation.

Surveillance System 
HAAD began surveillance for MERS-CoV in January 
2013. Three surveillance systems were used to identify 
case-patients who tested positive for the virus: 1) Infec-
tious Disease Electronic Notification System, in which 
physicians identified suspected case-patients and com-
pleted a basic form on the basis of patients’ clinical 
features; 2) Sheikh Khalifa Medical Center Laboratory 
surveillance, at the laboratory responsible for process-
ing MERS-CoV specimens, which also records patient  

demographic characteristics, dates of collection, and 
results; and 3) Operations Center, which runs an active 
surveillance system that contacts 42 public and private 
hospitals in Abu Dhabi and records information regarding 
patients that were admitted or transferred to the intensive 
care unit because of primary respiratory failure or acute 
respiratory distress syndrome. 

Because suspected case-patients may be admitted for 
primary respiratory failure or acute respiratory distress 
syndrome from multiple etiologies, HAAD authorities 
conducted investigations to determine whether an identi-
fied patient should be tested for MERS-CoV, if the patient  
had not already been captured by 1 of the surveillance 
systems. In addition, during April and May 2014, screen-
ings for MERS-CoV were conducted, most under the su-
pervision of HAAD, in various locations where MERS-
CoV cases had been identified, including, but not limited 
to, hospitals and workplace settings.

For each case-patient, HAAD conducted detailed 
contact investigations within 24 hours of notification. 
HAAD officials interviewed case-patients if available. 
If the case-patient was unable to be interviewed, the pa-
tient’s epidemiologic information was collected from 
family members or other proxies. Staff at hospitals or 
local Disease and Prevention Screening Centers tested 
a sputum (preferred) or nasopharyngeal sample from 
all case-patient contacts for MERS-CoV. Samples from 
contacts were tested regardless of whether the person ex-
perienced symptoms. For each test-positive case-patient 
identified, we collected clinical information using the 
International Severe Acute Respiratory and Emerging 
Infection Consortium form, which was filled out in real 
time by healthcare providers and later verified by retro-
spective chart review.

All persons who tested positive for MERS-CoV, in-
cluding asymptomatic persons, were admitted to a hospital. 
Before they could be discharged, confirmed case-patients 
were required to show negative results on 2 MERS-CoV 
PCR tests conducted at least 48 hours apart.

Laboratory Diagnostic Testing
The laboratory analyzed upper (e.g., nasopharyngeal, 
oropharyngeal) and lower respiratory tract samples (e.g., 
sputum, bronchoalveolar lavage fluid, tracheal aspi-
rates) and serum. If hospital staff were not able to col-
lect sputum spontaneously, the clinician could order 
that sputum be induced in a negative pressure room or 
that nasopharyngeal aspirates be obtained. Specimens 
were tested by using real-time reverse transcription PCR 
(rRT-PCR), upE, and open reading frame 1 assays in the 
Sheikh Khalifa Medical Center laboratory (15,16). A 
laboratory team from the US Centers for Disease Con-
trol and Prevention (CDC; Atlanta, GA, USA) used a 
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nucleocapsid-based rRT-PCR assay to verify infection 
in a random sample of 23 specimens from 2014 (17). To 
calculate the length of positivity for each MERS-CoV 
case-patient, we calculated the difference between the 
date of the first positive test and the date the virus was  
last detected.

Data Management and Analysis
We merged results from Sheikh Khalifa Medical Center 
laboratory and HAAD’s epidemiologic databases, which 
contained information on patients’ demographic charac-
teristics, symptoms, and exposure, using a combination 
of unique individual identifiers. We also retrospectively 
reviewed medical charts to collect additional clinical in-
formation about case-patients with positive test results.

Because changes occurred in the surveillance sys-
tem during the study period, we compared demographic 
characteristics of MERS-CoV case-patients and those of 
suspected case-patients who were tested and had negative 
results during January 1, 2013–April 17, 2014. Suspected 
case-patients with negative test results identified during 
April 18, 2014–May 9, 2014, were not available for com-
parison. We included all MERS-CoV case-patients iden-
tified during January 1, 2013–May 9, 2014, in analyses 
of demographic characteristics, clusters, disease severity, 
sample type, and PCR positivity. Differences in propor-
tions were contrasted by using Mantel-Haenszel χ2 test. 
We defined statistical significance as a p value <0.05. 
Data were analyzed by using SAS version 9.3 (SAS Insti-
tute, Cary, NC, USA).

Ethics
Because these data were collected as part of a public health 
response, HAAD and CDC determined that data were non-
research and not subject to review by an institutional re-
view board. Secondary data analysis was then carried out 
for operational purposes.

Results

Comparison of Laboratory-Confirmed Case-Patients 
and Test-Negative Suspected Case-Patients
For January 1, 2013–April 17, 2014, HAAD surveillance 
systems contained records for 1,586 unique persons, in-
cluding 41 (3%) with confirmed MERS-CoV infection, 
1,467 (92%) suspected case-patients with negative test 
results, and 78 (5%) whose test results were unknown or 
no test had been performed. Most case-patients were male 
(61%), Asian (54%), and 20–59 years of age (76%) (online 
Technical Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/22/7/16-0040-Techapp1.pdf). Case-patients more  
frequently reported exposure to a known or suspected 
MERS-CoV case-patient (30, 73%) and exposure to an  

animal (10, 24%) within the previous 2 weeks of illness on-
set or specimen collection than did suspected case-patients 
with negative test results. Fifty-one percent of MERS-CoV 
cases were healthcare associated.

Emiratis and nationals from other Gulf Cooperation 
Council countries (i.e., Saudi Arabia, United Arab Emir-
ates, Qatar, Bahrain, and Oman) were the groups most 
often tested (855, 57%), whereas Asians had the highest 
proportion of positive test results (22/187, 12%). Of all re-
ported and evaluated case-patients, 15% (6/41) had trav-
eled internationally (online Technical Appendix Table 1).

All MERS-CoV Cases
During April 17–May 9, 2014, surveillance activities 
identified an additional 24 MERS-CoV cases, for a total 
of 65 cases during the January 1, 2013–April 17, 2014, 
study period. We retrospectively reviewed charts of 
64/65 (98%) case-patients; 1 case-patient was transferred 
to a hospital outside Abu Dhabi, and medical records  
were unavailable.

The first case-patient with confirmed MERS-CoV in-
fection in Abu Dhabi was identified in March 2013, and the 
number of case-patients identified (n = 41) peaked in April 
2014 (Figure). During April 2014, the highest number of 
tests was performed, with 24 positive results, 323 negative 
results, and no test result available for 64 tests. Through 
contact tracing, HAAD identified 2,372 contacts for 56 
case-patients, an average of 56 contacts (range 2–199 con-
tacts) per positive case-patient.

Most case-patients were male (43/65, 66%) and 20 to 
59 years of age (51/65, 78%) (online Technical Appendix 
Table 2). All but 3 expatriate case-patients had been in the 
UAE for >1 month before diagnosis. However, those 3 had 
traveled to or lived in the Arabian Peninsula in the month 
before diagnosis. Forty-two percent of cases were health-
care associated, 34% were epidemiologically unlinked, 
19% were household associated, and 6% were related to 
work or another setting. Eight (12%) cases resulted in death.
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Figure. Epidemiologic curve showing confirmed cases of Middle 
East respiratory syndrome coronavirus (MERS-CoV) infection, 
Abu Dhabi, United Arab Emirates, January 1, 2013–May 9, 2014 
(N = 65). Most cases were reported during April 2014. 
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Cluster Identification
We identified 6 clusters. The number of MERS-CoV 
cases detected by surveillance in 2014 was greater than 
the number detected in 2013 because of a large clus-
ter that involved both healthcare and household set-
tings in the Eastern Region of UAE during April 2014 
(Figure) (18). This resulted in 28 epidemiologically-
linked MERS-CoV cases. All other clusters in Abu  
Dhabi—2 healthcare-associated clusters, 1 household-
associated cluster, and 2 work-related clusters—in-
volved <5 persons.

Epidemiologically Unlinked Cases
We identified 22 (34%) epidemiologically unlinked 
cases in Abu Dhabi (online Technical Appendix Table 
2); 86% were diagnosed in 2014, and the same percent-
age occurred in men. Most (59%) epidemiologically 
unlinked case-patients were 20–59 years of age; medi-
an age was 45 years (interquartile range [IQR] 36–66 
years). Eight (36%) had traveled outside UAE within 14 
days of initial symptoms (3 to Saudi Arabia, 3 to Oman, 
1 to Bahrain, and 1 to Thailand). Six (27%) case-patients 
had documented contact with camels within 14 days be-
fore symptom onset or, if asymptomatic, before the date 
of specimen collection. Eight (36%) case-patients had 
visited a healthcare setting, such as a dialysis clinic, 
health clinic, or emergency department, before onset of 
illness, but these cases were not connected with a known 
healthcare-associated cluster.

Disease Severity
A higher proportion of case-patients were male in all 3 
disease severity categories (Table 1). The gender dis-
parity appeared to be lower among mildly symptomatic 
case patients; it was not significantly different for asymp-
tomatic and for severely symptomatic case-patients (p = 
0.25; Table 1). Patients who had mild or no symptoms 
were of similar ages, whereas those patients with severe 
symptoms were older (median age 37, 42, and 60 years, 
respectively) (Table 1). Of the 31 healthcare-personnel 
case-patients, 12 (39%) were asymptomatic. Among case-
patients with mild and severe symptoms, 46% and 73%, 
respectively, had symptoms 1 to 7 days before being hos-
pitalized (Table 1). Duration of patients’ PCR-positivity 
lengthened as disease severity increased (p = 0.03; Table 
2). Of 15 case-patients who had positive test results for >2 
weeks, 1 (7%) was asymptomatic.

Sample Type and Positivity
Samples from case-patients were tested, at physician’s 
discretion, while patients were in isolation. Case-patients 
with severe symptoms had a median of 4 (IQR 2–8, total 
103) MERS-CoV rRT-PCR tests, patients with mild symp-
toms a median of 7 (IQR 3–14, total 214) tests, and patients 
with no reported symptoms a median of 5 (IQR 4–8, to-
tal 147) tests. Most (249/297, 84%) positive results were 
from lower respiratory tract specimens. Across all disease 
severity categories, 34% (85/249) of lower respiratory tract 
samples were positive >14 days after initial positive test for 
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Table 1. Demographic	information,	symptom	duration,	and	length	of	positivity	by	disease	severity	among	MERS-CoV case-patients,	
Abu	Dhabi,	United	Arab	Emirates,	January	1,	2013–May	9,	2014* 

Characteristic,	N	=	65 
Asymptomatic,	 
n	=	23	(35) 

With	mild	symptoms,	
n	=	24	(37) 

With	severe	symptoms,	
n	=	18	(28) p value† 

Sex    0.25 
 M 16	(70) 13	(54) 14	(78)  
 F 7	(30) 11	(46) 4	(22)  
Age,	y,	median	(IQR) 42	(30–54) 37	(30–43) 60	(40–68)  
 ≤19 0	 2	(8) 0	  
 20–39 10	(44) 13	(54) 4	(22)  
 40–59 10	(44) 9	(38) 5	(28)  
 ≥60 3	(13) 0	(0) 9	(50)  
Healthcare	personnel    <0.001 
 Yes‡ 12	(52) 17	(71) 2	(11)  
 No 11	(48) 7	(29) 16	(89)  
Symptom	duration	before	hospitalization    <0.001 
 ≥8 d NA 1	(4) 1	(6)  
 4–7	d NA 6	(25) 10	(56)  
 1–3	d NA 5	(21) 3	(17)  
 Same	day	as	admission NA 9	(38) 2	(11)  
 After	admission NA 2	(8) 2	(11)  
 Unknown NA 1	(4) 0	  
Length	of	PCR	positivity,	d    0.03 
 <7	 15	(65) 12	(50) 12	(67)  
 7–14	 7	(30) 3	(13) 1	(6)  
 >14	 1	(4) 9	(38) 5	(28)  
*Values	are	no.	(%)	patients	except	as	indicated.	Percentages	might	not	sum	to	100%	due	to	rounding.	IQR,	interquartile	range;	MERS-CoV,	Middle	East	
respiratory	syndrome	coronavirus;	NA,	not	applicable.	 
†Mantel-Haenszel	2 test. 
‡Healthcare personnel were not necessarily part of a healthcare-associated	cluster. 
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MERS-CoV, whereas 13% (6/48) of upper respiratory tract 
samples were positive >14 days (p<0.01) (Table 2). Speci-
mens from 6% of case-patients (4/65) remained positive for 
>3 weeks. These positive specimens included those from 1 
case-patient with severe symptoms and from 1 case-patient 
with mild symptoms whose samples remained positive for 
23 days; 1 case-patient with mild symptoms whose samples 
remained positive for 27 days; and 1 case-patient with mild 
symptoms whose samples remained positive for 28 days.

Overall, upper respiratory samples were positive less 
frequently than lower respiratory tract samples (Table 2). 
In addition, upper respiratory samples were positive less 
frequently as disease severity lessened (Table 2). Lower 
respiratory tract samples, however, had a longer duration 
of PCR positivity than upper respiratory tract samples. For 
case-patients with severe and mild symptoms, a higher per-
centage of lower respiratory samples than upper respiratory 
samples was positive >14 days (for patients with severe 
cases, 39% vs. 8%; for patients with mild symptoms, 37% 
vs. 1%) (Table 2).

Discussion
We describe the public health response and epidemio-
logic characteristics, clusters, and laboratory results 
of MERS-CoV case-patients in the Abu Dhabi Emir-
ate of UAE, the country with the third highest num-
ber of cases reported to WHO as of July 15, 2015. 
The Abu Dhabi cases report a relatively low case-
fatality rate of 12% compared to the global case-fa-
tality rate of 36% as reported by WHO (19); however,  
surveillance, contact investigations, and reporting meth-
ods may vary over time among countries. This descriptive 
study has several unique characteristics: a large number of 
cases, including cases from the 3 regions of the Abu Dhabi 
Emirate; wide range of ages tested; comprehensive contact 
investigations, including laboratory results; and test results 
for asymptomatic case-patients. We also report the lengthy 
duration of viral detection in some asymptomatic case- 
patients. These findings have useful implications for 
MERS-CoV management and prevention strategies.

Consistent with previous reports, men were predomi-
nantly infected. However, the age group most commonly af-
fected was 20–59 years of age, and 35% of all case-patients 
were asymptomatic detected during contact investigations.  

Those with severe symptoms tended to be >60 years of age, 
whereas asymptomatic case-patients tended to be younger. 
This finding agrees with prior case series and cluster analy-
ses in which more severe disease tended to develop in older 
case-patients (13); however, younger persons may have been 
overrepresented during the contact tracing investigations in 
our study.

Fever and cough were prominent features of MERS-
CoV infection in previous case reports (6,20), and we 
found that these symptoms were slightly more frequent 
among case-patients with confirmed MERS-CoV than 
among test-negative suspected case-patients. The clini-
cal features of MERS-CoV mimic several other more 
common illnesses; fever, cough, shortness of breath, and 
odynophagia were most commonly reported in both case-
patients and test-negative suspected case-patients. There-
fore, clinicians must continue to maintain a high index of 
suspicion based on epidemiologic risk factors. More than 
half of case-patients in our study had contact with another 
MERS-CoV case-patient, and 20% had some type of ani-
mal contact within the previous 14 days. The importance 
of animal contact is unknown but might be an indicator 
of camel contact, which has been associated with MERS-
CoV infection (21).

Most samples from case-patients were taken from the 
lower respiratory tract, which is believed to be the prior-
ity source for specimens for the diagnosis of MERS-CoV 
(rather than the upper respiratory tract) (3,22,23). In a re-
cent study, Poissy et al. suggested that lower respiratory 
tract samples are valuable for monitoring MERS-CoV 
infection (24); our results from 65 case-patients with 249 
lower respiratory tract specimens further supports this 
hypothesis. Among all case-patients and disease severity 
categories, a higher proportion of lower respiratory tract 
samples were positive >14 days than were upper respira-
tory tract samples.

Our study identified case-patients who continued to 
have positive test results for >3 weeks; the longest length of 
positivity was 28 days in a person with mild symptoms. This 
finding aligns with results of recent studies that have found 
case-patients testing positive for MERS-CoV up to 30 days 
after their first positive test (24–26). Of the 15 persons in 
our study who tested positive for >2 weeks, 1 (7%) was as-
ymptomatic and 9 (60%) were mildly symptomatic, which 
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Table 2. Number	of	days	samples	from	MERS-CoV	case-patients	were	positive	for	the	virus	by	rRT-PCR,	stratified	by	disease	severity	
and	type	of	sample,	Abu	Dhabi,	United	Arab	Emirates,	January	1,	2013–May	9,	2014* 

Disease	severity No.	samples 
No.	(%)	positive	LRT	samples  No.	(%)	positive	URT	samples 
<14	d ≥14 d <14	d ≥14 d 

Severely	symptomatic 67 23	(34) 26	(39)  13	(19) 5	(8) 
Mildly	symptomatic 148 81	(55) 54	(37)  12	(8) 1	(1) 
Asymptomatic 82 60	(73) 5	(6)†  17	(21) 0	 
Total 297 164	(55) 85	(29)  42	(14) 6	(2) 
*Percentages	might	not	sum	to	100%	due	to	rounding.	LRT,	lower	respiratory	tract;	MERS-CoV,	Middle	East	respiratory	syndrome	coronavirus;	rRT-PCR,	
real-time	reverse	transcription	PCR;	URT,	upper	respiratory	tract.	 
†All 5 lower respiratory samples that were positive for ≥14 d were from 1 asymptomatic case-patient. 
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is consistent with a recent case report (25). This finding 
highlights the need to further clarify whether asymptomatic 
and mildly symptomatic persons play a role in transmitting 
MERS-CoV to others (27).

This study has several imitations. After the merging 
of 3 independent surveillance systems, some data were 
incomplete. The case counts increased in April 2014, and 
HAAD overhauled the surveillance system to meet cur-
rent epidemiologic needs; this resulted in an inability to 
compare test-negative suspected case-patients with case-
patients after April 17. In addition, characteristics of case-
patients may be skewed because most were healthcare 
personnel from a single hospital cluster. Also, we were 
unable to correlate timing of reported clinical symptoms 
with laboratory sample collection in 7 of the symptom-
atic case-patients, even though multiple data sources were 
used. Moreover, laboratory specimen collection was not 
systematic in timing or in type of specimens; laboratory 
specimens were ordered by physicians at different times 
during a patient’s hospitalization. Because we reviewed 
medical charts retrospectively, we were unable to verify 
whether asymptomatic patients were truly asymptomatic, 
or if they had undocumented mild symptoms. Although 
PCR testing provides information regarding viral detec-
tion, it does not provide information regarding live virus, 
and its correlation with virus transmission is unknown. 
Finally, genetic sequence analysis was able to support the 
epidemiologic links found in the large healthcare-associ-
ated cluster, but not all case-patients had specimens avail-
able for genetic sequencing.

In summary, our findings of predominance of male 
MERS-CoV case-patients, development of more severe 
disease in older case-patients, and clustering in healthcare 
settings and household settings are consistent with previ-
ous reports (12,20). This descriptive study also highlights 
demographic, risk factor, and symptom data related to 
case-patients tested for MERS-CoV in Abu Dhabi. Our 
study provides further evidence of a long duration of PCR 
positivity and the value of using lower respiratory tract 
samples in monitoring MERS-CoV infection. We also 
identified asymptomatic and mildly ill MERS-CoV case-
patients, which informs practicing clinicians that MERS-
CoV causes a wide spectrum of disease. Finally, our study 
provided a detailed overview of the unique and compre-
hensive surveillance and response model for MERS-CoV 
in Abu Dhabi, which included screening symptomatic 
and asymptomatic case-patient contacts and collecting 
detailed epidemiologic data on MERS-CoV case-patients. 
Further studies must investigate characteristics of case-
patients, the role of virus detected by PCR in virus trans-
mission, and potential MERS-CoV spread from mildly ill 
or asymptomatic patients to clarify, and ultimately stop, 
MERS-CoV transmission.
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In the United States, Lyme disease is caused by Borrelia 
burgdorferi and transmitted to humans by blacklegged ticks. 
Patients with an erythema migrans lesion and epidemiologic  
risk can be given a diagnosis without laboratory testing.  
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SYNOPSIS

For all other patients, laboratory testing is necessary to 
confirm the diagnosis, but proper interpretation depends 
on symptoms and timing of illness. The recommended 
laboratory test in the United States is 2-tiered serologic 
analysis consisting of an enzyme-linked immunoassay or 
immunofluorescence assay, followed by reflexive immu-
noblotting. Sensitivity of 2-tiered testing is low (30%–40%) 
during early infection while the antibody response is devel-
oping (window period). For disseminated Lyme disease, 
sensitivity is 70%–100%. Specificity is high (>95%) dur-
ing all stages of disease. Use of other diagnostic tests for 
Lyme disease is limited. We review the rationale behind 
current US testing guidelines, appropriate use and inter-
pretation of tests, and recent developments in Lyme dis-
ease diagnostics.

Lyme disease is a tickborne disease caused by spiro-
chetes within the Borrelia burgdorferi sensu lato spe-

cies complex (1). In the United States, Lyme disease is 
caused by B. burgdorferi sensu stricto and B. mayonii and 
is transmitted to humans by infected Ixodes scapularis or 
I. pacificus ticks (commonly known as blacklegged ticks) 
(2). Lyme disease is the most common vectorborne dis-
ease in the United States and causes an estimated 300,000 

illnesses annually (3,4). Cases occur primarily in the 
northeast and upper midwest regions (Figure 1); however, 
ecologic and environmental changes have catalyzed a 
gradual geographic expansion (5).

There are 3 stages of B. burgdorferi infection: early 
localized, early disseminated, and late disseminated. The 
classic sign of localized infection is erythema migrans 
(EM), which is defined as a gradually expanding annular 
lesion >5 cm in diameter. Approximately 70%–80% of 
persons with Lyme disease have EM (1,6). Accompanying 
signs and symptoms might include fever, lymphadenopa-
thy, myalgias, or arthralgias. If the infection is not treated, 
the bacteria might spread hematogenously and cause early 
disseminated Lyme disease, which can manifest as multiple 
EM skin lesions, facial palsy, meningitis, or carditis. Re-
current large-joint arthritis is the hallmark of late dissemi-
nated disease. Late neurologic Lyme disease is uncommon 
in the United States. Symptoms might include peripheral 
neuropathy, encephalopathy, or encephalomyelitis.

Patients who have a lesion consistent with EM and 
live in or have traveled to Lyme-endemic areas can be 
given a diagnosis without laboratory testing (6). In the 
absence of EM, all other manifestations of Lyme disease  
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Figure 1. Lyme disease cases (black dots) reported by surveillance, United States, 2005–2010. One dot is placed randomly within the 
county of residence for each confirmed case. States with the highest incidence of clinician-diagnosed Lyme disease in a large health 
insurance claims database (gray areas) are also shown. Transmission also occurs in small regions of northern California, Oregon, and 
Washington. Adapted from (4).
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require serologic analysis to confirm the diagnosis. The 
recommended approach for laboratory diagnosis of Lyme 
disease is a 2-tiered serologic test comprised of an en-
zyme-linked immunoassay (EIA or ELISA) or immuno-
fluorescence assay (IFA), followed by a reflex Western 
immunoblot (7). When used in accordance with current 
testing guidelines (7), 2-tiered serologic testing is a valu-
able and highly specific clinical tool for diagnosis of 
disseminated Lyme disease. Confusion exists, however, 
among patients and clinicians concerning appropriate use 
and interpretation of this and other diagnostic tests for 
Lyme disease (8,9). In this article, we review the rationale 
behind current United States testing guidelines, use and 
interpretation of 2-tiered serologic analysis and other tests 
in the clinical setting, and recent developments in the field 
of Lyme disease diagnostics.

Historical Perspective
The discovery of B. burgdorferi as the causative agent of 
Lyme disease in 1982 prompted development of numerous 
tests by clinical and private laboratories. Because spiro-
chetes only transiently enter the bloodstream of infected 
persons in small numbers, direct detection of B. burgdor-
feri by PCR or culture has been challenging (10). For this 
reason, most diagnostic test development has focused on 
indirect detection of infection by assessing the antibody re-
sponse of the patient.

Initially, the variety of serologic tests and lack of 
concordance among different methods necessitated stan-
dardization. In 1994, leading experts convened at the Sec-
ond National Conference on the Serologic Diagnosis of 
Lyme Disease (Dearborn, Michigan, USA) to review the 
current evidence and devise a standard testing strategy 
(7). After evaluating the evidence, it became clear that no 
single test was sufficient on its own. To maximize clinical 
utility and specificity, the conference diagnostic working 
group ultimately decided on a 2-tiered serologic testing 
algorithm (Figure 2). The first tier uses a highly sensitive 
EIA or IFA that, if the result is positive or equivocal, is 

followed by a highly specific Western immunoblot as the 
second-tier test (7). Western immunoblot was included in 
response to a multicenter evaluation of laboratories per-
forming Lyme disease testing, which found that using 
Western immunoblot in addition to EIA increased speci-
ficity to >98%, reducing false-positive results produced 
by the first-tier EIA (11).

Two-Tiered Serologic Testing
When performed and interpreted in accordance with cur-
rent guidelines, 2-tiered serologic analysis has a sensitivity 
of ≈70%–100% and a specificity >95% for disseminated 
Lyme disease (Table) (6,12–15). Thus, this analysis is the 
standard of care in diagnosing disseminated Lyme disease 
but requires appropriate clinical judgment when ordering 
the test and interpreting the results. To this end, under-
standing the underlying testing procedure is beneficial.

First Tier
The first-tier test involves measuring the overall anti-
body response (typically IgM and IgG) of a patient to 
B. burgdorferi antigens (7). Although both the EIA and 
IFA have been cleared by the Food and Drug Adminis-
tration (FDA; Silver Spring, MD, USA) as first-tier tests, 
laboratories most commonly perform EIA because it is 
more easily automated. An additional benefit of EIA is 
that it provides a quantitative value of the relative con-
centration of antibodies in the serum of a patient com-
pared with that of a control, which enables use of objec-
tive cutoff values (10).

In the United States, most laboratories use a whole-
cell sonicate preparation of B. burgdorferi as antigen for 
the EIA. This test approach has high sensitivity because of 
multiple antigens in whole-cell sonicate preparation. How-
ever, because some of these antigens are cross-reactive 
with antigens from the host or other pathogens, specificity 
of the EIA alone is not optimal (10).

Additional FDA-cleared EIAs that use as few as 1 to 
several antigens, which results in a  higher specificity and 
similar sensitivity than that for whole-cell sonicate EIAs, 
have recently become commercially available. The cell sur-
face variable-major protein-like sequence expressed (VlsE) 
lipoprotein and its sixth invariable region, the C6 peptide, 
are 2 FDA-cleared EIA antigens that are gaining popular-
ity (16,17). These Borrelia antigens are highly conserved 
and immunogenic among all Lyme borreliosis species and 
strains, and cause an early antibody response useful for di-
agnostic testing (18).

Second Tier
Similar to EIA, the second-tier immunoblot is a serologic 
test that detects antibodies produced against B. burgdor-
feri (10). Unlike EIA, however, the immunoblot detects 
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Figure 2. Two-tiered testing for Lyme disease, United States. 
Adapted from (7).
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antibodies against a set of preselected B. burgdorferi pro-
tein antigens. Antibody reactivity to these antigens (indi-
cated by bands on the Western immunoblot) is considered 
present if bands are visualized with intensity equal to or 
greater than a control band (7).

The specific Western immunoblot test ordered and its 
subsequent interpretation is dependent on the time course 
of illness (Figure 2) (7). IgM response appears first and is 
generally directed at the most immunogenic antigens (19). 
Therefore, IgM Western immunoblot should be performed 
along with IgG Western immunoblot on a reflex basis for 
patients with signs and symptoms lasting <30 days (7). 
Some patients may require acute-phase and convalescent-
phase serologic analysis because of decreased sensitivity 
during the first weeks of infection (7,10).

The IgG response generally follows that of IgM and 
involves a larger number of antigens. Because most pa-
tients have a detectable IgG response beyond 30 days, IgG 
Western immunoblot as the second-tier test is typically 

sufficient for diagnosis (19). At this stage, IgM Western 
immunoblot is unnecessary and increases the risk for false-
positive results.

A positive IgM Western immunoblot result is indi-
cated by the scored presence of >2 of 3 bands (21–24, 39, 
and 41 kDa), and a positive IgG result is indicated by the 
scored presence of >5 of 10 bands (18, 21–24, 28, 30, 39, 
41, 45, 58, 66, and 93 kDa) (7). The 21–24-kDa band rep-
resents OspC, an outer surface protein with variable length 
and amino acid sequence.

It is imperative to avoid interpreting fewer bands as 
a positive overall result or evidence of infection because 
antibodies to several antigens are cross-reactive with 
non-Borrelial antigens. For example, the 41-kDa band 
indicates reactive antibody against a B. burgdorferi fla-
gellin protein. However, this antibody cross-reacts with 
other bacterial flagellar proteins and was found in 43% 
of healthy controls in 1 study, including many persons 
with little or no exposure risk for Lyme disease (17).  
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Table. Sensitivity	and	specificity	of	serologic	tests	for	patients	with	Lyme	disease,	United	States* 

Variable 

Standard	2-tiered	algorithm	 
with	whole-cell	sonicate	EIA† 

Standard	2-tiered	
algorithm	 

with	C6	EIA,‡ 
Wormser  
et	al.	(13) 

 
Molins	et	al.	
(CDC	Lyme	

Repository)	(14) 
Wormser  
et	al.	(15) 

Branda	 
et	al.	(12) 

Two-EIA	algorithm§ 
Branda	 
et	al.	(12) 

Wormser  
et	al.	(13,15) 

 %	Sensitivity	(no.	tested) 
Early	Lyme	disease	with	EM¶      
 Acute	phase 40	(40) 38	(298) 42	(114) 38	(298) 53	(114) 58	(298) 
 Convalescent	phase 61	(38) 27	(105) 57	(63)# 26	(105) 89	(63)# 67	(105) 
Noncutaneous manifestations 96	(46) 94	(142) 87	(55) 93	(142) 100	(55) 97 (144) 
 Neuritis	or	carditis 88	(17) 80	(20) 73	(26) 80	(20) 100	(26) ND 
 Early	Lyme	disease	with	
 neuritis	or	carditis 

100	(29) 96	(122) 100	(29) 95	(122) 100	(29) ND 

 %	Specificity	(no.	tested) 
Healthy	controls       
 Endemic	area 98	(101) 99	(1,329) 99	(1,146) 100 (1,329) 99 (1,146) >99 (1,329)** 
 Nonendemic	area 100	(102) 99.8	(513) 100	(100) 100	(513) 100	(100) >99	(513)** 
Controls	with	selected	other	diseases      
 Syphilis	or	RPR	positive†† 95	(20) 95	(20) ND 95	(20) ND >95	(20)** 
 Infectious	mononucleosis	or	
 EBV/CMV	positive†† 

90	(30) 100	(40) ND 100	(40) ND 100	(20) 

 Helicobacter pylori ND 95	(20) ND 100	(20) ND 100	(20) 
All	nonhealthy	controls 97	(144)‡‡ 99	(366)§§ 100	(54)¶¶ 100 (366)§§ 100	(54)¶¶ 100 (366) 
*All	percentage	values	were	rounded	to	the	nearest	whole	number. C6,	C6	peptide	of	Borrelia burgdorferi;	CDC,	Centers	for	Disease	Control	and	
Prevention;	CMV,	cytomegalovirus;	EIA,	enzyme	immunoassay;	EM,	erythema	migrans;	EBV,	Epstein-Barr	virus;	ND,	not	done;	RPR,	rapid plasma	
regain. 
†Standard	2-tiered	algorithm:	whole-cell	sonicate	EIA,	then	IgG	(+IgM	if	presenting	within	1	month)	Western	blot	if	positive	or	equivocal	result. 
‡C6+	Western	blot	algorithm:	C6	EIA,	then	IgG	(+IgM	if	presenting	within	1	month)	Western	blot if	positive	or	equivocal	result. 
§Two-tiered	EIA:	whole-cell	sonicate	EIA,	then	C6	EIA	if	positive	or	equivocal	result. 
¶Patients	with	EM	and	epidemiologic	risk	can	be	given	a	diagnosis	without	serologic	analysis	(see	Figure	3). 
#Branda	et	al.	(12) conducted	only	convalescent-phase	serologic	analysis	on	a	well-characterized	serum	set	of	Lyme	disease	patients	and	controls.	All	
other	data	points	from	this	study	include	the	data	from	well-characterized	serum	set	and	serum	samples	submitted	to	Massachusetts	General	Hospital	
(Boston,	MA,	USA)	for	routine	testing. 
**Minimum	specificity	reported	by	Wormser	et	al.	(13,15). 
††Molins	et	al.	(14)	tested	samples	from	patients	with	syphilis	or	infectious	mononucleosis.	Wormser	et	al.	(13,15)	tested	blood	samples	with	positive	
results	for	RPR	or	CMV/EBV. 
‡‡In the report by Molins	et	al.	(14),	2-tiered	testing	had	100%	specificity	for	all	other	diseases	not	mentioned	above.	Other	conditions	tested	include	
fibromyalgia,	severe	periodontitis,	rheumatoid	arthritis,	and	multiple	sclerosis. 
§§Among	patients	tested	by	Wormser	et	al.	(13,15)	there	was	a	single	hemolyzed	blood	sample	that	showed	positive	results	for	all	tests.	However,	both	
methods	of	2-tiered	testing	had	100%	specificity	for	all	other	conditions	not	mentioned	above,	including	Mycoplasma pneumoniae infection;	HIV;	hepatitis	
A,	B,	and	C;	influenza	vaccinations;	antinuclear	antibodies;	lipemia;	icterus;	systemic	lupus	erythematosus;	rheumatoid	arthritis;	and	positive	results	for	
rheumatoid	factor. 
¶¶Includes	25	patients	with	chronic	fatigue	syndrome	or	fibromyalgia,	14	with	rheumatic	diseases,	9	with	neurologic	conditions,	5	with	infections,	and	1	
with	T-cell	lymphoma. 
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Therefore, presence of 1 IgM band or <4 IgG bands does 
not indicate an overall positive result. Overinterpreting a 
small number of antibody bands leads to reduced specific-
ity and potential misdiagnosis (9,20).

Additional Diagnostic Tests

Antibody Testing of Cerebrospinal Fluid
Testing for intrathecal antibody production is integral in the 
diagnosis of Lyme neuroborreliosis in Europe, where mul-
tiple Borrelia species and high background seroprevalence 
limit the usefulness of serologic analysis (1). In the United 
States, the presence of serum antibodies in the appropriate 
clinical setting is highly sensitive and specific for Lyme 
neuroborreliosis, making 2-tiered serologic analysis the 
diagnostic test of choice in most instances (6,10). Adjunc-
tive testing for intrathecal antibody production is highly 
specific and might be helpful in confirming the diagnosis, 
particularly in regions of high seroprevalence. However, a 
negative result is insufficient to rule out Lyme neurobor-
reliosis except in cases of encephalomyelitis.

When testing for intrathecal antibodies, it is essential 
to note that antibodies in serum are passively transferred 
to cerebrospinal fluid (CSF) in some patients with Lyme 
disease (10,21). To control for this transfer, CSF and serum 
should be collected on the same day and diluted to match 
the total protein or IgG concentration. A CSF/serum IgG 
EIA optical density ratio >1.0 indicates active intrathecal 
antibody production. 

PCR and Culture
PCR can provide highly specific evidence of B. burgdor-
feri nucleic acid in a variety of samples, including sy-
novial fluid, skin biopsy tissue, blood, and CSF (10,22). 
However, its clinical utility is limited by low sensitivity 
(particularly for blood and CSF samples) and its potential 
for contamination (10,23).

Synovial fluid PCR is >75% sensitive for Lyme ar-
thritis and might be useful in conjunction with other sy-
novial fluid analyses to differentiate Lyme arthritis from 
other arthritides (10,22). Comparatively, PCR of CSF is 
substantially less sensitive, which limits its clinical util-
ity. In 1 US study, PCR testing of CSF yielded positive re-
sults for only 38% of patients with early neuroborreliosis 
and was even less sensitive for late neuroborreliosis (24).

Studies of PCR on blood have found that its high 
specificity is outweighed by its lack of clinical sensitivity 
and potential for contamination (10,22). Thus, PCR has 
not been universally standardized or optimized for diag-
nosis of Lyme disease. Nevertheless, some clinical labo-
ratories offer PCR testing for Borrelia spp., and PCR of 
blood has shown utility in detection of the novel genospe-
cies B. miyamotoi and B. mayonii (25).

Because B. burgdorferi is a slow-growing organism, 
current culturing methods are labor-intensive and have 
poor sensitivity. Culturing is generally not recommended 
for purposes other than research or for corroboration of dis-
ease acquired in regions previously unrecognized for risk 
of infection (10).

Clinical Considerations and Common Pitfalls

Timing of Testing—Window Period
As with all serologic tests, clinicians must consider the 
timing of a patient’s illness when ordering and interpret-
ing Lyme disease tests (6). Serologic analysis has low sen-
sitivity during the first few weeks of infection while the 
antibody response is still developing (10). This period is 
known as the window period and is common to all serolog-
ic testing. Patients with illnesses suspicious for early Lyme 
disease but lacking typical EM can present a diagnostic di-
lemma because serologic test results might be negative at 
this point (6). In these cases, treatment can be administered 
at the discretion of the clinician, but serologic analysis is 
necessary to confirm the diagnosis (Figures 2,3).

Background Seropositivity
Background seropositivity is a major consideration when 
testing for Lyme disease. In a seroepidemiologic study 
conducted in New York, 5% of study participants were 
found to have antibodies against B. burgdorferi (26).  
Seropositivity can result from previous exposure because 
IgM and IgG against B. burgdorferi can remain for many 
years after initial infection (which, incidentally, is why 
serologic testing is not useful as a test of cure) (26,27). 
However, in the seroepidemiologic study in New York, 
59% of seropositive patients denied a prior diagnosis of 
Lyme disease (26). In such persons, seropositivity might 
indicate a false-positive result or be due to a prior undiag-
nosed infection that either resolved spontaneously or was 
treated incidentally with antimicrobial drugs prescribed 
for another indication.

Reinfection
Because of antibody persistence, serologic diagnosis of 
patients with possible reinfection poses a major dilemma 
for clinicians (28). In cases of suspected reinfection, a 
detailed history and physical examination, including a 
thorough skin examination, are essential because most pa-
tients will have EM. For patients without EM, serologic 
analysis is still recommended but results should be inter-
preted with caution. In these cases, it might be helpful 
to conduct acute-phase and convalescent-phase serologic 
analysis to detect an increase in EIA titer or an increase in 
the number of antibody bands that might indicate active 
infection (10,28).
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Exposure and Pretest Probability
When determining whether to test for Lyme disease, clini-
cians  must consider a patient’s pretest probability (Figure 3) 
(8). Even highly specific tests can show false-positive results 
when performed for patients with low pretest probability.

The most crucial factor governing pretest probability 
for Lyme disease is exposure history. A recent retrospec-
tive cohort study by Lantos et al. reported a positive pre-
dictive value for Lyme disease serologic analysis in the 
Duke University hospital system in North Carolina (a low-
incidence state) of only 10% for patients with no history of 
recent travel to a disease-endemic region (29). In addition, 
only 0.7% of patients without recent travel history who had 
potential signs of disseminated infection (arthritis, cranial 
neuropathies, or meningitis) were ultimately given a diag-
nosis of Lyme disease, which indicated that even clinical 
signs considered consistent with Lyme disease have poor 
predictive value in low-incidence regions. Furthermore, 
even EM-like lesions—once considered pathognomonic 
for Lyme disease—can be caused by other conditions, such 
as Southern tick-associated rash illness, a tick-borne illness 
found primarily in the southeastern United States for which 
an infectious etiology has not been identified (30).

For these reasons, positive results for Lyme serologic 
analysis provide little diagnostic value for patients in areas 
to which this disease is not endemic and with no history of 
recent travel to disease-endemic areas (Figure 1) (8,31). 

When assessing whether an area is endemic for Lyme 
disease, it is essential to note that surveillance guidelines 
classify cases on the basis of the patient’s permanent resi-
dence, rather than location of exposure (National Notifi-
able Disease Surveillance System, http://wwwn.cdc.gov/
nndss/conditions/lyme-disease/). A recent study of Lyme 
disease in low-incidence states found that 84% of infected 
patients reported recent travel to high-incidence regions 
(31). Thus, although cases have been reported in all 50 
states, this finding does not indicate that Lyme disease is 
endemic to all states.

In addition to exposure history, patient signs and 
symptoms provide useful information regarding pretest 
probability (6). Patients with EM who live in or have trav-
eled to Lyme disease–endemic areas can be given a diag-
nosis without serologic testing. For patients without EM, 
headache and arthralgias are the most common symptoms 
of early Lyme disease (32). However, such symptoms 
are nonspecific and do not justify serologic testing unless 
clinical suspicion is high. Signs such as cranial nerve pal-
sy, meningitis, carditis, and migratory large joint arthritis 
are more suggestive of Lyme disease and improve pretest 
probability for patients with epidemiologic risk for Lyme 
disease (29). Such signs in at-risk patients generally jus-
tify serologic testing. Conversely, gastrointestinal or up-
per respiratory symptoms are rarely seen in  Lyme disease 
and suggest an alternative diagnosis (32).
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Figure 3. Clinical approach 
to diagnosis of early Lyme 
disease, United States. STARI; 
Southern tick-associated rash 
illness; EM, erythema migrans. 
*See Figure 1. †Given the 
gradual geographic expansion 
of Lyme disease, testing may be 
warranted for patients with signs 
and symptoms of Lyme disease 
who were exposed in areas that 
border known disease-endemic 
regions. ‡For a more detailed 
discussion of symptoms as they 
relate to pretest probability, see 
section on exposure and pretest 
probability. §For recommended 
2-tiered testing protocol,  
see Figure 2.
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Surveillance versus Clinical Diagnostic Testing
One misconception is that 2-tiered serologic analysis is 
intended only for surveillance, rather than patient diagno-
sis. This misconception is inaccurate and is an apparent 
conflation of clinical serologic testing recommendations 
for Lyme disease and the surveillance case definition of 
the Council of State and Territorial Epidemiologists (7) 
(http://wwwn.cdc.gov/nndss/conditions/lyme-disease/). 
Recommendations for 2-tiered testing are meant to aid 
the diagnosis of individual patients in the clinical setting. 
Serologic test results might be used by public health of-
ficials to determine whether a given illness meets the sur-
veillance case definition, but the methods themselves were 
not developed for this purpose. Furthermore, for practical 
reasons, serologic results might be used slightly differently 
in surveillance than is recommended in the clinical setting. 
For example, although it is not recommended to perform 
Western immunoblot without a first-tier EIA for laboratory 
diagnosis, a positive IgG result by Western immunoblot 
alone is accepted as laboratory evidence of infection for 
surveillance purposes (http://wwwn.cdc.gov/nndss/condi-
tions/lyme-disease/). This operational definition enables 
simplification of reporting practices because it can be dif-
ficult to track down records of the first-tier test. However, it 
does not represent best clinical practice.

Unvalidated Tests and Interpretation Criteria
Several alternative testing centers use laboratory-devel-
oped tests, also known as home brew tests, that are not cur-
rently subject to FDA regulations and might not be clini-
cally validated (9,33). Alternative laboratories might also 
use standard Western immunoblot techniques but apply 
nonstandard interpretation criteria or fail to perform the 
recommended first-tier EIA. Unfortunately, many of these 
alternative laboratories have appealed to patients because 
they often claim to specialize in testing for tickborne dis-
eases and assert that their tests have better sensitivity than 
standardized 2-tiered serologic analysis.

False-positive results for alternative tests or unvali-
dated interpretation criteria can lead to patient confusion 
and misdiagnosis (9,20,33). A recent evaluation of labo-
ratories by Fallon et al. reported an alarming false-posi-
tive rate of 58% for samples from healthy control patients 
submitted to an alternative testing center that used unvali-
dated criteria to interpret IgM and IgG immunoblots (34). 
Moreover, evaluation of published results from a labora-
tory claiming to have a new Borrelia culture method dem-
onstrated that results were highly suspicious for labora-
tory contamination (33,35). Additional alternative tests, 
such as urine antigen tests and CD57 tests, have also been 
shown to be inaccurate (36,37).

It is recommended that clinicians only use Lyme dis-
ease tests that have been clinically validated and cleared 

by the FDA (16,33). If there is ever any question regarding 
testing protocols or interpretation, clinicians should consult 
an infectious disease specialist.

Future Directions in Diagnostic Testing

Novel 2-Tiered Algorithms
A great deal of research has focused recently on improv-
ing early diagnosis of Lyme disease and reducing sub-
jectivity inherent in Western immunoblot techniques. 
When used as a stand-alone test, the C6 EIA is more 
sensitive than the current 2-tiered test for patients with 
early Lyme disease (64% vs. 48%) but is hampered by 
decreased specificity (98.4% vs 99.5%) and thus is more 
prone to false-positive results (12,17). To address this 
issue, Branda et al. proposed a 2-tiered EIA approach 
consisting of 2 FDA-cleared EIAs: whole-cell sonicate 
EIA followed by reflex C6 EIA. This approach pro-
vided a higher sensitivity for early Lyme disease (61% 
vs. 48% for 2-tiered testing) and equivalent specificity 
(99.5%) to the current approach (Table) (12). A 2-tiered 
EIA with VlsE EIA followed by reflex C6 EIA has also 
been proposed. The ease of automation and straightfor-
ward results of 2-EIA approaches make them particu-
larly appealing because they would be easier to perform 
and eliminate the subjectivity of Western immunoblot.  
Further research is still needed, but in the future, the 
2-tiered EIA approach might prove to be a valid alterna-
tive for diagnosis of Lyme disease.

Additional Novel Diagnostic Approaches
Another approach to improve sensitivity for detection of 
early Lyme disease involves identifying diagnostic proteins 
and metabolites in serum of patients with Lyme disease. 
These methods, referred to as proteomics and metabolo-
mics, respectively, are particularly appealing because they 
also have the potential to identify biomarkers indicative of 
cure (38,39). Researchers have also reported promising re-
sults using immuno-PCR, which combines the sensitivity 
of PCR with EIA-based antibody detection (40).

Lyme Serum Repository for Validation of  
Novel Diagnostic Tests
When developing new tests or assessing their performance, 
researchers must have access to well-characterized positive 
and negative controls. Moreover, it is essential to include 
samples from patients with diseases that have overlapping 
clinical features and that are known to be serologically 
cross-reactive because sensitivity and specificity are heav-
ily dependent on the types of patient samples used. How-
ever, collecting and characterizing a wide variety of clini-
cal samples for this purpose can be challenging, costly, and 
time-consuming.
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To improve availability of serum sample sets to 
evaluate novel diagnostic tests, the Centers for Disease 
Control and Prevention (Fort Collins, CO, USA) and the 
National Institutes of Health (Bethesda, MD, USA) have 
developed a repository of well-characterized serum sam-
ples from patients with Lyme disease (14). The reposi-
tory includes samples from patients with various stages 
of Lyme disease; patients with cross-reactive conditions, 
such as multiple sclerosis and infectious mononucleo-
sis; and healthy controls from both disease-endemic and 
non–disease-endemic areas. Panels of serum, along with 
accompanying clinical and laboratory testing results, are 
now available to researchers for validation of novel diag-
nostic tests.

Conclusions
In the United States, 2-tiered serologic analysis is currently 
the diagnostic test of choice for all patients with signs of 
extracutaneous Lyme disease. When considering testing, 
clinicians must take into account the patient’s history, 
timeline of symptoms, and pretest probability to accurately 
order the test and interpret the test result. Moreover, cli-
nicians should understand the hazards of alternative labo-
ratory tests and only use FDA-cleared diagnostic tests. 
Ongoing and published research promises to improve diag-
nosis of early Lyme disease and reduce subjectivity of the  
second-tier Western immunoblotting.
Mr. Moore is a medical student at the University of Virginia 
School of Medicine, Charlottesville, Virginia. His primary  
research interest is improving physician and public  
understanding of Lyme disease.
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Enteroinvasive Escherichia coli (EIEC) outbreaks are un-
common in Europe. In June 2014, two EIEC outbreaks oc-
curred in Nottingham, UK, within 2 days; outbreak A was 
linked to a takeaway restaurant and outbreak B to a wed-
ding party. We conducted 2 analytical studies: a case–con-
trol study for outbreak A and a cohort study for outbreak 
B. We tested microbiological and environmental samples, 
including by using whole-genome sequencing. For both 
outbreaks combined, we identified 157 probable case-
patients; 27 were laboratory-confirmed as EIEC O96:H19–
positive. Combined epidemiologic, microbiological, and 
environmental findings implicated lettuce as the vehicle 
of infection in outbreak A, but the source of the organism 
remained unknown. Whole-genome sequencing identified 
the same organism in cases from both outbreaks, but no 
epidemiologic link was confirmed. These outbreaks high-
light that EIEC has the capacity to cause large and severe 
gastrointestinal disease outbreaks and should be con-
sidered as a potential pathogen in foodborne outbreaks  
in Europe.

Enteroinvasive Escherichia coli (EIEC) bacteria are hu-
man enteric pathogens that have been identified world-

wide. EIEC has been found to be endemic to developing 
countries, particularly where sanitation is poor, and causes 
illness in both adults and children (1–3). EIEC are geneti-
cally similar to Shigella; both genera contain the ipaH inva-
sive gene (4) and cause invasive disease that may result in 
severe illness in otherwise healthy persons (5). Transmis-
sion of EIEC is by the fecal–oral route, and contaminated 
food or water are the usual vehicles of infection.

EIEC outbreaks are rare in Europe; cases are typical-
ly sporadic and travel-related (6,7). EIEC outbreaks have 
been reported in Hungary in 1959 (8), Czechoslovakia in 

1982 (9), and Israel in 1990 (10). The only recently report-
ed EIEC outbreak in western Europe was in Italy in 2012 
(5), and no outbreaks have been reported in the United 
Kingdom or other parts of northern Europe.

In June 2014, Public Health England (PHE) (East 
Midlands) was notified of 2 suspected gastroenteritis out-
breaks within 2 days of each other. On June 26, 2014, PHE 
received a report of 7 patients admitted to an emergency 
department with diarrhea, vomiting, and fever 24 hours 
after consuming food purchased at a local takeaway res-
taurant in Nottingham (outbreak A). An outbreak control 
team was convened and Environmental Health Officers 
issued a Hygiene Emergency Prohibition Notice to close 
the restaurant. On June 27, 2014, PHE received a report 
of another outbreak of gastrointestinal illness characterized 
by diarrhea and vomiting after a wedding party on June 24 
at a second restaurant in Nottingham (outbreak B), located 
within 0.1 miles of the restaurant implicated in outbreak A. 
Initial culture-based methods used to test the fecal speci-
mens from both outbreaks had negative results for enteric 
organisms routinely tested for at the local laboratory; speci-
mens were then sent to the Gastrointestinal Bacterial Refer-
ence Unit at PHE London (GBRU).

The 2 outbreaks were considered potentially linked in 
time, person, and place and were investigated to identify 
their potential sources. We report the findings of the inves-
tigations into these EIEC outbreaks.

Methods

Epidemiologic
We conducted 2 separate analytical epidemiologic stud-
ies to investigate the outbreaks: a case–control study with 
case-nominated controls for outbreak A, and a cohort study 
for outbreak B. We created 2 separate questionnaires for 
the outbreaks to collect data on basic demographics, symp-
toms and onset dates, contact with healthcare services, 
travel, contact with persons with diarrhea and vomiting in 
the 10 days before illness, and food consumed in each res-
taurant. PHE staff interviewed eligible study participants 
by telephone.
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Outbreak A Investigation
A probable case-patient was defined as a person who con-
sumed food from the restaurant during June 12–26, 2014, 
and within 7 days of exposure had diarrhea or >2 of the 
following symptoms: vomiting, nausea, abdominal pain, 
fever, muscle ache or influenza–like symptoms, or head-
ache; and who had no history of travel abroad or contact 
with anyone who had diarrhea or vomiting during the 10 
days before onset, whether or not PCR assay detected 
ipaH gene from a fecal sample. Confirmed case-patients 
were defined as above plus EIEC O96:H19 isolated from 
a fecal sample.

Cases were identified through laboratory surveillance, 
notifications from clinicians in healthcare settings, and calls 
to the environmental health team. Healthcare providers in 
the area were alerted to notify any persons with suspected 
cases of food poisoning who had recently eaten at the res-
taurants. Restaurant staff were investigated separately and 
excluded from the analytical study.

 The restaurant did not keep records of customers, so 
case-patients were asked to nominate controls by providing 
details of persons they knew who had eaten at the restau-
rant. A control was defined as a person who had consumed 
food from the restaurant during the same time period (June 
12–26, 2014) but who did not have diarrhea, vomiting, nau-
sea, abdominal pain, or fever and muscle ache or influenza–
like symptoms since then.

Outbreak B Investigation
Case definitions for outbreak B were the same as for out-
break A, but case-patients consumed food at a wedding 
party, in a different restaurant from the one associated with 
outbreak A, on June 24. A list of persons who had attended 
the wedding was compiled by the Environmental Health 
Officers by consulting one of the wedding party organizers.

Statistical Analyses
The sample size for both outbreaks was not calculated 
a priori, but was determined by the number of available 
case-patients and controls. We retrospectively calcu-
lated the power of the studies on the basis of the final 
sample size.

Descriptive analysis was undertaken for each out-
break by time, person, and place. Univariable analysis 
was undertaken to calculate odds ratios (case–control) 
and relative risks (cohort) with 95% CIs. Variables that 
had a p value <0.25 in the univariable analysis were in-
cluded in the multivariable model. We conducted multi-
variable analysis using logistic regression (case–control) 
and Poisson regression with robust SEs (cohort), using 
a backward stepwise elimination process for both. We 
used Stata version 12 (StataCorp LP, College Station, 
TX) for analysis.

Microbiological
Fecal samples from case-patients and food handlers were 
submitted to the GBRU for PCR testing for a range of 
pathogenic markers associated with Shigella spp. and the 
5 diarrheagenic E. coli groups. Primers and conditions 
were as previously described, including the enteroinvasive 
ipaH gene associated with Shigella spp. and EIEC (11), the 
EAEC regulation gene aggR (12), the ETEC LT/ST toxin 
genes (13), Shiga toxin genes stx1 and stx2 for STEC, and 
the effacement and attachment gene eae for EPEC and the 
O157rfb gene (14). Additionally, the first 59 fecal samples 
underwent multiplex PCR testing for other bacterial and vi-
ral pathogens, as previously described at the regional labo-
ratory (15).

We selected isolates from the outbreak for whole ge-
nome sequencing and phylogenetic analysis as described 
(16). Short reads were quality trimmed (17) and mapped 
to the Spades version 2.5.1 (18) de novo assembly of 1 
EIEC genome isolated by using BWA-MEM (19). Single 
nucleotide polymorphisms (SNPs) were identified by using 
GATK2 (20) in unified genotyper mode. Genome positions 
that had a high quality SNP (>90% consensus, minimum 
depth ×10, GQ>30) in >1 isolate were extracted. We used 
pseudosequences of polymorphic positions to create maxi-
mum-likelihood trees by using RAxML (The Exelixis Lab, 
Heidelberg, Germany) (21) and calculated pairwise SNP 
distances between each pseudosequence. We deposited 
FASTQ sequences in the National Center for Biotechnol-
ogy Information Short Read Archive under the BioProject 
PRJNA248042.

Environmental
Environmental health officers inspected both restaurants 
and collected food and environmental samples. The food 
items sampled from the restaurant in outbreak A were 
targeted on the basis of food histories from initial case-
patients and included brown rice with chickpeas, chicken 
curry, spicy chicken dish with bullet chili peppers, sauces, 
and salad items. Environmental samples were taken from 
cutting boards, blenders, water, and taps. No specific food 
samples remained from the wedding party in outbreak B, 
so samples were taken from the restaurant. Samples of 
food items similar to those from outbreak A were collected 
and included mixed salad, fresh coriander, carrot topping, 
green chutney, and fresh green chili peppers. Environmen-
tal samples were taken from salad tongs, a tea towel, a cut-
ting board and knife used in salad preparation, a blender, 
and a hot water tap.

We initially sent all food and environmental samples 
to the PHE Food, Water and Environment laboratory in 
York to test for enteric pathogens. E. coli–positive isolates 
were then sent to the GBRU for PCR testing for ipaH, cul-
ture and serotyping.
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Environmental health officers investigated food han-
dlers working at the restaurants and in the food supply 
chain by interviewing the restaurants’ proprietors. Details 
from identified food suppliers were used to trace the source 
of the food items and to identify any commonality between 
the restaurants.

Results

Epidemiologic

Outbreak A
For outbreak A, PHE was notified of 142 persons with 
gastrointestinal illness; 108 (76%) were successfully inter-
viewed, resulting in 19 confirmed cases, 88 probable cases, 
and 1 excluded case due to foreign travel. We recruited and 
interviewed 28 controls.

The onset of symptoms for case-patients ranged from 
the evening of June 22 to the evening of June 27; peak on-
set occurred on June 26 (Figure 1). Case-patients reported 
having eaten in or eaten takeaway from the restaurant dur-
ing June 18–26 (premises closed on the evening of June 
26). Among those with available information (n = 85), the 
median incubation period was 24 hours (interquartile range 
[IQR] 17–35, range 6–168 hours). The median age of case-
patients was 30 years (IQR 15–39, range 1–75 years); 56 
(52%) of the case-patients were male.

The sex of controls and the dates that controls reported eat-
ing from the restaurant were the same as those of case-patients. 
However, controls were significantly younger (p = 0.038), at a 
median age of 19 years (IQR 8–33, range <1–63 years).

Most (n = 106, 99%) case-patients reported having di-
arrhea plus a combination of other symptoms. A total of 55 

(51.4%) case-patients sought healthcare from general prac-
tice medical doctors; in addition, 21 case-patients sought 
care in a hospital (19.6%), of whom 14 were admitted. 
When interviewed again ≈30 days after onset of illness, 3 
case-patients were still symptomatic. Among case-patients 
who recovered and whose information was available (n = 
87), the median duration of illness was 7 days (IQR 3–10, 
range 1–21 days).

All items from the restaurant menu were included 
in the univariable analysis (n = 71). Food items with the 
highest percentage of case-patients exposed were lettuce 
(80.4%), cucumber (74.8%), tomatoes (71.0%), and onions 
(68.2%). Univariable analysis showed that consumption of 
any of these 4 salad items was positively associated with 
being a case-patient. A total of 11 food items were included 
in the multivariable model, but only consumption of lettuce 
remained a statistically significant risk factor (Table 1). 
Case-patients were 5 times more likely to have consumed 
lettuce than were controls (OR 4.99, 95% CI 2.01–12.42). 
Consumption of lamb donner, a ground meat comprising 
cuts from various parts of the lamb, also remained in the 
model but was negatively associated with being a case-
patient (OR 0.35, 95% CI 0.14–0.90).

Outbreak B
From a list of 60 persons who attended the wedding, we 
obtained information related to outbreak B for 41 (68%). 
Of those, 15 persons met the outbreak case definition (3 
confirmed and 12 probable cases), 24 had no signs or 
symptoms of illness, and 2 were excluded because they did 
not consume food at the wedding. The median age of case-
patients was 34 years (IQR 12–36, range 3–64 years); 10 
(67%) were male.
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Figure 1. Distribution of cases by 
symptom onset and case status (n 
= 107), outbreak A, Nottingham, 
UK, June 2014.
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The symptom onset date ranged from the evening of June 
24 to the morning of June 26; peak onset was on the morning 
of June 25 (Figure 2). Among those for whom information was 
available, the median incubation period was 11 hours (IQR 
10–19, range 9–37 hours) (Table 2), which was significantly 
shorter than the incubation period in outbreak A (p = 0.002). 

All case-patients reported diarrhea plus a combination 
of other symptoms. A total of 8 (53%) case-patients sought 
healthcare for their illness from their general practitioner, 
but none was admitted to a hospital. Among recovered 
case-patients whose information was available (n = 11), the 
median duration of illness was 4 days (IQR 2–10, range 
2–25 days). When interviewed ≈30 days after onset of ill-
ness, 1 case-patient was still symptomatic.

The overall attack rate varied by sex: male patients 
were ≈2 times more likely to have a case than were female 
patients (risk ratio [RR] 2.33, 95% CI 0.98–5.57, p = 0.042). 
However, because of the small size of the cohort, it was not 
possible to meaningfully stratify the analysis by sex.

Univariable analysis showed that drinking tap water 
was positively associated with being a case-patient (RR 2.29, 
95% CI 1.06–4.91), whereas lentil curry was negatively as-
sociated (RR 0.21, 95% CI 0.03–1.38). Of the 7 menu items 
included in the multivariable model, 6 were independently 
associated with being a case-patient (Table 3). Multivari-
able analysis showed the risk for illness was ≈5 times higher 
among those who ate salad (RR 4.79, 95% CI 1.97–11.62), 
6 times higher among those who drank tap water (RR 5.73, 
95% CI 1.85–17.76), and 4 times higher among those who ate 
chicken curry (RR 3.94, 95% CI 1.52–10.19) compared with 
those who did not consume these items. The consumption of 
naan bread (RR 0.16, 95% CI 0.05–0.51), milk pudding (RR 

0.36, 95% CI 0.14–0.90), or green chutney (RR 0.26, 95% CI 
0.77–0.86) was negatively associated with illness.

Microbiological
Fecal samples from 44 case-patients and 17 food handlers 
in outbreaks A and B were submitted for microbiological 
testing (Table 4). Across both outbreaks, EIEC O96:H19 
was isolated from 23 case-patient samples, and the ipaH 
gene was detected in samples from 14 other case-patients; 2 
case-patients from outbreak B also tested positive for Cam-
pylobacter jejuni by multiplex PCR.

Fecal samples from all 12 food handlers in outbreak A 
were tested; 4 were culture-positive for EIEC O96:H19. All 
4 persons were asymptomatic, but 1 reported travel to Paki-
stan during May 2014 and was ill for 3 days on return to the 
United Kingdom. The ipaH gene was detected in samples 
from 5 food handlers, of whom 2 were symptomatic, with 
onset dates of June 25 and 26, 2014. Samples from 2 food 
handlers who were PCR-positive for EIEC tested positive 
for verocytotoxin-producing Escherichia coli by using 
multiplex PCR. Of 6 food handlers in outbreak B, samples 
from 5 were tested and were negative for EIEC.

Environmental
A total of 41 food and environmental samples taken from the 2 
restaurants were sent to the GBRU. Of these, EIEC O96:H19 
was isolated from 1 lettuce sample taken from the restaurant 
in outbreak A, which was the only lettuce sample taken from 
the restaurant. The lettuce had been washed, cut, and then 
stored in a container in a chilled display unit. No other organ-
isms were detected by multiplex PCR from these samples. 

Inspections of the restaurant in outbreak A identified 
potential opportunities for cross-contamination between 
raw meats and ready-to-eat foods during storage, wash-
ing, and cooking; chilled food items being stored above the 
temperature required by law; and inadequate handwashing 
facilities and practices. No commonalities were identified 
among food handlers, the food suppliers, or brands of let-
tuce in the 2 restaurants.

Whole Genome Sequencing
We sequenced 9 isolates from samples in outbreaks A and 
B: from 4 case-patients, 1 food handler, and the lettuce from 
outbreak A, and from 3 case-patients in outbreak B. Phylo-
genetic analysis showed that all isolates from case-patients 
and the food handler were either identical or differed by a 
single SNP from that sequenced from the lettuce sample.

Discussion
We describe investigations into 2 outbreaks of EIEC infec-
tions that affected 157 persons in Nottingham, UK. The 
epidemic curves were indicative of 2 common-source out-
breaks linked to a restaurant and a wedding party in another 
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Table 1. Multivariable	model	of	exposures	associated with	EIEC	
outbreak	A,	Nottingham,	United	Kingdom,	June	2014* 
Exposure Odds	ratio 95%	CI p	value 
Lettuce 4.99 2.01–12.42 0.001 
Lamb	donner 0.35 0.14–0.90 0.030 
*EIEC,	enteroinvasive	Escherichia coli. 

 

Figure 2. Distribution of cases by symptom onset and case status 
(n = 15), outbreak B, Nottingham, UK, June 2014.
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restaurant within 0.1 miles of one another. Although whole-
genome sequencing showed that the organisms isolated from 
case-patients in both outbreaks were genetically related, no 
specific epidemiologic link was identified.

In Europe, reports of EIEC outbreaks have previously 
been uncommon. However, these 2 large outbreaks and the 
2012 outbreak in Italy (5) suggest a possible undocumented 
increase in this pathogen in Europe. Analyses of isolates 
from these outbreaks plus a sporadic case in Spain found 
all to be the rare serotype O96:H19 and belong to an EIEC 
clone not seen before the 2012 outbreak in Italy (22).

Difficulties surround the surveillance and diagnosis of 
EIEC, possibly resulting in underreporting. Clinicians, as 
well as pathologists based in laboratories, may be unaware 
of EIEC as a pathogen for diarrheal illness, especially when 
case-patients appear to have acquired their infection within 
the United Kingdom, and frontline diagnostic tests are not 
usually able to distinguish EIEC from nonpathogenic E. coli 
(5). In England, the prevalence of this organism is currently 
unknown. An intestinal infectious disease study in England 
during 1993–1996 did not identify any cases of EIEC (23), 
but it was not tested for in a repeat study during 2008–2009, 
so it is unknown if this status remained unchanged (24). In 
the outbreaks we investigated, the prompt notification and 
referral of samples to the reference laboratory enabled us 
to quickly identify and microbiologically confirm EIEC in 
several cases. The symptom profile and incubation period 
of cases from outbreaks A and B are consistent with those 
reported for EIEC (5,25). Based on the proportion of case-
patients admitted to hospitals, it appears that case-patients 
in outbreak A experienced more severe illness than those in 
outbreak B; however, the reason for this is unknown.

In outbreak A, the combined epidemiologic, micro-
biological, and environmental findings implicated lettuce 

as the vehicle of infection. Lettuce and other salad items 
requested were either served directly onto the food or were 
placed in a small plastic bag to accompany takeaway dish-
es. EIEC foodborne outbreaks have previously been docu-
mented (26–28), and in an outbreak in Italy, EIEC infection 
was found to be associated with vegetables, although EIEC 
was not isolated from the food (5).

The source of the organism in this outbreak is less 
clear: of the 12 food handlers associated with outbreak A, 
9 (75%) tested positive for EIEC, but most reported they 
were asymptomatic, so we are unable to ascertain how or 
when they acquired their infection. However, 1 food han-
dler who was asymptomatic at the time of the outbreaks 
but who tested positive for EIEC reported becoming ill 
with gastrointestinal symptoms on return from Pakistan in 
May 2014. Although the food handler reported not working 
while symptomatic, there have been reports in the literature 
of asymptomatic persons shedding EIEC up to 1 year after 
infection (25), so it is plausible that this food handler may 
have introduced the organism into the restaurant. Poor food 
hygiene standards identified at the restaurant may have 
facilitated cross-contamination among the other food han-
dlers through person-to-person transmission or consump-
tion of contaminated food items.

A second hypothesis for the source of infection is that 
contaminated lettuce was introduced into the restaurant. 
However, we found no commonality with the lettuce sup-
plier for outbreaks A and B, and we were not notified of 
any further outbreaks of EIEC, which might have been ex-
pected if there was an issue with the supplier. Considering 
the challenges in diagnosis and surveillance of EIEC de-
tailed above, isolated cases that were not part of a localized 
cluster would have been difficult to identify.

The choice of case-nominated controls may have 
introduced selection bias to our study. Our assessment 
showed that controls were significantly younger than 
case-patients, and the high attack rate among those who 
ate at the restaurant resulted in only a small number of 
suitable controls being identified. The restaurant had no 
daily records of customers; therefore, the choice of case-
nominated controls was the most pragmatic and timely 
way of recruiting controls. Power and sample size calcu-
lations showed that our study was adequately powered to 
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Table 2. Characteristics	of	case-patients from EIEC outbreaks	A and	B,	Nottingham, United	Kingdom,	June	2014* 
Characteristics Outbreak	A,	n	=	107 Outbreak	B,	n	=	15 
Male	sex, % 52 67 
Median	age,	y (IQR) 30 (15–39) 34 (12–36) 
Dates exposed June	18–26 June	24 
Onset	dates June 22–27 June 24–26 
Median	incubation	period,	hours (IQR) 24 (17–34) 11 (10–19) 
Contacted	GP,	no. (%) 55	(51.4) 8	(53) 
Contacted	hospital,	no.	(%) 21	(19.6) 0	(0) 
Median	duration	of	illness, d (IQR)  7 (3–10) 4 (2–10) 
*EIEC,	enteroinvasive	Escherichia coli;	GP,	general	practice	medical	doctor;	IQR,	interquartile	range. 

 

 

 

 
 
Table 3. Multivariable	model	of	exposures	associated	with	EIEC	
outbreak	B,	Nottingham,	United	Kingdom,	June	2014* 
Exposure Risk	ratio 95%	CI p	value 
Salad 4.79 1.97–11.62 0.001 
Tap	water 5.73 1.85–17.76 0.003 
Naan	bread 0.16 0.05–0.51 0.002 
Milk	pudding 0.36 0.14–0.90 0.029 
Chicken	curry 3.94 1.52–10.19 0.005 
Green	chutney 0.26 0.77–0.86 0.027 
*EIEC,	enteroinvasive	Escherichia coli. 
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detect lettuce as a vehicle of infection, but any food items 
with smaller effect sizes may not have been identified. 
However, we believe our epidemiologic findings are valid 
because they are supported by environmental and micro-
biological findings.

For outbreak B, we were unable to identify a definite 
source and route of EIEC infection at the wedding party. 
Power calculations found the study to be underpowered, 
and we did not have any microbiological evidence to 
identify the true source or vehicle of infection. Salad was 
a food item associated with the risk for illness, but no 
links could be found between the 2 restaurants related to 
food handlers, customers, or suppliers, despite its close 
proximity to the restaurant in outbreak A. Some wedding 
party guests chose not to participate in the study; there-
fore, the study cohort may not be representative of the 
outbreak cohort.

Prompt control measures seemed to be effective in 
limiting further transmission of EIEC. Outbreak A stopped 
after the restaurant was closed, and in outbreak B, no cases 
were identified outside of the wedding party. We found 
little in the literature on the management of EIEC cases to 
prevent secondary transmission. In both outbreaks, guide-
lines for preventing Shigella infections (29) were used be-
cause of the genetic similarity of EIEC to Shigella. Case-
patients and contacts in high risk groups were excluded 
from working or attending high-risk settings such as eating 
establishments, day nurseries, and healthcare facilities un-
til microbiological clearance, defined as 2 negative fecal 
specimens taken at intervals of not less than 48 hours, had 
been achieved. Case-patients who were not in a high-risk 
group were provided with an information sheet detailing 
advice on enteric precautions they should take to prevent 
the spread of the infection. 

These 2 outbreaks of EIEC in Nottingham during June 
2014 were uncommon for England, but highlight that EIEC 
has the capacity to cause large and potentially severe gas-
trointestinal outbreaks in Europe and should be considered 
as a potential pathogen in foodborne outbreaks.
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EID associate editor David O. Freedman discusses louseborne relapsing fever, Borellia  
recurrentis. Louseborne relapsing fever was once widely distributed in all geographic 
areas, including Europe and North America, occurring in association with poverty  
and overcrowding. The causative agent is the spirochete bacterium Borrelia  
recurrentis. In nature, the only relevant vector is the body louse, which feeds only  
on humans; no other reservoir for this infection is known.
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Zika virus is a mosquitoborne flavivirus that is the focus of 
an ongoing pandemic and public health emergency. Pre-
viously limited to sporadic cases in Africa and Asia, the 
emergence of Zika virus in Brazil in 2015 heralded rapid 
spread throughout the Americas. Although most Zika vi-
rus infections are characterized by subclinical or mild in-
fluenza-like illness, severe manifestations have been de-
scribed, including Guillain-Barre syndrome in adults and 
microcephaly in babies born to infected mothers. Neither 
an effective treatment nor a vaccine is available for Zika vi-
rus; therefore, the public health response primarily focus-
es on preventing infection, particularly in pregnant women. 
Despite growing knowledge about this virus, questions 
remain regarding the virus’s vectors and reservoirs, patho-
genesis, genetic diversity, and potential synergistic effects 
of co-infection with other circulating viruses. These ques-
tions highlight the need for research to optimize surveil-
lance, patient management, and public health intervention 
in the current Zika virus epidemic.

Zika virus is a flavivirus that was first isolated in 1947 
from a febrile rhesus macaque monkey in the Zika 

Forest of Uganda and later identified in Aedes africanus 
mosquitoes from the same forest (1). In 1954, the first 3 
cases of human infection were reported in Nigeria (2). Se-
rosurveillance studies in humans suggest that Zika virus is 
widespread throughout Africa, Asia, and Oceania (online 
Technical Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/22/7/15-1990-Techapp1.pdf). However, these studies 
may overestimate the virus’s true prevalence, given serolog-
ic overlap between Zika virus and related flaviviruses, such 
as dengue virus (DENV) and West Nile virus (WNV) (3,4).

Historically, symptomatic Zika virus infections were 
limited to sporadic cases or small clusters of patients (on-
line Technical Appendix Table 2). This pattern changed in 
2007, when the first major outbreak of Zika virus infection 
occurred in Yap (Federated States of Micronesia), where 
≈73% of the population were infected and symptomatic 
disease developed in ≈18% of infected persons (5). Since 
then, Zika virus infection has spread rapidly. Outbreaks 
have occurred in French Polynesia (6), Cook Islands (6), 
Easter Island (7), New Caledonia (8), and, most recently, 

the Americas (9), with sporadic exportations to Europe 
(Figures 1–3; online Technical Appendix Table 2).

Zika virus was first reported in May 2015 in continen-
tal South America in Brazil, where ≈440,000–1,300,000 
persons have subsequently been infected (as of February 
16, 2016). Furthermore, 29 other countries in the Ameri-
cas have reported autochthonous Zika virus transmission, 
including Puerto Rico and US Virgin Islands (Figure 3; 
online Technical Appendix Table 2) (13). Except for 2 
sexually acquired cases, Zika virus in the United States, 
Canada, and Europe has been restricted to travelers from 
affected areas (Figure 1; online Technical Appendix Table 
2); a patient who delivered an infant with microcephaly in 
Hawaii had spent part of her pregnancy in Brazil (14).

Given the wealth of new information about Zika vi-
rus, we conducted a literature review to summarize the 
published findings. This review contextualizes the ongo-
ing Zika virus epidemic in the Americas and identifies 
knowledge gaps that must be addressed to combat Zika 
virus successfully.

The Review

Search Strategy and Selection Criteria
Using the keywords “Zika,” “ZIKV,” “ZIKAV,” and “Zika 
virus,” we searched Google, PubMed, Web of Science, 
Scopus, and ProMed Mail. We reviewed all literature pub-
lished through February 16, 2016, including peer-reviewed 
journal articles, infectious disease reporting system broad-
casts, and public health agency information (e.g., US Cen-
ters for Disease Control and Prevention [CDC] and Euro-
pean Centre for Disease Prevention and Control [ECDC]). 
To ensure the capture of all information, we cross-refer-
enced the bibliographies of reviewed articles. The search 
included English-language and foreign-language articles, 
which were computer translated.

Virology and Pathogenesis
Zika virus is a positive-sense single-stranded RNA virus 
in the family Flaviviridae, which includes several other 
mosquitoborne viruses of clinical importance (e.g., DENV, 
WNV, and yellow fever virus [YFV]) (15). Its closest 
relative is Spondweni virus, the only other member of its 
clade (15,16). The Zika virus genome contains 10,794 nt 
encoding 3,419 aa (16). Like other flaviviruses, Zika virus 
is composed of 2 noncoding regions (5′ and 3′) that flank 
an open reading frame (16), which encodes a polyprotein 
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cleaved into the capsid, precursor of membrane, envelope, 
and 7 nonstructural proteins (16).

Phylogenetic analysis shows that Zika virus can be 
classified into distinct African and Asian lineages; both 
emerged from East Africa during the late 1800s or early 
1900s (17). The Asian lineage originated during the virus’s 
migration from Africa to Southeast Asia, where it was first 
detected in Malaysia. From there, Zika virus spread to the 
Pacific Islands, separately to Yap and French Polynesia, 
and then to New Caledonia, Cook Islands, Easter Island, 
and the Americas (17).

A study of Zika virus’s molecular evolution, based on 
viral strains collected from 4 countries in West Africa dur-
ing 1947–2007, identified several sites within the Zika vi-
ral genome that were under strong negative selection pres-
sure. This finding suggests frequent purging of deleterious 
polymorphisms in functionally important genes and the 
possibility of recombination, which occurs rarely among 
flaviviruses (18). The implications of this finding require 
further evaluation with respect to viral spread, zoonotic 
maintenance, and epidemiologic potential.

After mosquito inoculation of a human host, cellular en-
try likely resembles that of other flaviviruses, whereby the 

virus enters skin cells through cellular receptors, enabling 
migration to the lymph nodes and bloodstream. Few studies 
have investigated the pathogenesis of Zika virus infection. 
One study showed that human skin fibroblasts, keratino-
cytes, and immature dendritic cells allow entry of Zika virus 
(19). Several entry and adhesion factors (e.g., AXL receptor 
tyrosine kinase) facilitate infection, and cellular autophagy, 
needed for flaviviral replication, enhances Zika virus replica-
tion in skin fibroblasts (19). After cellular entry, flaviviruses 
typically replicate within endoplasmic reticulum-derived 
vesicles. However, Zika virus antigens were found exclu-
sively in the nuclei of infected cells; this finding suggests a 
location for replication that differs from that of other flavivi-
ruses and merits further investigation (20).

Transmission
Zika virus, like other flaviviruses, is transmitted by mosqui-
toes, primarily of the Aedes (Stegomyia) genus. Several Ae-
des spp. have been implicated, including Ae. aegypti, Ae. af-
ricanus, Ae. hensilli, and Ae. albopictus (1,21–23). The Ae. 
aegypti mosquito appears to be the major vector in Asia (24) 
and was the suspected primary vector for the French Polyne-
sia outbreak (25). Zika virus has been detected in wild-caught 

Figure 1. Cases of laboratory-confirmed, imported Zika virus infections in the United States, by state, January 1, 2015–February 10, 
2016 (10). All cases are imported, with the exception of 2 sexually acquired autochthonous cases (11,12).
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Ae. aegypti mosquitoes, which laboratory experiments have 
shown to be capable of transmitting Zika virus (26,27). Ae. 
hensilli mosquitoes were implicated in the Yap outbreak, yet 
Zika virus has never been isolated from these mosquitoes 
(28,29). In Africa, the predominant Aedes species vector has 
not been definitively identified, although viral isolation stud-
ies suggest that Ae. albopticus was the likely vector in a 2007 
Zika virus outbreak in Gabon (23).

Aedes mosquitoes are widely distributed globally, and 
native habitats of most species are warm tropical and sub-
tropical regions (29–31). Some species show a limited dis-
tribution (e.g., Ae. luteocephalus in Africa and Ae. hensilli 
in the Pacific Islands); others have a broad geographic span 
(e.g., Ae. aegypti and Ae. albopictus) (29–31). Ae. albop-
ictus does not yet appear to be a major vector of Zika vi-
rus. However, its role in the 2007 Gabon outbreak, its wide 
distribution throughout the United States, and Zika virus’s 
lack of restriction to a specific Aedes sp. indicate that this 
species could serve as a vector in the United States (9).

Mosquito acquisition of the virus likely occurs dur-
ing a blood meal; after uptake, the virus replicates and is 
transmitted to a reservoir animal at the next blood meal 

(32). Isolation of the virus or of anti-Zika virus antibod-
ies from various nonhuman primates and other wild and 
domestic animals suggests multiple animal reservoirs (33). 
One study examined the kinetics of Zika virus infectivity in 
Ae. aegypti mosquitoes by using blood-feeding membranes 
(27); viral content was high on the day of feeding (inocu-
lation), decreased to undetectable levels through day 10, 
increased by day 15, and remained high on days 20–60. 
These findings suggest an incubation period in mosquitoes 
of ≈10 days.

Other nonvector modes of Zika virus transmission in-
clude congenital (34), perinatal (35), and sexual (11,36). 
Possible transmission by blood transfusion (37,38), ani-
mal bite (39), and laboratory exposure (40; online Techni-
cal Appendix reference 41) has been described; however, 
confounding by contemporaneous vectorborne transmis-
sion in these instances cannot be excluded. For example, 
the patient who became infected with Zika virus after a 
monkey bite had concomitant exposure to mosquitoes, a 
more plausible route of acquisition (39). Similarly, 1 of 2 
patients with potentially laboratory-acquired infection (40; 
online Technical Appendix reference 41) reported recent 

Figure 2. All countries and regions reporting laboratory-confirmed autochthonous Zika virus cases, January 1, 2015–February 10, 2016 
(online Technical Appendix Table 2, http://wwwnc.cdc.gov/EID/article/22/7/15-1990-Techapp1.pdf). Data represent outbreaks and case 
reports for all reported autochthonous laboratory-confirmed cases of Zika virus infection, including those reported in the peer-reviewed 
literature; public health agency Web sites, bulletins, and broadcasts; and media reports for selected dates.
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exposure to mosquitoes (40); no definitive mechanism for 
transmission was described for either patient.

Intrauterine transmission is supported by the finding of 
Zika virus RNA by reverse transcription PCR (RT-PCR) in 
amniotic fluid of 2 mothers with symptoms of Zika virus 
infection during pregnancy; both delivered babies with mi-
crocephaly (34). Zika virus RNA has also been identified in 
tissue of fetuses from women infected during pregnancy and 
in brains of 2 live-born infants with microcephaly who died 
<20 hours after birth (online Technical Appendix references 
42–45). Probable intrapartum transmission has also been de-
scribed: 2 newborns were found to be viremic with Zika virus 
<4 days after being born to infected mothers (35). Viral RNA, 
but not culturable virus, has been detected in breast milk (35), 
but transmission by breast-feeding has not been reported.

Two cases of possible transfusion-transmitted Zika vi-
rus were reported in Brazil (38). Furthermore, during the 
French Polynesia outbreak, a study found that 42 (2.8%) of 
1,505 asymptomatic blood donors were positive for Zika 
virus by RT-PCR; 11 donors described a Zika fever-like 
syndrome 3–10 days after donation (37).

Clinical Manifestations
In humans, the incubation period from mosquito bite to 
symptom onset is ≈3–12 days. Infection is likely asymp-
tomatic in ≈80% of cases (5,32). All ages are susceptible 
(4 days–76 years), with a slight preponderance of cases in 
females (online Technical Appendix Table 3). When symp-
toms occur, they are typically mild, self-limiting, and non-
specific (online Technical Appendix Table 3); similarity to 
other arbovirus infections (e.g., DENV and chikungunya vi-
rus [CHIKV]) may confound the diagnosis (online Technical 
Appendix reference 46). Commonly reported symptoms in-
clude rash, fever, arthralgia, myalgia, fatigue, headache, and 
conjunctivitis (online Technical Appendix Table 3). Rash, a 
prominent feature, is maculopapular and pruritic in most cas-
es; it begins proximally and spreads to the extremities with 
spontaneous resolution within 1–4 days of onset (40). Fever 
is typically low grade (37.4°C –38.0°C) (8,36,40). Symp-
toms resolve within 2 weeks; accounts of longer persistence 
are rare (25; online Technical Appendix reference 47).

More severe clinical sequelae have increasingly been 
associated with Zika virus. During the ongoing outbreak 

Figure 3. South America, Central America, and Caribbean countries and regions reporting laboratory-confirmed autochthonous 
Zika virus disease cases during January 1, 2015–February 10, 2016 (online Technical Appendix Table 2, http://wwwnc.cdc.gov/EID/
article/22/7/15-1990-Techapp1.pdf). Data represent outbreaks and case reports for all reported autochthonous laboratory-confirmed 
cases of Zika virus infection in these countries and regions during January 1, 1952–February 10, 2016, including those reported in peer-
reviewed literature; public health agency Web sites, bulletins, and broadcasts; and media reports.
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in Brazil, reports of infants born with microcephaly have 
markedly increased (>3,800 cases; 20 cases/10,000 live 
births vs. 0.5/10,000 live births in previous years) (online 
Technical Appendix reference 48). However, concern ex-
ists that these findings may in part be artifactual, resulting 
from previous underreporting of cases and confounding by 
other risk factors for microcephaly (online Technical Ap-
pendix reference 49). Because systematic surveillance for 
microcephaly was not previously undertaken, the baseline 
rate of microcephaly in Brazil is unknown, and subsequent 
reports suggest that a substantial proportion of infants that 
reportedly have microcephaly do not actually have the con-
dition (online Technical Appendix reference 50).

Health officials in French Polynesia have reported 
an apparent increase in congenital central nervous system 
(CNS) malformations, coinciding with the outbreak occur-
ring during 2013–2014 (online Technical Appendix refer-
ence 51). However, this finding should be cautiously in-
terpreted; reports included only 17 cases, and none were 
laboratory-confirmed Zika virus cases. In addition, the true 
baseline rate of such malformations before the outbreak is 
unknown (online Technical Appendix reference 51).

A plausible neuropathologic link between Zika virus 
and CNS anomalies is supported by research showing vi-
ral neurotropism in intraperitoneally infected mice (online 
Technical Appendix reference 52) and progression of dis-
ease in directly infected mouse brains (online Technical Ap-
pendix reference 53). One hypothesis for Zika virus’s role in 
CNS malformations pertains to the virus’s hijacking of au-
tophagy during viral replication (online Technical Appendix 
reference 54). Some cellular proteins have a dual role in au-
tophagy and centrosome stability; a normal number of cen-
trosomes is important for brain development (online Tech-
nical Appendix reference 54). An increase in centrosomes 
in mice has been shown to result in microcephaly (online 
Technical Appendix reference 54). Therefore, Zika virus’s 
interference in autophagy has been hypothesized to lead to 
an increase in centrosome number and microcephaly; this 
potential role in malformations merits further investigation.

Severe neurologic sequelae have also been described in 
adults, including meningitis, meningoencephalitis, and Guil-
lain-Barre syndrome (online Technical Appendix reference 
55). A surge in Guillain-Barre syndrome cases has been ob-
served in Brazil, Colombia, El Salvador, Suriname, Venezu-
ela, and French Polynesia during outbreaks; however, Zika 
virus has been laboratory confirmed in only some of these 
cases (online Technical Appendix reference 55).

Nonneurologic sequelae include transient hearing loss, 
hypotension, and genitourinary symptoms (11,36; online 
Technical Appendix references 56,57). Hematospermia 
was reported in 2 cases (11,36). A 44-year-old man in Tahi-
ti in whom hematospermia developed 2 weeks after symp-
toms of Zika virus infection was found to have replicative 

cultured Zika virus particles in his semen (36). In addition, 
a 36-year-old man from the United States contracted Zika 
virus infection while in Senegal, and subsequently, his wife 
was infected in the United States; this case supports sexual 
transmission (11). A second sexually acquired case was re-
ported in Texas (online Technical Appendix reference 58).

Rare deaths have been described in patients infected 
with Zika virus (online Technical Appendix reference 44). 
Besides 1 infant death, 3 other fatalities were reported (2 
from Brazil and 1 from Colombia): 1 man with lupus ery-
thematosus, chronic corticosteroid use, rheumatoid arthri-
tis, and alcoholism; and 2 girls 16 years of age, 1 with sick-
le cell disease (online Technical Appendix reference 59). 
(Medical history was not reported for the other girl [online 
Technical Appendix reference 44].)

General Laboratory Findings
Information on laboratory findings for Zika virus infection 
is limited. Complete blood count is often normal; even if 
blood count is abnormal, changes may be nonspecific (e.g., 
mild lymphopenia, mild neutropenia, mild-to-moderate 
thrombocytopenia) (8; online Technical Appendix refer-
ences 46,60–62). Mild elevations in inflammatory markers 
(C-reactive protein, fibrinogen, and ferritin), serum lactate 
dehydrogenase, or liver enzymes have been described (8,25; 
online Technical Appendix reference 57). These findings are 
observed in many other viral infections, including the co-cir-
culating viruses DENV and CHIKV, so none of these labora-
tory alterations reliably distinguish among these infections.

Diagnosis
Clinical evaluation alone is unreliable for a diagnosis of 
Zika virus infection. Because of clinical overlap with other 
arboviruses, diagnosis relies on laboratory testing. Evalua-
tion for Zika virus, CHIKV, and DENV should be under-
taken concurrently for all patients who have acute fever, 
rash, myalgia, or arthralgia after recent (previous 2 weeks) 
travel to an area of ongoing Zika virus transmission (on-
line Technical Appendix reference 63). Commercial assays 
have been developed, including a PCR-based assay that has 
been approved by the Communauté Européenne (RealStar 
Zika Virus RT-PCR Kit 1.0, altona Diagnostics, Hamburg, 
Germany) and a serologic assay that has been approved by 
the US Food and Drug Administration for restricted use 
in emergency situations (online Technical Appendix ref-
erence 64). Testing has typically been performed by large 
reference laboratories (e.g., US CDC and US state labo-
ratories) and universities. CDC’s typical turnaround time 
is 4–14 days. Appropriate tests are selected by the labora-
tory on the basis of clinical information provided by the 
requesting healthcare provider (online Technical Appendix 
reference 65). To coordinate sample collection, providers 
should contact local public health agencies before testing.
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Molecular amplification (e.g., RT-PCR) on serum 
samples remains the most specific diagnostic approach 
and is the preferred testing method for Zika virus during 
the acute phase of illness (<7 days from symptom onset) 
(online Technical Appendix reference 63). In contrast, se-
rologic testing is not recommended during the acute phase, 
when Zika virus IgM may be undetectable (22). However, 
molecular testing must be performed during the viremic 
period (15). Several case reports of negative RT-PCR re-
sults but positive IgM results for patients whose samples 
were tested at >5 days after symptom onset indicate a 
possible viremic period as brief as 5 days (25,36; online 
Technical Appendix reference 61). Consequently, testing 
algorithms are based on sampling relative to symptom on-
set, and serologic testing should be considered if samples 
are negative for Zika virus by RT-PCR (online Technical 
Appendix reference 63).

Serologic testing has limitations. Zika virus IgM and 
IgG are notoriously cross-reactive with those against other 
flaviviruses (particularly DENV), limiting specificity (5,15; 
online Technical Appendix reference 46). Therefore, posi-
tive serologic test results should be confirmed with testing 
that uses an alternative platform such as a seroneutraliza-
tion assay (e.g., plaque-reduction neutralization test) (22). 
However, flaviviral cross-reactivity can also pose problems 
in confirmatory assays, especially for patients immunized 
(e.g., against YFV or Japanese encephalitis virus) or in-
fected with another flavivirus (e.g., WNV or St. Louis en-
cephalitis virus); presence of antibodies confounds diagno-
sis (online Technical Appendix reference 63).

The type of sample can also affect the probability of 
detection. Although diagnostic testing is performed primar-
ily on serum or cerebrospinal fluid, the diagnostic utility 
of other specimen types (e.g., urine, saliva, amniotic fluid, 
and tissue) is being evaluated (online Technical Appendix 
reference 63). Urine and saliva may offer alternatives, par-
ticularly when blood collection is difficult (e.g., in children 
or remote locations). Viruria may persist longer than vire-
mia. One study reported that Zika virus RNA was detected 
in urine up to 20 days after viremia had become undetect-
able (online Technical Appendix reference 62); therefore, 
RT-PCR testing of urine should be considered when Zika 
virus is clinically suspected, despite negative serum test-
ing (22,33,35,36; online Technical Appendix reference 
62). Similarly, RT-PCR conducted with saliva has been 
shown to increase the detection rate during the acute phase 
of infection but does not extend the window of detection of 
Zika virus RNA; consequently, blood remains the preferred 
sample (online Technical Appendix reference 66).

Management and Prevention
No specific treatment or vaccine is available for Zika virus 
infection. Management is supportive and includes rest, fluids, 

antipyretics, and analgesics. Aspirin and other nonsteroidal 
antiinflammatory drugs should be avoided until dengue is 
excluded because of the risk for hemorrhage among dengue 
patients (online Technical Appendix reference 67).

Other general measures focus on prevention of mos-
quito bites, including individual protection (e.g., long pants, 
light-colored clothing, insect repellants, bed nets), particu-
larly during known Ae. aegypti peak biting times (early 
morning and late afternoon) (online Technical Appendix 
reference 68). Community-level strategies target mosquito 
breeding through elimination of potential egg-laying sites 
(e.g., potted plant saucers, water storage units, used tires) 
by drying wet environments or using insecticide treatment 
(online Technical Appendix reference 68). Pregnant wom-
en residing in countries that are not Zika virus–endemic are 
advised against travel to affected countries (online Techni-
cal Appendix reference 69). Testing should be offered to 
all pregnant women who have traveled to areas with on-
going Zika virus transmission (online Technical Appendix 
reference 70). Serial fetal ultrasounds should be considered 
to monitor fetal anatomy and growth every 3–4 weeks in 
pregnant women with positive or inconclusive Zika virus 
test results, and the infant should be tested at birth (online 
Technical Appendix reference 70). Men who reside in or 
have traveled to an area of active Zika virus transmission 
and who have a pregnant partner should abstain from sex-
ual activity or use condoms during sex; similar guidelines 
apply for men with a nonpregnant female sex partner who 
is concerned about sexual transmission of Zika virus (on-
line Technical Appendix reference 58).

Discussion
Zika virus has been declared a public health emergency. As 
many as 1.3 million persons have been affected in Brazil 
alone (online Technical Appendix Table 2), and 20 coun-
tries or territories have reported local transmission of the 
virus during 2016 (Figures 2,3). Because of the ease of air 
travel and international trade, further spread into regions 
where the virus is not endemic is likely, and transmission 
is probable in locations with competent mosquito vectors. 
A robust, multifaceted response is underway that involves 
public health authorities, government agencies, the bio-
medical industry, medical practitioners, and researchers. 
However, uncertainty remains regarding aspects of the vi-
rus’s vectors, epidemiology, and pathogenesis. As the epi-
demic unfolds, evaluating incoming data critically will be 
necessary to separate fact from speculation.

Foremost, diagnosis remains suboptimal. Diagnostic 
guidelines are contingent on laboratory testing that is not 
widely available. Although commercial tests for Zika virus 
are limited in number and availability, more are in devel-
opment, including prototype multiplex molecular assays 
that concurrently test for Zika virus, CHIKV, and DENV 
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(M.P. Busch, pers. comm.). However, although not unique 
to Zika virus, laboratory infrastructure and testing capabil-
ity is lacking in resource-constrained settings where Zika 
virus is most prevalent.

Prevention measures (specifically, vector control) are 
a current priority, pending advances in diagnostics; the 
World Health Organization and the Pan American Health 
Organization have issued recommendations (online Tech-
nical Appendix reference 44). In the United States, multi-
ple factors guard against the explosive epidemic occurring 
throughout Central and South America. Specifically, lower 
rates of human crowding in urban areas, wider access to 
air conditioning and mosquito repellants, and waste man-
agement limit mosquitoborne transmission, which has been 
the case for DENV (online Technical Appendix reference 
71). Nonetheless, further entomologic research is needed 
to define the range of Zika virus vectors and identify new 
areas where autochthonous transmission could take place 
to enable early intervention. Investment is also needed in 
durable control measures such as adaptable vaccine plat-
forms for arboviruses; currently, no Zika virus vaccines are 
in advanced development (9).

Aspects of Zika virus pathogenesis remain unclear. 
Zika virus’s association with neurologic sequelae, includ-
ing potential neuropathophysiologic mechanisms, is be-
ing actively investigated. Continued epidemiologic study, 
combined with research involving animal models, will of-
fer increased insight, which could spur novel prevention 
strategies (9). If confirmed, insights into the timing of in-
fection relative to gestational outcomes will guide policy. 
In the interim, new cases of Zika virus infection should be 
monitored for complications, particularly in babies born to 
mothers residing in Zika virus–affected areas. The effects 
of Zika virus in other vulnerable clinical subsets (e.g., those 
who have concurrent conditions or are immunocompro-
mised) also merit further investigation, as does co-infection 
or sequential infection by co-circulating viruses.

Given reports of possible transfusion-transmitted Zika 
virus, the pandemic also has implications for the blood sup-
ply within Zika virus–endemic and nonendemic regions. 
The US Food and Drug Administration recommends 28-
day deferral for blood donors with confirmed or suspected 
Zika virus infection (38). Donor screening by nucleic acid 
testing is being considered but will be challenging to imple-
ment because of high costs and regulatory considerations. 
Pathogen-reduction technology has shown efficacy for 
treatment of plasma (online Technical Appendix reference 
72); however, absence of a licensed pathogen reduction 
technology for use in red cells, high incremental cost, and 
technical barriers render such technology an unlikely short-
term solution.

Zika virus has the propensity to infect large num-
bers of persons with severe consequences in some cases. 

The epidemic has serious medical, ethical, and economic 
ramifications, particularly in countries where the resources 
for early diagnosis are lacking and potential intervention 
measures (e.g., contraception or termination of pregnancy) 
are discouraged or illegal (online Technical Appendix ref-
erence 73). Although autochthonous transmission in the 
United States is unlikely to match the scale of the epidemic 
in Central and South America, much about Zika virus and 
the way the pandemic will evolve are unknown. Continued 
vigilance is warranted, along with a concerted effort toward 
improving our understanding, management, and prevention 
of this emerging pathogen.
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Outbreak data have been used to estimate the proportion of 
illnesses attributable to different foods. Applying outbreak-
based attribution estimates to nonoutbreak foodborne ill-
nesses requires an assumption of similar exposure path-
ways for outbreak and sporadic illnesses. This assumption 
cannot be tested, but other comparisons can assess its ve-
racity. Our study compares demographic, clinical, temporal, 
and geographic characteristics of outbreak and sporadic 
illnesses from Campylobacter, Escherichia coli O157, Liste-
ria, and Salmonella bacteria ascertained by the Foodborne 
Diseases Active Surveillance Network (FoodNet). Differ-
ences among FoodNet sites in outbreak and sporadic ill-
nesses might reflect differences in surveillance practices. 
For Campylobacter, Listeria, and Escherichia coli O157, 
outbreak and sporadic illnesses are similar for severity, sex, 
and age. For Salmonella, outbreak and sporadic illnesses 
are similar for severity and sex. Nevertheless, the percent-
age of outbreak illnesses in the youngest age category was 
lower. Therefore, we do not reject the assumption that out-
break and sporadic illnesses are similar.

A previous study used outbreak data to determine the 
relative contributions of 17 different food commodi-

ties to the annual prevalence of foodborne illness in the 
United States (1). That work assumed that the exposure 
pathways of foodborne outbreak illnesses were representa-
tive of those pathways for all foodborne illnesses, including 
outbreak-associated and sporadic (nonoutbreak) illnesses. 
However, this assumption cannot be tested directly because 
the food sources of sporadic illnesses typically are unknow-
able. In fact, despite the availability of multiple cases and 
controls that might enable examination of the likelihood of 

illness for different foods consumed, the food sources of 
outbreaks are identified in only about one half of all food-
borne disease outbreaks investigated (2).

In lieu of a direct comparison of exposure pathways 
between outbreak and sporadic foodborne illnesses, we 
compare selected demographic, clinical, temporal, and geo-
graphic characteristics of outbreak and sporadic cases of 
illness caused by Campylobacter, Escherichia coli O157, 
Listeria, and Salmonella bacteria by using data from the 
Foodborne Diseases Active Surveillance Network (Food-
Net) for 2004–2011. Such an analysis is limited but still 
useful. Although similarities between outbreak and spo-
radic cases in terms of disease characteristics would not 
imply that these cases have identical food exposures, no-
table differences in disease characteristics might indicate 
differences in food exposures.

Methods
Data submitted to the Centers for Disease Control and 
Prevention (CDC) by public health personnel from each 
FoodNet site indicate whether a case of foodborne illness 
is an outbreak or nonoutbreak (sporadic) case. We aimed to 
determine whether differences exist in terms of 6 selected 
characteristics of outbreak cases of laboratory-confirmed 
Campylobacter, E. coli O157, Listeria, and Salmonella in-
fection reported in FoodNet (3) during 2004–2011. The 6 
characteristics examined were as follows: 1) the FoodNet 
site reporting the case; 2) the year in which a case occurred; 
3) the season in which a case occurred; 4) the age of patient 
(generally, the difference between submission date and re-
ported date of birth); 5) the sex of the patient; and 6) the 
hospitalization status of the patient (i.e., whether the patient 
was hospitalized within 7 days of specimen collection).

Since 2004, the FoodNet surveillance catchment area 
has been stable. The FoodNet sites were Connecticut, Geor-
gia, Maryland, Minnesota, New Mexico, Oregon, Tennes-
see, and selected counties in California, Colorado, and New 
York. To ensure sufficient data, we determined quintiles 
for season and age groups. Because the data distributions 
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differed between the pathogens, these quintiles were deter-
mined for each pathogen separately. Sex and hospitaliza-
tion status were binary variables.

Other variables of potential interest, such as source 
of specimen (e.g., stool, blood, or urine), race, ethnicity, 
and international travel, were not included in the analysis 
because there were relatively high percentages of missing 
observations for some pathogens and because percentages 
were highly variable over time and across other variables 
in the analysis, possibly introducing an unknown amount 
of surveillance bias and limiting interpretation of results. 
For example, the fraction of cases for which information on 
international travel by the patient was missing ranged from 
6% for E. coli O157 to 44% for Campylobacter. Similarly, 
the fraction of cases for which information on race was 
missing ranged from 7% for E. coli O157 to 26% for Cam-
pylobacter. Our summary descriptions and final models are 
based on the set of FoodNet case reports for which all 6 
variables are complete. Missing values for certain variables 
are described in the online Technical Appendix (http://ww-
wnc.cdc.gov/EID/article/22/7/15-0833-Techapp1.pdf).

To complete the analysis of these characteristics, we 
used a 2-step approach for each of the 4 pathogens exam-
ined. First, we conducted random forest and boosted tree 
analyses (4,5) to gauge the relative importance of the 6 
characteristics in distinguishing between outbreak and spo-
radic cases. Random forest analysis is a data classification 
algorithm that seeks the best combination of factors to ex-
plain an outcome variable (i.e., outbreak or sporadic case). 
Boosted tree analysis pertains to the use of regression tech-
niques (e.g., mean square errors) for measuring the fit of 
the trees to the data. We created random collections of clas-
sification trees and averaged those trees by a measure of 
how well each tree fit the data.

For each pathogen, we trained random forest models 
on ≈85% of the data; we used the remaining ≈15% of the 
data to validate the model’s classifications of outbreak and 
sporadic cases. We used the G2 statistic (a modified Wilk’s 
statistic) to identify more and less important factors (6). In 
a stepwise fashion, we removed the least important factors 
to determine if model misclassification of outbreak status 
improved for the training dataset or the validation dataset. 
We stopped the model simplification whenever removal 
of a factor caused misclassification to worsen. Factors that 
were not eliminated were carried on to the next step.

The second step of the analysis was logistic regression 
modeling. We used stepwise model building routines (7) to 
examine all main effects and interactions among the factor 
levels (i.e., model parameters) explaining the fraction of 
cases that are outbreak-associated cases (i.e., 

 

where p is the probability of a case being an outbreak case 
and X is a matrix of the data with the number of rows equal 
to the number of cases and the number of columns equal to 
the total levels of explanatory variables considered). As a 
model identification guide, we used forward selection pro-
cedures and minimum Bayesian information criterion scor-
ing (BIC) (8). BIC is a preferred selection criterion because 
it penalizes the inclusion of additional parameters more 
strongly than alternative statistics (e.g., Akaike information 
criteria) (8,9).

We selected the logistic regression models with the 
lowest BIC scores as the best models. We used visual as-
sessments of the residuals and interactions to assess the ad-
equacy of the methods and models.

Results
During the study period (2004–2011), <1% of Campylo-
bacter infections reported in FoodNet were outbreak cases, 
but ≈20% of E. coli O157 infections were outbreak cases. 
Outbreak cases represented ≈5% of Listeria and Salmonel-
la infections (Table 1).

Seasonal quintiles were similar across pathogens ex-
cept for E. coli O157; the first season was longer compared 
with the other pathogens, extending from January through 
the end of May (Figure 1). Age quintiles, however, dif-
fered substantially across pathogens. For example, to cap-
ture 20% of the data for Listeria, the first quintile was de-
fined as cases in patients who were 0–38 years of age. In 
contrast, the first quintile for Salmonella only extended to 
patients 3 years of age. For Listeria, the relatively narrow 
quintile range for persons 60–80 years of age reflects the 
larger number of older persons among these cases. For the 
binary variables (sex and hospitalization), the frequency of 
male patients was ≈50% among all FoodNet cases for the 
4 pathogens, and the percentages hospitalized for Campy-
lobacter, E. coli O157, Listeria, and Salmonella infections 
were 16%, 44%, 93%, and 29%, respectively.

A descriptive treatment of the data shows that the fre-
quency of outbreak cases among all FoodNet cases varied 
more for FoodNet site, year, patient age, and season than 
for sex and hospitalization status for each pathogen (Table 
2). Compared with the other pathogens, Listeria exhibited 
substantial frequency ranges for some characteristics. For 
example, the percentage of Listeria cases that were out-
break versus sporadic cases per year varied from 0% versus 
100% during 2007–2009 to 30.6% versus 69.4% in 2011. 
Variability was difficult to determine for Campylobacter 
because of the low frequency of outbreak-associated cases.

In general, FoodNet sites in Georgia and California 
had smaller percentages of outbreak cases, whereas Or-
egon and Colorado had larger percentages. California had 
small outbreak case percentages for Campylobacter (0.1%) 
and E. coli O157 (1.5%), whereas Georgia had the smallest 
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percentage among all sites for Listeria (0.0%) and Salmo-
nella (2.6%). Colorado had the largest outbreak case per-
centage among all sites for Campylobacter (1.0%) and E. 
coli O157 (38.9%), whereas Oregon and New Mexico had 
the largest percentages for Salmonella (20.5%) and Liste-
ria (34.9%), respectively.

For each pathogen’s random forest analysis, the G2 
statistic was smallest for the binary variables (sex and 
hospitalization). Furthermore, misclassification errors for 
the training and validation datasets were not substantively 
changed whether the analysis included all 6 factors or ex-
cluded sex and hospitalization status. Consequently, sex 
and hospitalization status were not important for classify-
ing outbreak and sporadic cases for any of the pathogens, 
and these factors were excluded from the logistic model-
ing step.

Plots of the BIC statistic for increasingly complex 
models illustrate that its value decreases to a minimum and 
then increases for more complicated models (Figure 2).  

For Campylobacter, the minimum BIC corresponds to a 
model containing just the FoodNet site parameters. For E. 
coli O157 and Listeria, the minimum BIC corresponds to 
a model with 16 parameters (9 for FoodNet site and 7 for 
year, with 1 reference value for each factor included in the 
intercept term). For Salmonella, the minimum BIC corre-
sponds to a model with 152 parameters that includes all 
4 factors (24 parameters plus the reference intercept), the 
FoodNet site by year interactions (63 parameters), the year 
by season interactions (28 parameters), and the FoodNet 
site by season interactions (36 parameters). Residual plots 
of the best-fitting models demonstrate reasonable fit to the 
data (Figure 3). These plots illustrate that the studentized 
residuals ([observed frequency – predicted frequency of 
outbreak-associated cases]/SE of predicted frequency) gen-
erally cluster within 3 SD of the mean.

Interaction plots from the best-fitting Salmonella 
model (Figure 4) illustrate the complex relationships be-
tween some model factors. For example, interaction plots 
demonstrated that, for some FoodNet sites (e.g., Oregon, 
California, and Minnesota), the estimated proportion of 
outbreak-associated cases can change substantially across 
years. Moreover, the directions of changes are inconsistent 
across the sites. For example, the peaks and troughs of Or-
egon’s proportions across years are nearly the opposite of 
Minnesota’s pattern. Likewise, the Salmonella interaction 
plots demonstrated interactions between the seasonal quin-
tile and both the surveillance year and the FoodNet site. 
In contrast, the patterns for the age quintiles are consistent 
across surveillance years. Nevertheless, the first age quin-
tile (0–3 years of age) has a markedly lower proportion of 
outbreak-associated cases relative to the other age quintil-
es. This underrepresentation of outbreak-associated cases 
among the youngest age quintile drives the significance of 
the age parameter in the logistic regression model.

Discussion
If foodborne illness source attribution estimates are to 
be effectively used for food safety decision making and 
monitoring success of interventions, the data used to 
generate them must be collected in a systematic fashion 
over time. Foodborne outbreak surveillance data have 
been systematically collected since 1973 and provide 
direct links between human illnesses and food sourc-
es. Although other methods of source attribution (e.g., 

 
Table 1. Number	of	outbreak	cases	versus	sporadic	cases	and	outbreak	fraction,	FoodNet data, United	States,	2004–2011* 
Pathogen Outbreak	cases Sporadic	cases Outbreak	fraction,	% 
Campylobacter 195 42,744 0.5 
Escherichia coli O157 730 3,117 19.0 
Listeria 56 1,024 5.2 
Salmonella 3,161 50,690 5.9 
*Representing 101,717	reports	with	complete	data	for	all	study	variables	out	of	110,157	total	reports. FoodNet,	Foodborne	Diseases	Active	Surveillance	
Network. 

 

Figure 1. Quintile categorization of season and age for persons 
with foodborne illness included in the analysis of Foodborne 
Diseases Active Surveillance Network (FoodNet) data, United 
States, 2004–2011.
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case–control studies) can provide relevant estimates for  
different target populations, these estimates are potentially 
expensive, logistically complex, and not routinely con-
ducted in the United States. Moreover, estimated attribut-
able fractions are based on associations between illnesses 
and exposures, not proof of causality. The possibility that 
attribution estimates from outbreaks might not be reliably 
generalized to the bulk of estimated foodborne illnesses 
is recognized (1). Nevertheless, we cannot assess directly 
the validity of outbreak-based attribution estimates for ap-
plication to the broader population of foodborne illnesses. 
Consequently, this study assessed similarities and differ-
ences between outbreak and sporadic cases across various 
case characteristics. If the examined characteristics of out-
break and sporadic cases are different for these data, then 
the assumption of similar exposure pathways is less plau-
sible. FoodNet is particularly well-suited for this analysis, 
because it is the only US foodborne disease surveillance  

system that actively ascertains laboratory-confirmed hu-
man infections and distinguishes those cases that are as-
sociated with detected outbreaks.

In our analysis, the probability of a case being out-
break-associated varied significantly across the FoodNet 
surveillance sites for all 4 pathogens studied. Uncertainty 
exists for the causes of variability in the number of ascer-
tained cases across FoodNet sites (10) and the number of 
outbreaks detected and reported across states (2,11,12). 
Previous research has demonstrated that differences in 
specimen collection and testing and outbreak surveillance 
and reporting practices, contribute to differences among 
states, and differences in funding or resource allocation 
have been hypothesized to be influential factors (2,10–12). 
We assume these sources of variability among sites are 
most influenced by differences in surveillance and do not 
suggest underlying differences in the sources of sporadic 
and outbreak illnesses.

 

 

 
Table 2. Percentage	of	cases	and	total	number	of	cases identified	as	outbreak-associated,	by	target	pathogen	and	selected	
characteristics,	FoodNet data,	United	States,	2004–2011* 

Characteristic 
%	Outbreak	cases	(no.	total	observations) 

Campylobacter Escherichia coli O157 Listeria Salmonella 
FoodNet	site 
 California 0.1	(5,552) 1.5	(264) 1.7	(115) 3.0	(3,764) 
 Colorado 1.0	(3,391) 38.9	(319) 33.3	(72) 8.6	(2,491) 
 Connecticut 0.0	(3,689) 17.0	(277) 0.0	(148) 6.5	(3,335) 
 Georgia 0.2	(4,815) 8.4	(261) 0.0	(176) 2.6	(17,215) 
 Maryland 0.6	(2,920) 13.0	(200) 0.7	(140) 4.3	(6,020) 
 Minnesota 0.5	(7,308) 20.1	(1,078) 3.4	(58) 10.3	(5,379) 
 New	Mexico 0.8	(2,640) 10.9	(92) 34.9	(43) 9.3	(2,497) 
 New	York 0.4	(4,277) 22.9	(393) 3.7	(136) 8.2	(3,772) 
 Oregon 0.9	(5,147) 25.5	(545) 8.1	(86) 20.5	(3,067) 
 Tennessee 0.4	(3,200) 12.2	(418) 0.0	(106) 3.0	(6,311) 
Year 
 2004 0.2	(4,770) 9.0	(387) 0.8	(119) 6.0	(5,676) 
 2005 0.7	(5,009) 22.7	(467) 1.5	(136) 4.3	(5,982) 
 2006 0.7	(4,903) 15.9	(567) 4.4	(137) 7.6	(5,901) 
 2007 0.1	(5,377) 17.8	(546) 0.0	(122) 6.2	(6,540) 
 2008 0.6	(5,291) 25.8	(516) 0.0	(134) 7.9	(7,214) 
 2009 0.3	(5,546) 26.4	(458) 0.0	(157) 5.5	(6,844) 
 2010 0.4	(5,852) 21.1	(445) 2.3	(131) 5.2	(8,073) 
 2011 0.6	(6,191) 11.7	(461) 30.6	(144) 4.6	(7,621) 
Age	quintile 
 1 0.7	(8,563) 20.6	(766) 2.3	(214) 2.2	(10,838) 
 2 0.7	(8,614) 18.1	(768) 4.6	(216) 4.4	(10,666) 
 3 0.3	(8,428) 19.3	(774) 5.1	(216) 9.2	(10,686) 
 4 0.3	(8,634) 19.6	(765) 5.5	(218) 7.7	(10,758) 
 5 0.3	(8,700) 17.3	(774) 8.3	(216) 6.0	(10,903) 
Season	quintile 
 1 0.4	(8,552) 18.6	(774) 2.3	(218) 6.9	(10,962) 
 2 0.4	(8,761) 19.8	(773) 0.9	(215) 7.6	(10,804) 
 3 0.6	(8,545) 18.8	(775) 4.1	(218) 5.8	(10,773) 
 4 0.6	(8,666) 20.1	(770) 16.1	(217) 4.3	(10,671) 
 5 0.2	(8,415) 17.5	(755) 2.4	(212) 4.7	(10,641) 
Sex 
 F 0.4	(19,317) 19.4	(2,030) 6.4	(577) 6.1	(28,102) 
 M 0.4	(23,622) 18.4	(1,817) 3.8	(503) 5.4	(25,749) 
Hospitalized 
 No 0.5	(35,962) 20.1	(2,145) 4.1	(74) 6.3	(38,321) 
 Yes 0.3	(6,977) 17.5	(1,702) 5.3	(1,006) 4.8	(15,530) 
*Age of	persons	with	cases	and	season	of	specimen	submission	are	classified	by	quintile	of	reported	age	and	quintile	of	the	day	of	year	of	the	specimen	
submission	date. FoodNet,	Foodborne	Diseases	Active	Surveillance	Network. 
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The probability of a case being outbreak-associated 
also varied significantly with the surveillance year for E. 
coli O157, Listeria, and Salmonella. In addition, the sea-
son of specimen submission was a significant factor in the 
Salmonella model. In a study by Painter et al. (1), source 
attribution was estimated by aggregating multiple years of 
outbreak data and applying those to national annual burden 
of illness estimates (13). Gould et al. (2) similarly aggre-
gated outbreak data for estimating source attribution. One 
justification for aggregating outbreak evidence across years 
(and seasons) is the need to capture more information than 
is available from a single year (or season). The significant 
association between the probability of an outbreak case 
and year (and state and season) suggests that aggregation 
of outbreak data across time and space might be appropri-
ate to avoid biases introduced by significant local effects. 
Outbreak and sporadic cases might be dissimilar across 
periods of ≈1 year but more similar when multiple years 
are compared. For example, the fraction of outbreak-asso-
ciated cases in the FoodNet Salmonella data are 5.7% for 
2004–2007 and 5.8% for 2008–2011, despite year-to-year 
fluctuations ranging from 4.3% to 7.9% (Table 2).

Our analysis found no evidence that laboratory-con-
firmed outbreak and sporadic cases are dissimilar with 
respect to the sex or hospitalization status of patients. In 

particular, the data for Salmonella and E. coli O157 in-
clude substantial numbers of cases for comparisons of 
these factors. Therefore, the conclusion from the random 
forest analysis regarding these pathogens lends support to 
the same conclusion for the other 2 pathogens. Otherwise, 
the small number of outbreak-associated cases for Campy-
lobacter and the generally small number of Listeria cases 
provides limited statistical power to detect real differences.

In the case of Salmonella, this analysis found that 
the percentage of outbreak-associated cases varied  
significantly by age cohort. In fact, the youngest age 
quintile (0–3 years of age) had the smallest proportion 
of outbreak-associated cases. Given this result, applying 
source attribution estimates derived from foodborne out-
break data to the youngest age strata of Salmonella spo-
radic cases might not be prudent. Because FoodNet epi-
demiologists cannot confirm the exposure pathway that 
resulted in FoodNet-captured illnesses, we cannot deter-
mine whether the lower frequency of outbreak-associated 
cases among the youngest cohorts of Salmonella patients 
reflects some fundamental difference in the distribution 
of exposure pathways, a difference in outbreak-associated 
case detection methods, or both.

The analytical methods we used rely on some assump-
tions. The initial random forest analysis was completed 

Figure 2. Patterns of the 
Bayesian information criterion 
(BIC) statistic as a function 
of the number of model 
parameters are shown for the 
four pathogens included in the 
analysis of Foodborne Diseases 
Active Surveillance Network 
(FoodNet) data, United States, 
2004–2011. A) Campylobacter; 
B) Escherichia coli O157; C) 
Listeria; D) Salmonella. The BIC 
decreases to a minimum value 
and then increases as model 
complexity (as measured by the 
number of model parameters) 
increases.
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because this technique demands few assumptions with re-
spect to missing observations and factor interactions (14).  
Nevertheless, this technique was only used to eliminate 
those factors that had no evident association with out-
break status.

The logistic regression modeling we performed re-
lies on a binomial process assumption for the frequency 
of outbreak cases among all FoodNet cases. Although this 
analysis assumes that all outbreak cases are unrelated to 
each other, detailed data about the specific outbreak for 
each outbreak case is not readily available and some out-
break cases might have stemmed from the same outbreak. 
Related outbreak cases might co-vary with respect to the 
factors we studied in violation of the binomial process as-
sumption of independent trials. To address this possibility, 
we considered censoring outbreak cases in this analysis, 
but an unknown number of sporadic cases probably were 
also related to detected and undetected outbreaks.

This study also assumes that the probability of speci-
men collection and laboratory submission among ill per-
sons is the same for outbreak and sporadic cases. Never-
theless, public awareness of an outbreak might increase 
healthcare-seeking behavior and submission of diagnostic 
samples by healthcare providers. In addition, during some 
outbreak investigations, investigators conduct active case-
finding and collect additional laboratory specimens from 
persons reporting foodborne illness (11,15), resulting in 

laboratory-confirmed infections being identified in persons 
who had not sought healthcare. As a result, outbreak cases 
might be oversampled compared with sporadic infections.

Inherent dependencies among outbreak cases, com-
bined with oversampling, might contribute to an increased 
strength of association between the proportion of outbreak-
associated cases and the factors studied here. In addition to 
performing better than alternative criteria when the objec-
tive of modeling is to find the actual model, BIC penalizes 
the addition of parameters in models more harshly (16). We 
believe that this harsher assessment of factors reduces the 
likelihood of spurious associations.

Some of the persons with foodborne infections that 
were captured by FoodNet traveled internationally before 
their reported specimen collection date, and some of these 
persons probably became infected because of exposures 
that occurred outside the United States. The likelihood of 
their illness being associated with a disease outbreak might 
in turn be different from that of non-travelers. We were not 
able to exclude international travelers or adjust for this case 
characteristic because, except for cases of E. coli O157 in-
fection, travel history information was missing for >20% 
of cases. Thus, our study population is not restricted to per-
sons with infection caused by domestic exposures. Never-
theless, international travel was reported for <10% of cases 
for all pathogens except Campylobacter. Among Campy-
lobacter infection cases in persons who reported a travel 

Figure 3. Residual plots relative 
to fitted estimates of outbreak-
associated case frequency for 
the best-fitting models used 
in the analysis of Foodborne 
Diseases Active Surveillance 
Network (FoodNet) data, 
United States, 2004–2011. A) 
Campylobacter; B) Escherichia 
coli O157; C) Listeria; D) 
Salmonella. Generally, all 4 
pathogen models demonstrate 
reasonable fit because the 
studentized residuals ([observed 
frequency – predicted frequency 
of outbreak-associated cases]/
SE of predicted frequency) 
are mostly within 3 SD of the 
predicted mean frequency of 
outbreak-associated cases. The 
state variable is the only factor 
in the Campylobacter model, 
whereas year is included in 
the E. coli O157 and Listeria 
models. The Salmonella model 
includes state, year, season, 
age, and interaction terms.
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history, 18% involved international travel before illness 
onset; however, the small number of outbreak-associated 
cases is probably the primary limitation of the Campylo-
bacter analyses.

We conclude that the characteristics of outbreak and 
sporadic cases captured by FoodNet vary for all 4 pathogens 
examined. Nevertheless, with the exception of season and 
age of patient for Salmonella cases, the differences between 
outbreak and sporadic cases pertain to factors that are prob-
ably associated with the inherent variability among complex 
surveillance systems. Our finding with respect to age differ-
ences for Salmonella outbreak and sporadic case-patients 
suggests that applying outbreak-based source attribution es-
timates to the youngest case-patients might be inappropriate. 
Otherwise, because our analysis generally finds that outbreak 
and sporadic illnesses have similar case characteristics, our 
impression is that this study does not refute the plausibility 
of outbreak-based source attribution methods demonstrated 
in Painter et al. (1).

Our study was limited to cases that were laboratory-
confirmed. Consequently, our conclusions are based on 
the assumption that persons with foodborne illness who 
did not seek healthcare or did not have a specimen sub-
mitted for laboratory testing, are similar to those whose 
cases were included in our study. Nonetheless, source 
attribution methods will continue to evolve and will 
probably include data from multiple study populations. 
Recently, blending of outbreak-based and case-control 
source attribution estimates was evaluated (15). In the 
future, the type of analysis reported here could be used 
to examine more detailed case characteristics of illnesses 
transmitted commonly by food for similarities and dif-
ferences between outbreak and sporadic cases. Currently, 
these types of data are not captured routinely in the US 
surveillance systems.

Dr. Ebel is a senior veterinary medical officer in the Risk  
Assessment and Analytics Division, Office of Public Health 

Figure 4. Interaction plots from 
the best-fitting Salmonella 
logistic regression model used 
in the analysis of Foodborne 
Diseases Active Surveillance 
Network (FoodNet) data, United 
States, 2004–2011. A) Year 
versus state; B) season versus 
state; C) year versus season; 
D) year versus age. The y-axis 
is the proportion of outbreak-
associated cases. Crossing lines 
indicate interactions between 
2 factors for the proportion of 
outbreak-associated case.
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Science, Food Safety and Inspection Service, US Department 
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Rabies is a deadly disease 
that can kill anyone who gets 
it. Every year, an estimated 
40,000 people in the United 
States receive a series of 
shots due to potential  
exposure to rabies. Each year 
around the world, rabies 
results in more than 59,000 
deaths—approximately 1 
death every 9 minutes. Rabies



In Poland, African swine fever (ASF) emerged in February 
2014; by August 2015, the virus had been detected in >130 
wild boar and in pigs in 3 backyard holdings. We evaluated 
ASF spread in Poland during these 18 months. Phyloge-
netic analysis indicated repeated incursions of genetically 
distinct ASF viruses of genotype II; the number of cases 
positively correlated with wild boar density; and disease 
spread was very slow. More cases were reported during 
summer than autumn. The 18-month prevalence of ASF 
in areas under various animal movement restrictions was 
18.6% among wild boar found dead or killed by vehicles and 
only 0.2% in hunted wild boar. Repeated introductions of the 
virus into the country, the primary role of wild boar in virus 
maintenance, and the slow spread of the disease indicate a 
need for enhanced biosecurity at pig holdings and continu-
ous and intensive surveillance for fast detection of ASF. 

African swine fever (ASF) is an infectious and notifi-
able disease of domestic and wild animals of the fam-

ily Suidae (1,2). First described in Kenya in 1921, ASF was 
territorially restricted to Africa only until 1957, when it 
spread from Angola to Lisbon. From then on, ASF has been 
repeatedly detected in many countries of Europe, Central 
America, and South America. In some countries (e.g., 
France, Belgium, the Netherlands), ASF outbreaks were 
rapidly contained, but in others (e.g., Portugal and Spain) 
ASF virus (ASFV) persisted for >30 years. Another long-
time infected region in Europe is Sardinia (Italy), where 
ASFV has been circulating since 1978 and where the dis-
ease has been maintained as endemic (3). In 2007, the most 
recent epidemic started in Georgia and thereafter moved to 
Armenia, Azerbaijan, and the Russian Federation (4,5). In 
2012 and 2013, ASF occurred in Ukraine and Belarus, re-
spectively, and in 2014, it crossed into the European Union. 
According to the World Organisation for Animal Health, 
>550 ASF cases among wild boar and outbreaks among do-
mestic pigs were detected through 2015 in Estonia, Latvia, 
Lithuania, and Poland (5).

In Poland, the first cases of ASF were detected in wild 
boar in February 2014 in the northeastern part of the country, 

very near (<1 km) the border with Belarus (6). As of August 
31, 2015, a total of 76 cases in wild boar and 3 outbreaks 
among domestic pigs had been found in 3 counties (basic 
administrative regions of Poland). 

Extensive surveillance revealed a unique pattern of 
disease spread that did not fit the commonly perceived con-
cept of ASF epidemiology. Our study objective was to de-
scribe the spatiotemporal spread of ASF in Poland during 
the first 18 months after detection of the first cases.

Materials and Methods

Surveillance Design and Diagnostic Tests
After the first cases of ASF in Poland were confirmed, the 
affected area was differentiated into 3 levels of risk: area I 
(regions free from ASF but located near areas where ASF 
had been occurring in wild boar), area II (ASF detected in 
wild boar only), and area III (established after detection 
of ASF in pigs) (7,8). Despite differences with regard to 
animal movement restrictions, the surveillance strategy 
applied to areas I–III was the same: all wild boar found 
dead and those killed in road accidents (passive surveil-
lance) and hunted wild boar (active surveillance) from all 
areas were submitted for testing. Samples collected from 
dead wild boar were whole blood, serum, marrow bones, 
kidneys, liver, spleen, lymph nodes, and lungs; samples 
from hunted wild boar were whole blood and serum. Ho-
mogenates (10% wt/vol) of individual tissues were pre-
pared in phosphate-buffered saline. Clarified material was 
stored at −80°C or directly used for virus DNA extrac-
tion. Virus DNA was extracted directly from 200-mL ali-
quots of serum or tissue sample homogenates by using the 
commercial QIAamp DNA Mini Kit (QIAGEN, Hilden, 
Germany) according to the manufacturer’s recommended 
procedures. We used a PCR with the ASF diagnosis prim-
ers and a commercial probe (Universal ProbeLibrary no. 
162; Roche Applied Science, Branford, CT, USA), which 
generates an amplicon of 74 bp within viral protein 72, 
to confirm the presence of ASFV DNA. Specific prim-
ers and probes were added to a LightCycler 480 Probes 
Master Kit (Roche Applied Science), and reactions were 
performed in a Stratagene Mx3005P real-time PCR 
thermocycler (Agilent Technologies, Santa Clara, CA,  
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USA) according to the protocol described by Fernández 
-Pinero et al. (9).

Altogether, from February 2014 through August 2015, 
samples from 609 dead/road accident wild boar and 12,253 
hunted wild boar from areas I–III (7,8), as well as from 
≈35,000 domestic pigs, were tested by real-time PCR; de-
tailed results and difficulties encountered during the diag-
nostic process are described elsewhere (10). According to 
terminology adopted in Poland, outbreaks were defined as 
the detection of DNA of ASFV in pigs (irrespective of the 
number of pigs in a holding), and cases were defined as the 
presence of viral DNA in >1 wild boar found at the same 
time and in the same place. Thus, the number of infected 
animals outnumbered the number of cases or outbreaks. 
However, for the purpose of prevalence calculations, we 
took into account individual animals. To calculate the an-
nual prevalence of ASF in wild boar during the first year of 
the epidemic and to analyze potential seasonal variations, 
we established prevalence rates (with 95% CIs) separately 
for wild boar tested within the scope of active and passive 
surveillance in quarterly intervals: spring (March–May 
2014), summer (June–August 2014), autumn (September–
November 2014), and winter (December 2014–February 
2015). In addition, we calculated prevalence in monthly 
intervals to encompass the period from the beginning of 
the epidemic in February 2014 through August 2015. We 
mapped the locations of ASF outbreaks and cases by using 
sampling location coordinates in ArcGIS for Desktop soft-
ware (Esri Inc., Redlands, CA, USA). 

DNA Sequencing and Phylogenetic Analysis
We used the DNA of ASFV representing 64 cases and 
3 outbreaks for phylogenetic analysis. So far we have 
failed to produce proper-length readable sequences for 
samples from case nos. 20, 24, 26–28, 32, 51, 56, 57, and 
68. The primers specific to the MGF505-2R gene ASFV 
sequence were designed on the basis of the complete ge-
nome sequence of the BA71V strain (GenBank acces-
sion no. U18466.2) by using online Primer 3 Plus soft-
ware (http://www.bioinformatics.nl/primer3plus/). The 
primers were also 100% complementary to the Georgia 
2007/1 sequence strain. The expected product length was 
estimated to be 1,173 bp. The primer sequences used for  

amplification and sequencing of the MGF505–2R fragment 
were LVR13F: 5′-GCAGAGGTATGATGTCCTTA-3′ 
and LVR13F: 5′-TTCCTGTTGAACAAGTATCT-3′. 
The PCR products were separated in a 1.5% agarose gel 
(Invitrogen, Grand Island, NY, USA) and then purified 
according to the procedure for the QIAquick Gel Extrac-
tion Kit (QIAGEN). The amplicons were sequenced on 
a GS FLX/Titanium sequencer (Roche Applied Science) 
by Centrum Badań DNA Service (Poznań, Poland). Each 
product was sequenced in forward and backward direc-
tions and then assembled into a single contig by using 
Geneious R7 software (Biomatters Ltd., Auckland, New 
Zealand). The ClustalW alignment calculation parameters 
in MEGA6 (11) were as follows: gap opening penalty 15, 
gap extension penalty 6.66, transition weight 0.5, and de-
lay divergent cutoff 30%. We plotted the phylogram by 
using the neighbor-joining algorithm in MEGA6 software 
and calculated the nucleotide similarity matrix providing 
the information about the sequence identity by using Ge-
neious R7 software. The obtained nucleotide sequences of 
ASFV isolates were trimmed, assembled into contigs, and 
aligned by using Geneious R7 software. We also retrieved 
2 sequences of ASFV representing genotype II (Georgia 
2007/1 and Odintsovo/2014 Russia) from GenBank to use 
for comparison. The tree was rooted against ASFV strains 
Warmbaths South Africa and Malawi Lil 20/1, represent-
ing genotypes IV and VIII, respectively. We submitted the 
nucleotide sequences of ASFV successfully sequenced 
in Poland to GenBank under accession nos. KT366447–
KT366459 and KT900042–KT900107.
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Table. African	swine	fever in	wild	boar in Poland	during	the	first	year	after	detection	of	the	first	cases	in	February	2014 

Season 

Active	surveillance* 

 

Passive	surveillance† 
No.	

positive 
No.	

negative Total Prevalence,	%	(95%	CI) 
No.	

positive 
No.	

negative Total Prevalence,	%	(95%	CI) 
Spring 0 446 446 0	(0–0.9)  4 45 49 8.2	(3.2–19.2) 
Summer 0 988 988 0	(0–0.4)  26 81 107 24.3	(17.2–33.2) 
Autumn 3 3,270 3,273 0.09	(0–0.3)  13 144 157 8.3	(4.913.7) 
Winter 7 3,453 3,460 0.2	(0.1–0.4)  14 75 89 15.7	(9.6–24.7) 
Total 10 8,157 8,167 0.12	(0.1–0.2)  57 345 402 14.2	(11.1–17.9) 
*Hunted. 
†Found dead. 

 

Figure 1. Monthly prevalence of African swine fever in hunted 
wild boar, Poland, February 2014–August 2015. Error bars 
indicate 95% CIs.
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Statistical Analyses
To evaluate correlations between the number of ASFV-
positive wild boar and wild boar density in the forestry 
units in which ASF detections were notified during the 
first year after the beginning of the epidemic, we per-
formed a Pearson and Spearman correlation analysis 
(significance level 0.05). The follow-up analysis was 
performed 3 months after detection of ASF in new areas, 
which led to enlargement of the infected zone in August 
2015. To assess statistical differences between seasonal 
prevalence of ASF, we used the Fisher exact test with a 
Bonferroni correction for each single comparison (signifi-
cance level 0.05).

Results
The average annual prevalence of ASFV (based on posi-
tive PCRs) among hunted wild boar was 0.12% (95% CI 
0.1%–0.2%) (Table). Prevalence did not differ significantly 
by season. With regard to detection of ASFV in dead wild 
boar, the annual prevalence was 14.2% (95% CI 11.1%–
17.9%) and ranged from 8.2% in spring to 24.3% in sum-
mer. The only significant difference (after taking the Bon-
ferroni correction into account) was between summer and 
autumn (p<0.001). The monthly prevalence ranged from 
0 to 0.7% among hunted wild boar and from 0 to 40.5% 
among dead wild boar (Figures 1, 2). The overall 18-month 
prevalence in areas under animal movement restrictions 
was 18.6% (95% CI 15.7%–21.8%) according to passive 
surveillance and 0.2% (95% CI 0.1%–0.2%) according to 
active surveillance.

We found a correlation between the number of ASF 
notifications and the number of wild boar in the affected 
forestry units (Spearman rank correlation coefficient 
R = 0.90, p<0.05) in February 2015 (during the first year 
after detection of the first case). As of August 2015 (after 
detection of ASF in new areas in June 2015 and the en-
largement of the infected zone), the correlation lost statisti-
cal significance (Figure 3).

The nucleotide and amino acid sequence identity of 
the MGF505-2R gene between ASFV isolates from Poland 
ranged from 99.47% to 100%. The largest cluster consist-
ed of 42 sequences (41 from wild boar and 1 from pigs 
[outbreak 3]) exhibiting 100% homology between each 
other and indistinguishable from 2 references included for 
comparison: Georgia 2007/1 and Odintsovo 02/14 Russia 
(Figure 4). The second largest group containing 100% ho-
mologous sequences comprised 12 viruses (11 from wild 
boar and 1 from pigs [outbreak 2]) with 99.9% similarity to 
viruses of the previous group. The DNA fragment of the vi-
rus recovered from pigs identified as from the first outbreak 
differed slightly from those mentioned above, and the only 
identical sequence was from the virus from case no. 4. Se-
quences representing case nos. 15, 17, 41, 45, 55, and 72 

formed a clearly separate and diverse cluster (within-group 
genetic diversity 99.5%–99.9%) (Figure 5).

Discussion
After the emergence of ASF in Poland, the preliminary fore-
casts had predicted that the virus would deplete the popu-
lation of wild boar in the region or would spread quickly 
to new areas because it is inherently so highly contagious. 
These predicted events, however, did not occur. Nor did the 
concept that ASFV cannot be sustained among wild boar 
without spillover from domestic pigs (12,13) apply to the 
situation in Poland. So far, the number of cases in wild boar 
in Poland has greatly outnumbered outbreaks among do-
mestic pigs. The virus has been found almost exclusively 
in wild boar, which seem to be the sole mediator for virus 
dissemination. The total area of the infected region is only 
≈1,500 km2. The slow spatial spread of ASF may be associ-
ated with the social behavior of wild boar, which has been 
studied quite extensively in Białowieża Primeval Forest, 
straddling the Poland–Belarus border (14). Wild boar show 
strong site fidelity, and most (≈70%) stay within 1–2 km 
of the center of their natal home ranges; only a relatively 
small percentage (5%–10%) of the population disperses 
from their natal range but not farther than 20–30 km. Spa-
tial overlap of family groups is limited (15), which hampers 
transmission of the virus between groups by either direct 
contact between susceptible and sick animals or indirect 
contact with infected carcasses. In addition, the high viru-
lence of the virus, which leads to the high case-fatality rate, 
prevents infected wild boar from long-distance movements. 
Therefore, long-distance dispersal of the virus by wild boar 
as carriers is assumed to be unlikely and mostly requires 
human involvement. However, specific socio-agricultural 
conditions in the affected region (i.e., low pig density, very 
few commercial farms, and small-scale national and inter-
national trade) create favorable barriers hitherto preventing 
the spread of the virus over long distances. It seems that the 
overall effect on the population was not significant and that, 
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Figure 2. Monthly prevalence of African swine fever in dead 
(including road accident deaths) wild boar, Poland, February 
2014–August 2015. Error bars indicate 95% CIs.
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despite a high lethality rate of genotype II for wild boar 
(no. deaths/no. infected animals) (16,17), the mortality rate 
(no. deaths/no. animals in the affected population) seems 
to not be very high. Therefore, the virus does not seem to 
be highly contagious, which can also be explained on one 
side by the inherent epidemiologic properties of ASF (no 
airborne transmission and required contact with blood or 
excretions of infected animals) and on the other side from 
the specific behavior of wild boar described above. The re-
sults obtained in our study provide grounds for redefining 
the role of wild boar, which after 18-months of observation 
can be considered as a reservoir host for ASFV.

The complete genetic identity between a large clus-
ter of Poland ASFV isolates with Georgia 2007/1 isolates 
clearly shows that the examined region, although rela-
tively variable, can remain highly conservative for a long 
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Figure 3. Locations of African swine fever (ASF) cases and 
outbreaks in Poland. Wild boar density data based on the 
National Forestry Service of Poland census.

Figure 4. Phylogenetic analysis of African swine fever virus 
detected in pigs (outbreaks) and wild boar (cases) in Poland. 
Numbers on branches indicate bootstrap coefficient values. Scale 
bar indicates nucleotide substitutions per residue.
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time (8 years). On the other hand, the genetic divergence 
of up to 0.5% in viruses from Poland highlighted by the 
presence of separate clusters on the phylogenetic tree 
clearly indicates that Poland has experienced a few incur-
sions of genetically distinct ASFVs of genotype II. This 
finding is also supported by epidemiologic observations: 
29 of 76 cases were located no farther than 5 km from 
the border with Belarus. With respect to outbreaks among 
pigs, the phylogenetic analysis clearly indicates no direct 
link between the 3 outbreaks. Epidemiologic investiga-
tions showed that wild boar were the most likely source 
of infection for domestic pigs (mainly poor biosecurity of 
pig holdings, enabling contact with wild animals). Over-
all, results of phylogenetic studies demonstrate the dy-
namic nature of the ASF epidemic in eastern Europe and 
raise serious concerns for control of ASF. We emphasize 
that without close and transparent collaboration between 

ASF-affected countries, eradication goals will be difficult 
to achieve.

The statistical relationship between wild boar density 
and the number of ASF cases was found after the 12 months 
after the beginning of the epidemic. The correlation was not 
statistically significant a few months after the virus spread 
to new forestry units with high wild boar density, appar-
ently because of substantial changes in the population size 
in areas II and III as a result of introduced control measures 
(according to the most current census, the population in the 
aforementioned areas decreased by ≈25%). Moreover, the 
analysis of combined data for Poland and the Baltic States, 
conducted by a panel of European Food Safety Authority ex-
perts, found no correlation between wild boar density and 
ASF case notifications (18). This issue requires clarification, 
and the analysis will be continuously updated. However, 
during the first year, all cases in wild boar were detected in 
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Figure 5. Nucleotide alignment of the MGF505–2R gene variable sequence fragment (residues from 1,015 to 1,149 nt) showing point 
mutations and differences between isolate Georgia 2007/1 isolate and African swine fever virus field isolates from Poland. The graph 
was generated by using Bioedit version 7.2.5 software (Ibis Biosciences, Carlsbad, CA, USA). The dots indicate identical nucleotide 
residues. The variable residues are visible as a nucleotide symbol.
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areas with a wild boar density of >1 animal/km2 (Figure 3); 
currently, in areas where substantial efforts have been under-
taken to reduce wild boar populations, the number of ASF 
notifications has been reduced considerably. This finding 
raises potential implications for ASF control strategies (i.e., 
maintaining the wild boar population in the affected region 
at the level of ≈0.5–0.7 animals/km2) and can be taken into 
account as a control option for reducing the number of cases 
among wild boar. Moreover, maintaining the population 
density in the surrounding regions at a low level may create 
a low-density barrier, preventing the virus from becoming 
established among wild boar in new areas, and infections, 
if they occur, can be expected to die out. As indicated in the 
most recent European Food Safety Authority report (18), the 
low density of wild boar can be achieved by female-targeted 
boar hunting and a feeding ban. However, this approach 
should be applied as a long-term control measure because 
intensive hunting is logistically demanding. It would also be 
desirable to significantly reduce the domestic pig population 
from backyard pig holdings, which do not fulfill biosecurity 
requirements. This process would thus create a chance to 
minimize the major risk for long-distance dispersal of the 
virus, which is attributed to human activity (e.g., transfer of 
contaminated pork, pig waste, or fomites to other, sometimes 
remote, regions). A new biosecurity regulation is being put in 
place in areas II and III, which, among other things, stipulates 
that holdings that do not fulfill the strict requirements will  
be closed.

In summary, during 18 months of ASF in Poland, 
we observed repeated introductions of ASFV into the 
country, slow spread of the disease in areas of dense wild 
boar populations, and a primary role of wild boar in virus 
maintenance. Enhancement of biosecurity practices at pig 
holdings is crucial for minimizing the risk for virus spill-
over virus from wild to domestic populations followed 
by long-distance spread of ASFV by human-related ac-
tivities. Continuous and intensive surveillance enabling 
fast detection of ASF is needed, especially in previously 
disease-free areas.
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In the United Kingdom, outbreaks of Campylobacter in-
fection are increasingly attributed to undercooked chicken 
livers, yet many recipes, including those of top chefs, ad-
vocate short cooking times and serving livers pink. During 
2015, we studied preferences of chefs and the public in the 
United Kingdom and investigated the link between liver rare-
ness and survival of Campylobacter. We used photographs 
to assess chefs’ ability to identify chicken livers meeting 
safe cooking guidelines. To investigate the microbiologi-
cal safety of livers chefs preferred to serve, we modeled 
Campylobacter survival in infected chicken livers cooked to 
various temperatures. Most chefs correctly identified safely 
cooked livers but overestimated the public’s preference for 
rareness and thus preferred to serve them more rare. We 
estimated that 19%–52% of livers served commercially in 
the United Kingdom fail to reach 70°C and that predicted 
Campylobacter survival rates are 48%–98%. These find-
ings indicate that cooking trends are linked to increasing 
Campylobacter infections.

Foodborne illness is very costly, comprising medical ex-
penses, loss of earnings, and reduced quality of life. In 

the United States, the annual healthcare cost is ≈$14 billion 
annually (1); in the United Kingdom, it is £1.8 billion (2). 
The foodborne illness most commonly responsible for these 
costs is campylobacteriosis (3–5). In the United States, cas-
es increased by 13% between 2006–2008 and 2013 (6). In 
the United Kingdom, Campylobacter accounted for over 
half of the estimated 500,000 cases of foodborne disease 
during 2011–2012 (3,7); in the United States, it accounts 
for 9% of foodborne disease cases annually (4).

Foods implicated as Campylobacter vehicles include 
poultry, red meat, milk, and water (7–11). Studies of out-
breaks and sporadic cases have identified the principal 
source of infection as undercooked chicken meat (9–14). 

In the United Kingdom, increasing numbers of outbreaks 
are attributed to undercooked chicken livers (9) despite 
the fact that the UK Food Standards Agency (FSA) has 
provided guidelines for safely cooking them. These in-
creased infections seem to have coincided with a trend 
among leading chefs to advocate minimal cooking of 
chicken livers, despite recommendations to maintain liver 
cores at 70°C for 2–3 minutes to ensure they are Campy-
lobacter free (15).

Although the association between consuming chick-
en livers and infection with Campylobacter is well known 
(9), the underlying reasons for the changing epidemiol-
ogy of outbreaks associated with chicken liver consump-
tion are unclear. We hypothesized that the trend toward 
including rarer, pinker meat in the recipes of leading 
chefs and by mass media representation of meat cooking 
may be contributing to changes in the way chicken livers  
are consumed.

We therefore conducted an interdisciplinary inves-
tigation by using a combination of methods from social 
and biological sciences. Participants were selected from 
the UK population, and the study was conducted during 
2015. Our study objectives were 1) to investigate the abil-
ity of chefs and members of the public to identify cooked 
chicken livers that meet FSA guidelines for safe cooking, 
2) to elicit the preferences of chefs and the public regard-
ing the rareness of chicken livers, and 3) to model the 
survival of Campylobacter in chicken livers sautéed to 
various core temperatures.

Methods

Participants
We recruited a quota-based sample of 1,030 members of 
the UK public via an online market research panel (http://
www.researchnow.com). Quotas were used to ensure rep-
resentativeness in terms of age groups and social class. The 
quota permitted an unequal split by sex (up to 70% women) 
because in the United Kingdom, food preparation at home 
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is more commonly performed by women than men. We 
also recruited 143 chefs through face-to-face convenience 
sampling at culinary shows and competitions and by online 
culinary forums.

All participants gave informed consent. Respon-
dents were debriefed on the purpose of the survey after 
completion and given the opportunity to withdraw their 
data. Ethical approval was obtained from the College of 
Natural Science Ethics Committee at Bangor University 
(CNS/2014/AJ1).

Preparation of Visual Aids
To prepare cooked chicken liver dishes to serve as visual 
aids, we used methods similar to those used in studies of 
hamburgers (16) and beefsteaks (17). A chef cooked 7 
batches of chicken livers for various times, recorded the 
maximum core temperature for each batch, and arranged 
each batch on a plate for photography by a professional 
photographer. The process was repeated (without the tem-
perature being recorded) for 3 other meats (duck breasts, 
lamb racks, and beef burgers).

Surveys of Preference and Knowledge
To determine preferences and knowledge of safe cooking 
practices among chefs and members of the public, we used 
the images of cooked chicken livers as visual aids. The im-
ages were presented in surveys (online and print), arranged 
in order of cooking time/rareness (Figure 1). The surveys 
for chefs and the public were similar, except that the chefs 
were asked about serving preferences and the public was 
asked about eating preferences. 

To avoid biases (such as social desirability bias) re-
sulting from respondents perceiving the survey to be about 
food safety, we described the survey as being about food 
preferences. Respondents were first asked preference ques-
tions about 3 of the 4 meats (in random order) to obscure 
the focus on chicken livers and safety. Chefs were asked to 
indicate which chicken liver dish was cooked “the way you 
would like to serve it” and “the way you think most cus-
tomers would like it.” Members of the public were asked 
which dish they would prefer if “eating out” and “eating 
at home.”

Respondents were subsequently asked which chicken 
liver dish (if any) was the first they thought would meet 
FSA safe cooking guidelines. Additional questions were 
asked about perceived trends and influences regarding 
cooking meat, dining habits, and demographic information 
such as class and age. Chefs provided additional informa-
tion about their current position, such as their training and 
industry experience.

Campylobacter Survival
To prepare a suspension of Campylobacter for experi-
mental inoculation, we streaked Camplyobacter jejuni 
M1 strain (sequence type 137, clonal complex 45) on Co-
lumbia agar base containing 5% defibrinated horse blood, 
incubated it at 37°C under microaerobic conditions for 
48–72 h, and then inoculated it into Camplyobacter en-
richment broth. After subculture for another 24 h, a bacte-
rial suspension was prepared in maximum recovery dilu-
ent to an optical density of 600 nm (≈109 CFU/mL). The 
culture broth was diluted in Camplyobacter enrichment 
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Figure 1. Chicken liver images, in order of cooking time/rareness, used in survey to determine preferences and knowledge of safe 
cooking practices among chefs and the public, United Kingdom.  
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broth to give a suspension of ≈105 CFU/mL for inocula-
tion into fresh chicken livers.

The fresh chicken livers were purchased in packs from 
supermarkets and sorted into batches of 4 with similar 
weights. The connective tissue was cut between the 2 liver 
lobes, with the weight of the larger lobe recorded and as-
signed for inoculation with Campylobacter broth suspen-
sion; 4 livers were assigned to each cooking batch. A 1-cm2 
area of each liver was scored at its thickest point by us-
ing a sterile scalpel blade and injected with 100 μL (≈104 
CFU) of culture broth, corresponding to the highest levels 
of Campylobacter reported to be found in naturally con-
taminated livers (18).

For each cooking time, 10 g butter was heated in a fry-
ing pan over moderate to high heat on an electric cook-
top; when the butter had finished frothing, the 4 inoculated 
liver lobes in the batch were added. The maximum core 
temperature of the largest and smallest liver in each batch 
was recorded. To determine the survival of the inoculated 
M1 strain of C. jejuni within the cooked livers, we placed 
each liver in a sterile petri dish, and a 4–5-g portion around 
the scored inoculated region was removed and added to a 
Stomacher bag (Seward BA6040, Worthing, UK); 10 mL 
of Exeter broth was added to each bag before Stomaching 
(mechanical pounding of the outer surface of the bag to 
remove bacteria) for 1 min. The homogenized suspension 
was poured into a 20-mL universal container and incubated 
at 41°C under microaerobic conditions (Variable Atmo-
sphere Incubator; Don Whitely Scientific, Shipley, UK) for 
24 h, after which 1 loopful of broth was plated onto Cam-
pylobacter blood-free medium (modified charcoal cefo-
perazone deoxycholate agar, containing cefoperazone and 
amphotericin) at 41°C under microaerobic conditions for 
48–72 h. We picked 1 typical Campylobacter colony from 
at least 1 plate in each batch and confirmed it as C. jejuni by 
PCR; for a cooked liver to be deemed positive, 1 isolate per 
batch was confirmed as C. jejuni positive (19).

Data Analyses
We modeled the probability of survival for the 60 livers for 
which temperature and Campylobacter presence/absence 
after cooking were recorded. We used logistic regression to 
model the relationship between the core temperature of the 
livers and the survival of Campylobacter. The probability 
of Campylobacter survival as a function of core tempera-
ture was modeled via estimation of a logit model, which 
captured the nonlinear temperature-survival relationship 
(Figure 2). Parameter estimates were obtained by using lo-
gistic regression (Stata logit command; StataCorp LP, Col-
lege Station, TX, USA) on the binary variable indicating  
Camplyobacter survival (1 = survival, 0 = nonsurvival) in 
a sample of 60 cooked chicken livers. Temperature was the 
maximum core temperature recorded for the batch from 

which the chicken liver was taken. This model was used 
to assign predicted survival rates for each photographed 
chicken liver dish.

We used the Kolmogorov Smirnov 2-sample test to 
compare differences in the distribution of knowledge and 
preferences between groups (chefs and the public). We in-
vestigated within-person differences by using the Wilcox-
on signed-rank test for paired data. Ordered logit models 
(20) were estimated to determine the effects of observable 
characteristics on respondents’ preferences for chicken 
liver rareness and their choices of FSA-compliant livers.

Results

Campylobacter Survival
We discuss the results of the Campylobacter survival ex-
periment first because an understanding of those results 
is useful for interpreting the preferences and knowledge 
analyses. The relationship between core temperature and 
Campylobacter survival rate was inverse (Table; Figure 2). 
Of the 32 batches of 4 inoculated livers, the shortest cook-
ing time was 1 minute, leading to a mean core temperature 
of 36°C and a 100% Campylobacter survival rate. At the 
maximum mean core temperature (72°C), Campylobacter 
survival rate was 8.3%.

The logistic model predicted a survival rate of 98% in 
liver with core temperature that reached 52°C (liver 1) and 
equivalent survival rates of 95% and 48% at core tempera-
tures of 56°C and 66°C (livers 2 and 3). Liver 4 reached a 
maximum temperature of 70°C, but the temperature was 
not held for the recommended 2 minutes; predicted Campy-
lobacter survival rate was 22%. Livers 6 and 7 met the FSA 
guidelines, and their predicted Campylobacter survival rate 
was <0.001%.

Preferences and Knowledge of the Public
Of the 1,030 members of the public surveyed, 43.0% ate 
chicken livers and hence were asked to select the chicken  
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Figure 2. Campylobacter survival in cooked (pan-fried) chicken 
livers, by cooking time and temperature. Error bars represent 
minimum and maximum temperatures reached.
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liver dishes they preferred and which they thought met 
FSA guidelines. Half (49.3%) of all male respondents 
and 38.4% of all female respondents ate chicken livers. 
Rates of chicken liver consumption varied by age group: 
18–34 years, 34.7%; 35–44 years, 44.7%; 45–54 years, 
49.0%, 55–64 years: 51.5%; and >65: 42.9%. Chicken 
livers were eaten by half (51.0%) of respondents be-
longing to UK socioeconomic grouping ABC1 (upper, 
middle, and lower middle class) and 32.3% of those be-
longing to C2DE (working class and those at the lowest 
level of subsistence).

Members of the public poorly identified whether a 
chicken liver met FSA guidelines for safe cooking (Fig-
ure 3). Thirty percent identified livers 1–3 as being safe to 
eat; the predicted rates of Campylobacter survival in these 
livers were 48%–98%. Another 22% thought that liver 4 
(Campylobacter survival rate 22%) was safe to eat.

No significant difference was found between the 
public’s choices of FSA-compliant livers and their pref-
erences when dining out (p = 0.776, Wilcoxon signed-
rank test; n = 386) (Figure 4); respondents were consistent 
between what they wanted to eat and what they thought 
was safe. Respondents showed a significant preference for 
pinker livers when eating out rather than at home (p = 
0.007, Wilcoxon signed-rank test; n = 446). Paradoxical-
ly, respondents reported being more concerned about food 
safety when eating out than at home (p<0.001, Wilcoxon 
signed-rank test; n = 999).

Ordered logit results (not reported) identified no sys-
tematic differences in rareness preferences by respondent 
sex, age, or class. Livers that were more pink were preferred 

by respondents who described themselves as adventurous 
(p<0.030, n = 444) and who were less concerned about res-
taurant food safety (p<0.001, n = 444).

Perceptions and Knowledge of Chefs
Among the 143 chefs, of those who indicated their sex, 
134 (88%) were male. Among the 141 who indicated their 
type of work, 31.9% worked in fine dining, 17% in contract 
catering, 11.3% in casual restaurants, 5.7% in pubs, and 
19.1% in multiple kitchen types. The most commonly held 
position among 131 chefs who responded was head chef 
(54.0%), followed by chef trainer (11.5%), chef de partie 
(10.7%), commis chef (6.9%), and sous chef (6.1%).
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Table. Campylobacter survival	in	cooked	chicken	liver,	by	replicate* 

Variable 
Cooking	time,	min 

1 1.5 2 2.5 3 3.5 4 5 6 7 
Replicate	1           
 No.	positive 4.0 3.0 3.0 3.0 4.0 3.0 2.0 3.0 ND ND 
 Mean	weight,	g 41.5 41.5 43.8 41.5 41.5 41.5 40.3 40.8 ND ND 
 Mean	core	temp,	°C 36.0 46.0 44.0 41.0 47.5 55.5 60.5 61.5 ND ND 
Replicate	2           
 No.	positive ND 3.0 3.0 4.0 3.0 3.0 3.0 3.0 0 ND 
 Mean	weight,	g ND 34.0 34.0 34.0 34.3 34.0 34.3 34.5 34.3 ND 
 Mean	core	temp,	°C ND 39.0 42.5 44.0 50.5 59.0 65.5 65.0 72.0 ND 
Replicate	3           
 No.	positive ND ND 2.0 4.0 4.0 4.0 3.0 3.0 1.0 1.0 
 Mean	weight,	g ND ND 40.0 40.3 39.3 40.5 40.5 40.3 39.5 39.0 
 Mean	core	temp,	°C ND ND 41.5 55.5 57.5 61.0 69.0 64.0 69.0 72.5 
Replicate	4           
 No.	positive ND ND 4.0 2.0 1.0 0.0 1.0 1.0 0 0 
 Mean	weight,	g ND ND 25.8 26.3 28.0 26.5 27.3 24.8 27.8 29.5 
 Mean	core	temp,	°C ND ND 56.0 58.5 63.5 67.5 61.0 71.5 75.0 69.5 
No.	livers 4 8 16 16 16 16 16 16 12 8 
No.	positive 4 6 12 13 12 10 9 10 1 1 
Mean	no.	positive	per	batch	of	4 4.0 3.0 3.0 3.3 3.0 2.5 2.3 2.5 0.3 0.5 
Overall	mean	%	of	positives 100 75.0 75.0 81.3 75.0 62.5 56.3 62.5 8.3 12.5 
Overall	mean	liver	weigh,	g 41.5 37.8 35.9 35.5 35.8 35.6 35.6 35.1 33.8 34.3 
Overall	mean	core	temperature,	°C 36.0 42.5 46.0 49.8 54.8 60.8 64.0 65.5 72.0 71.0 
*ND,	not	detected. 

 

Figure 3. Rarest chicken livers visually identified by members 
of the public as complying with FSA cooking guidelines and 
associated core temperatures and probabilities of Campylobacter 
survival in survey to determine preferences and knowledge of safe 
cooking practices among chefs and the public, United Kingdom. 
Liver image numbers correspond to those shown in Figure 1. FSA, 
Food Standards Agency.
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Chefs were much better than members of the public 
at identifying whether a chicken liver met FSA guidelines; 
only 9.8% of chefs (vs. 30% of the public) selected liv-
ers 1–3 as being FSA compliant (Figure 5), and another 
19.8% thought that liver 4 met FSA guidelines. Although 
they outperformed the public, 30% of the chefs identified 
livers with Campylobacter survival rates of 22%–98% as 
being FSA compliant.

Chefs preferred to serve livers more pink than they 
thought would meet FSA guidelines (p<0.001, Wilcoxon 
signed-rank test; n = 143) (Figure 5). Chefs also preferred 
to serve livers substantially more pink than the public pre-
ferred when eating out (p<0.001, Kolmogorov-Smirnov 
2-sample test). Chefs’ perceptions of customers’ preferenc-
es for rareness differed significantly from customer’s true 
preferences: not only did chefs prefer to serve livers more 
rare than customers wanted them served, they also thought 
that customers wanted chicken livers more rare than the 
customers themselves indicated (p = 0.008, Kolmogorov-
Smirnov 2-sample test).

As with the members of the public, in the ordered logit 
model to explain serving preferences, chef preference for 
pinkness of served livers did not vary according to chef char-
acteristics such as age, sex, and class. The only significant 
results indicated that chefs holding senior positions preferred 
to serve liver more pink than did their less experienced col-
leagues holding junior kitchen positions (p = 0.002).

Culinary Trends
Almost half (47.8%) of the members of the public sampled 
agreed that “cooking programmes on TV and/or recipes 
in magazines have influenced the way the general pub-
lic cook meat, people now serve it pinker in the middle.” 
Among chefs, >45% agreed that they had noticed a trend of  

rarer and pinker chicken livers on television, in recipes, and 
among other chefs.

Discussion
Members of the public poorly identified whether chicken 
livers had been cooked to a safe microbiological state. 
Their preferences for chicken livers were consistent with 
their (often inaccurate) perceptions of safely cooked livers. 
Among chefs, these variables differed; chefs outperformed 
the public at identifying whether chicken livers had been 
cooked to FSA guidelines. We found that chef preferenc-
es for serving chicken livers were inconsistent with their 
perceptions of safe cooking—they preferred to serve liv-
ers more rare than is microbiologically safe and believed 
that their customers also prefer them more rare than is safe. 
Chefs systematically overpredicted their customers’ prefer-
ences for pinkness of livers served. This finding probably 
means that an estimated 19%–52% of livers being served 
in commercial UK food establishments fail to reach a core 
temperature of 70°C and could have Campylobacter sur-
vival rates of 48%–98%.

Chefs preferred rarer livers than the FSA guidelines 
would recommend. Chefs (correctly) thought that custom-
ers preferred livers less rare than their own preferences 
(p<0.001, Wilcoxon signed-rank test), but they still overes-
timated customers’ preference for pinkness. Chefs’ prefer-
ences, rather than their ignorance of FSA microbiological 
guidelines, seem to be leading them to serve undercooked 
livers. This finding resonates with previous findings that 
knowledge is not necessarily a driver of behavior (21–23). 
We contend that the explanation for the discrepancy be-
tween cooking practices and recommended guidelines is a 
cultural one, resulting in preferences for taste and texture 
overriding the desire to avoid foodborne illness (24–26). 
In extremis, this preference ultimately led chef Raymond 
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Figure 4. Proportion of public identifying which chicken liver 
dishes they preferred and which they believed complied with 
FSA cooking guidelines in survey to determine preferences and 
knowledge of safe cooking practices among chefs and the public, 
United Kingdom. Liver image numbers correspond to those shown 
in Figure 1. FSA, Food Standards Agency.

Figure 5. Proportion of chefs identifying which chicken liver 
dishes they preferred and which they believed complied with 
FSA cooking guidelines in survey to determine preferences and 
knowledge of safe cooking practices among chefs and the public, 
United Kingdom. Liver image numbers correspond to those shown 
in Figure 1. FSA, Food Standards Agency.
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Blanc to remove liver dishes from the menu rather than in-
crease cooking times/temperatures after cases of campylo-
bacteriosis were attributed to diners having eaten liver in 
his restaurant (27).

The public health implications of the contrast be-
tween chef preferences and safe practices depend largely 
on what chefs provide for customers. Given that chefs 
prefer livers more pink than they believe customers do, 
we take the chef perception of customer preference as 
the lower bound and chefs’ own preference as the upper 
bound on the rareness of chicken livers served. This find-
ing implies that 18.9%–51.7% of livers being served in 
commercial UK food establishments are failing to reach 
a core temperature of 70°C and have Campylobacter sur-
vival rates of 48%–98% (Figure 6). Extending the range 
of livers considered unsafe to liver 4 from our testing 
implies that 38.5%–68.5% of chicken livers being served 
commercially may have Campylobacter survival rates  
of 22%–98%.

This preference for rare chicken livers is part of a 
broader shift in contemporary cooking culture toward rarer 
meats, a trend that is reflected in the mass media (28,29) 
but not yet in the peer-reviewed literature. Periodically, the 
preference among chefs for serving rarer meat results in 
conflicts with recommendations of public health officials 
(30–32). The trend toward serving meat more pink has now 
extended from meats such as beefsteaks to meats such as 
chicken livers, for which the microbiological risks associ-
ated with rareness are far greater.

Our interdisciplinary approach, using relatively large 
samples of chefs and members of the general public, pro-
vides a unique insight into the possible public health im-
plications of a divergence between preferences and safe 
cooking. A limitation of our approach is basing selec-
tion of preferred dishes on visual inspection alone. How-
ever, an experimental design that enabled respondents to 

physically assess cooked dishes would have severely lim-
ited study size. Another limitation is use of a laboratory- 
cultured inoculum, which might be less heat resistant 
than naturally occurring bacteria. Therefore, the projected 
death rates might be overestimated, and undercooked liv-
ers might pose even more of a risk than this study sug-
gests. Our results relate to the C. jejuni M1 strain only; 
other Campylobacter strains may exhibit different survival 
characteristics. Campylobacter survival is reported here in 
terms of presence or absence, not as colony counts. Re-
sults indicate public risk for exposure to Campylobacter, 
not risk for infection or subsequent illness. The low doses 
required for infection and illness (33,34) are part of a sto-
chastic process that can happen at any dose, suggesting 
that the presence of any Campylobacter in cooked livers 
poses a public health threat.

Because all experimental livers were inoculated 
with Campylobacter, our results have been framed in 
terms of probability of Campylobacter survival rather 
than exposure. Hence, our reported rates at which chefs 
serve Camplyobacter-positive livers may be slightly 
overestimated.

The temperature–survival results presented here, sup-
ported by those of Whyte et al. (15), suggest that the chick-
en liver cooking techniques practiced by many chefs, and 
promoted in the culinary and mass media, are leading to 
increased exposure to Campylobacter. The role of celebrity 
chefs and the mass media in pushing the trend toward serv-
ing pink meat were evident in our results. Recipes by top 
chefs frequently recommend serving chicken livers pink in 
the middle in warm salads, pâtés, and parfaits (35,36). This 
trend toward pink resonates with our estimate, based on our 
survey and experimental results, that 19%–52% of livers 
served in UK food outlets do not reach a core temperature 
of 70°C and our predicted Campylobacter survival rates of 
48%–98%. Given Campylobacter prevalence rates among 
UK retail chicken livers (81%–100% externally, 90% inter-
nally [15,37]), our results suggest that contemporary cook-
ing trends are leading to the “gourmet-fication” of food-
borne disease.
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Figure 6. Proportion of chefs identifying which chicken liver dishes 
they preferred and which they believed their customers would 
prefer and associated probabilities of Campylobacter survival in 
survey to determine preferences and knowledge of safe cooking 
practices among chefs and the public, United Kingdom. Liver 
image numbers correspond to those shown in Figure 1.
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During summer 2014, a total of 89 Vibrio infections were re-
ported in Sweden and Finland, substantially more yearly in-
fections than previously have been reported in northern Eu-
rope. Infections were spread across most coastal counties 
of Sweden and Finland, but unusually, numerous infections 
were reported in subarctic regions; cases were reported as 
far north as 65°N, ≈100 miles (160 km) from the Arctic Cir-
cle. Most infections were caused by non-O1/O139 V. chol-
erae (70 cases, corresponding to 77% of the total, all strains 
were negative for the cholera toxin gene). An extreme heat 
wave in northern Scandinavia during summer 2014 led to 
unprecedented high sea surface temperatures, which ap-
pear to have been responsible for the emergence of Vibrio 
bacteria at these latitudes. The emergence of vibriosis in 
high-latitude regions requires improved diagnostic detection 
and clinical awareness of these emerging pathogens.

Vibrio species are among the most common gram-neg-
ative bacteria that inhabit surface waters throughout 

the world and are responsible for several severe infections 
in humans and animals (1). Infection usually begins after 
exposure to seawater or ingestion of raw or undercooked 
seafood (2,3). Several reports recently showed that human 
Vibrio illnesses are increasing worldwide; these illnesses 
include fatal acute diarrheal diseases, such as cholera, gas-
troenteritis, wound infections, and septicemia (1,4). Fatali-
ties associated with Vibrio infections are more common in 
persons who are immunocompromised or who have under-
lying diseases or syndromes, such as immune disorders, 
diabetes, and HIV/AIDS, than in persons without these 
conditions. Critically, Vibrio bacteria grow preferentially in 
warm (>15°C), low salinity (<25 parts per thousand NaCl) 

seawater (4,5). Warming of low-salinity marine environ-
ments is likely to support larger numbers of Vibrio popula-
tions and consequently increase the risk for vibriosis. In 
this regard, during the past 2 decades, reported infections 
have increased that have spread poleward and in areas not 
usually associated with these bacteria, including temperate 
and cold regions, such as the US Pacific Northwest (6,9), 
South America (7,8), and northern Europe (4,5). We de-
scribe a highly unusual instance of a large number of Vib-
rio infections reported in high-latitude coastal counties in 
northern Europe during summer 2014.

Materials and Methods
During winter 2014 and into the early spring 2015, we be-
came aware of an unusual number of reported Vibrio infec-
tions in northern Europe. Colleagues at the European Cen-
tre for Disease Control relayed the initial information to the 
Centre for Environment, Fisheries and Aquaculture Sci-
ence (Weymouth, UK) and the University of Bath (Bath, 
UK). The information suggested that an unprecedented 
number of Vibrio infections had been observed in Sweden 
and Finland during summer 2014 and that many cases were 
reported in high-latitude coastal counties.

To scrutinize cases of infection, we took several ap-
proaches. We initially contacted the Public Health Agen-
cy of Sweden (Stockholm, Sweden) and the National 
Institute for Health and Welfare (Helsinki, Finland), as 
well as other northern Europe reference laboratories, in 
December 2014. Although vibriosis is not regionally no-
tifiable in Europe, Finland and Sweden maintain national 
databases of Vibrio infections. In Finland, V. cholerae 
is a notifiable infection, and isolates from persons with 
suspected infections are submitted to the reference labo-
ratory for confirmation, serotyping, and PCR testing for 
the cholera toxin gene (ctx). Also, other Vibrio species 
(e.g., V. vulnificus, V. parahaemolyticus) may be sent 
to the reference laboratory for subsequent species-level 
confirmation. In Sweden, diarrhea with CTX-producing 
V. cholera O1 or O139 is a notifiable disease, as is infec-
tion with other Vibrio species, including V. cholerae not 
producing CTX that causes wound infections, septicemia, 
enteritis, and otitis. Isolates of V. cholerae are sent to the  
Public Health Agency of Sweden for serotyping and  
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confirmation of virulence factors, such as ctx, using ap-
propriate molecular methods, such as PCR. 

For cases identified in 2014, the geographic location 
of each reported infection was established (e.g., town or 
city where the patient was treated). Where possible, infor-
mation relevant to disease transmission, such as possible 
water-associated activities, also was gathered; however, 
for many cases, this information was not available. Basic 
epidemiologic data on each case, including patient sex and 
age, was subsequently collated, as was the site of bacterial 
isolation (e.g., wound, ear, blood). The date the case was 
reported to regional authorities was determined, and for a 
subset of cases, data on the onset of reported symptoms 
also were established. To assess recent trends regarding in-
fections, we collated Vibrio cases identified in Finland and 
Sweden from 2005 onward and omitted from analysis cases 
we suspected of being foreign-acquired.

To assess the possible role of extreme weather 
events on the emergence and dynamics of Vibrio disease 
in Finland and Sweden, we analyzed the epidemiologic 
data alongside long-term sea surface temperature (SST) 
records (HadISST [Hadley Centre Sea Ice and Sea Sur-
face Temperature dataset] and ERSST [Extended Recon-
structed Sea Surface Temperature dataset, v3b from the 
US National Oceanic and Atmospheric Administration 
(NOAA)] [4]). We used satellite-derived data to scru-
tinize temperature conditions and changes in the Bal-
tic Sea area using NOAA’s Optimum Interpolation v2 
Daily SST Analysis dataset that integrates satellite SST 
data retrievals. NOAA data (baseline period of 30 years 
[1971–2000]) was used to determine anomalies from this 
dataset. We also scrutinized daily SST and SST anomaly 
retrieval data from 6 fixed positions in the Baltic Sea area, 
which included the transitional waters between southern 
Sweden and Denmark, the southeastern and mideastern 
Baltic coasts of Sweden, and Bay of Bothnia (northern 
Baltic) and southern coast of Finland. To assess the sig-
nificance of climatologic data from summer 2014, we also 
used long-term oceanographic datasets to analyze SST. 
In situ SST was provided by the Finnish Meteorological 
Institute and was downloaded on November 14, 2014. We 
also used instrumental measurements of SST in coastal 
areas in the Baltic Sea area. We removed short-term fluc-
tuations from the buoy data by applying a 1-hour wide 
median filter to the original dataset.

Statistical tests used to infer the relationship between 
maximum SST and annual Vibrio case occurrence were 
investigated by using a generalized linear model that as-
sumed a quasi-Poisson error distribution (log link function) 
in R version 3.1.3 (http://www.R-project.org). We ana-
lyzed daily long-term SST and anomaly data (1981–2015) 
using a Welch t test (which enables analysis of the unbal-
anced size of the 2 datasets).

Results
A total of 89 Vibrio infections were reported in Sweden 
and Finland during the summer and autumn 2014, the larg-
est yearly total number of cases, to our knowledge, iden-
tified in these countries. Infections were apparent across 
most Baltic coastal counties of Sweden and Finland. Nu-
merous cases were reported at extreme subarctic regions, 
and as far north as >65°N, <100 miles (160 km) from the 
Arctic Circle. Reported infections began in July 2014 and 
peaked in August, before decreasing significantly in Sep-
tember (Figure 1). Infections were spread across persons 
of widely varying ages (range 3–93 years; median 36.2 
years). In general, those infected were more commonly 
male (61 [67%] cases). One known fatality was noted: a V. 
cholerae non–O1/O139 infection reported in August 2014 
from southern Sweden. Data on possible transmission was 
largely absent from the dataset from Finland; however, 
most cases in Sweden during 2014 occurred among per-
sons who reported recreational exposure to seawater (e.g., 
the Baltic Sea) or lake water before infection (33 [78%] 
cases). Most (70 [77%]) infections were attributed to V. 
cholerae non–O1/O139; in 1 case, a ctx-negative O1 strain 
was reported. Other species reported were V. alginolyticus 
(3 cases), V. parahaemolyticus (4 cases), V. vulnificus (2 
cases), V. mimicus (1 case), and unspecified Vibrio species 
(8 cases) (Table). Thirty-three (37%) infections were as-
sociated with ear or ear secretion isolations; however, for 
17 (19%) of the 89 reported cases, Vibrio organisms were 
isolated directly from blood, suggesting more serious sys-
temic disease progression.

The temporal and spatial distribution of reported cases 
corresponded closely with a highly anomalous heat wave in 
northern Finland and Sweden during July and August 2014, 
where SSTs in the northern Baltic exceeded all known 
long-term climatic and oceanographic records. A persis-
tent and long-lasting period of high pressure occurred in 
northern Finland and Sweden beginning in May 2014, and 
this weather pattern persisted until mid-August. Concomi-
tantly, SST in the Baltic Sea area was highly anomalous 
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Figure 1. Monthly reported Vibrio infections in Sweden and 
Finland, May–December 2014. Beginning in July and increasing 
in August, reported infections spiked, corresponding with the heat 
wave in Scandinavia during that time.
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during July and August 2014; temperatures peaked toward 
the end of July. In some coastal regions, SSTs were ≈10°C 
higher than the long-term average, indicating the extreme 
severity of this anomaly (Figure 2). Across the northern 
Baltic Sea area, SSTs were several degrees Celsius warmer 
than had been reported since the early 1980s. SSTs across 
large swathes of the Baltic and the Gulf of Bothnia area, in 
particular, had SSTs >18°C for several weeks beginning 
in mid-July and ceasing in mid-August (Figure 3). SST’s 
reported in the Gulf of Bothnia at the end of July were 
the most extreme reported during 1981–2016, exceeding 
21.7°C on July 29, 2014, and with several days of tempera-
tures >20°C. The observed SST anomaly during this period 
was also the largest ever seen in this dataset, encompassing 
almost 13,000 data points, with an anomaly of 9.79°C on 
July 29, 2014. 

A statistical analysis between maximum SST and an-
nual Vibrio cases using a generalized linear model showed 
that maximum SST explained a significant amount of the 
variability in cases (as determined by a significant reduc-
tion in the residual deviance from 120.55 to 42.16). The 
model predicted that, as the maximum SST increases, the 

number of annual number of cases also will increase signif-
icantly (β = 0.33002, SE = 0.08045, t = 4.102, p = 0.00343).

Discussion
Domestically acquired Vibrio infections are rare in north-
ern Europe, and the spike in recorded cases of vibriosis re-
ported in this region is particularly noteworthy. The cases 
in 2014 are the largest yearly total of reported Vibrio infec-
tions in Sweden and Finland, more than double the number 
of reported cases than in other recent years (Figure 4). In 
Sweden, 2014 was the warmest year on record since re-
cordkeeping began in 1860; in Finland, 2014 was the sec-
ond-warmest year on record (10,11). Across Finland, 50 
days of hot summer weather (temperatures >25°C) were 
recorded during May–August, which is 14 days more than 
the long-term average (10). The large number of reported 
infections corresponded closely with an intense and north-
erly SST anomaly, suggesting that these unusual oceano-
graphic and climatic conditions drove this episode of wa-
terborne disease. A subsequent quantitative and statistical 
analysis of SST data from this region revealed 3 further 
observations: 1) the peak SSTs in late July 2014 were the 
most intense observed in the Bay of Bothnia; 2) the anom-
aly is the most intense in almost 35 years of climate data 
(1981–2015); and 3) the likelihood of such an event occur-
ring based on recent climate data (1981–2015) is highly 
unlikely—the 2014 maximum observed temperature was 
significantly higher than the maximum expected based on 
the data for other years, and based on the distribution of 
maximum temperatures observed, a temperature this much 
higher than the mean would be expected only in 0.78% of 
years (once every 128 years).

Vibrio species such as V. cholerae grow preferentially 
in low-salinity warm water, and recreational exposure to 
water, which appears to have been responsible for a size-
able proportion of these reported infections, also increases 
substantially during heat waves. That 2014 followed sev-
eral other recent heat wave years (e.g., 1994, 1997, 2003, 
2006, and 2010), during which recorded domestically 
acquired Vibrio cases spiked in northern Europe (4,5), is 
particularly noteworthy. Previous epidemiologic analysis 
regarding the emergence of Vibrio infections in the region 
(5) indicated that sustained SSTs >18°C were a notable risk 
factor, significantly increasing reported cases. The relation 
between maximum SST and annual Vibrio case occurrence 
analyzed by using generalized linear model–based methods 
demonstrated similarly to previous studies in the region (4) 
that maximum temperature correlates highly with risk, and 
cooler years (e.g., 2005, 2007, and 2012) indicate lower 
levels of reported infections than heat wave years (e.g., 
2006, 2010, and 2014). In our study, the observation that 
a sizeable proportion of described cases were reported in 
subarctic latitudes (>65°N) and within 100 miles (160 km) 
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Table. Relevant	microbiologic	data	about	Vibrio pathogens	
identified	from	reported	cases,	Finland	and	Sweden,	2014* 

Species 
Country	of	isolation	 

(no.	cases) 
V. cholerae non-O1/O139 Finland	(45),	Sweden	(25) 
V. cholerae,	O1,	Inaba,	El	Tor,	ctx– Finland	(1) 
V. alginolyticus Sweden	(3) 
V. parahaemolyticus Sweden	(4) 
V. vulnificus Sweden	(2) 
V. mimicus Finland	(1) 
Vibrio spp. Sweden	(8) 
*ctx–,	negative	for	the	cholera	toxin	gene. 

 

Figure 2. Location of reported Vibrio infections in coastal areas, 
Sweden and Finland, 2014. The number of infections coupled with 
the extreme SST anomaly, particularly in northern latitude areas, 
is particularly noteworthy. SST, sea surface temperature. Red line 
indicates the location of the Arctic Circle.
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of the Arctic Circle is striking. Ten V. cholerae infections 
were reported above 63°N, of which 6 cases were identi-
fied in the Oulo area (≈65°N). The cases recorded here are, 
to our knowledge, the most northerly reported instances of 
vibriosis documented, exceeding previous studies where 
cases have been reported at high latitudes, such as Alaska 
(9) and previously in northern Europe (5).

Disease data, such as those reported here, often are 
sporadic and usually grossly underreported. Likewise, a 
major limitation of our investigation was the lack of de-
tailed trace-back epidemiologic data, which limits the 
assessment of exposure and subsequent risk. For many 
reported cases, data about prior exposure (e.g., specific 
information about the timing and location of recreational 
exposure to water) and subsequent routes of transmission 
were absent. However, almost without exception, cases 

from Finland and Sweden were reported in coastal rather 
than inland medical centers. Second, when prior transmis-
sion information was available from confirmed cases, most 
patients reported exposure to seawater in the days before 
symptom onset. These 2 factors, coupled with the strik-
ing climatic and oceanographic conditions during sum-
mer 2014, suggest that exposure to seawater was largely 
responsible for these episodes of disease emergence. The 
limitations underscore the need for a centralized system of 
surveillance and reporting. In the United States, the Cen-
ters for Disease Control and Prevention’s COVIS (Cholera 
and Other Vibrio Illness Surveillance) maintains a national 
database of vibriosis that contained detailed epidemiologic 
and transmission route information (12). A similar central-
ized reporting, monitoring, and surveillance system would 
greatly enhance risk assessment and risk management of 
vibriosis in Europe. Across the region, and with the excep-
tion of toxigenic V. cholerae infection, vibriosis is not a 
notifiable disease (5). Given that these rare waterborne in-
fections appear to have emerged and increased in northern 
Europe recently (13) (e.g., 1994, 2006, 2014), this event 
underlies the need for clinicians to identify possible expo-
sure to seawater. This event is particularly relevant for pa-
tients who have a history of conditions where progression 
of vibriosis to systemic infection is more likely, including 
diabetes, immune disorders, and liver dysfunction.

Climatic anomalies, such as the heat wave conditions 
during summer 2014 in northern Europe, appear to be 
responsible for restructuring the geographic distribution 
of waterborne infectious diseases and resulted in major 
and far reaching consequences for the identification, treat-
ment, and management of these pathogens. The greater 
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Figure 3. SST anomaly data for coastal areas of Sweden and Finland. A) Maximum SST anomalies during July and August 2014.  
The anomalies were substantially high throughout the region but especially in the northern Baltic Sea area. B) Differences between the 
maximum temperatures during 2014 and those during 1982–2013. SST, sea surface temperature.

Figure 4. Total reported Vibrio infections in Finland and Sweden, 
2005–2014. Foreign-acquired infections (where known) were 
omitted from the analyses. Epidemiologic data were gathered 
from public health agencies in Sweden and Finland (see Materials 
and Methods).
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number and intensity of large heat wave events in north-
ern Europe during the past 20 years or so (1994, 1997, 
2003, 2006, 2010, 2014) further highlights the need for 
improved epidemiology and reporting, coupled with en-
hanced diagnostic capability in clinical settings to manage 
and ameliorate risk.
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Chikungunya virus (CHIKV) caused large epidemics 
throughout the Caribbean in 2014. We conducted nucleic 
acid amplification testing (NAAT) for CHIKV RNA (n = 29,695) 
and serologic testing for IgG against CHIKV (n = 1,232) in 
archived blood donor samples collected during and after an 
epidemic in Puerto Rico in 2014. NAAT yields peaked in 
October with 2.1% of donations positive for CHIKV RNA. A 
total of 14% of NAAT-reactive donations posed a high risk 
for virus transmission by transfusion because of high virus 
RNA copy numbers (104–109 RNA copies/mL) and a lack of 
specific IgM and IgG responses. Testing of minipools of 16 
donations would not have detected 62.5% of RNA-positive 
donations detectable by individual donor testing, including 
individual donations without IgM and IgG. Serosurveys be-
fore and after the epidemic demonstrated that nearly 25% of 
blood donors in Puerto Rico acquired CHIKV infections and 
seroconverted during the epidemic.

Chikungunya virus (CHIKV), a mosquitoborne, pos-
itive-sense RNA virus of the family Togaviridae, 

causes an acute febrile illness and severe polyarthralgia 
that can persist for months or years in some patients (1–3). 
Serious outcomes and deaths are rarely observed. However, 
newborns and other vulnerable populations are at risk for 
severe complications (4).

In late 2013, cases of CHIKV infection were reported 
in the French Collectivity of Saint Martin, which is part 

of the French Antilles (5), constituting the first instance of  
autochthonous transmissions of CHIKV in the Americas in 
the past century (6). In an immunologically naive popu-
lation, CHIKV spread rapidly throughout the Caribbean 
region and beyond to most countries in the Western Hemi-
sphere (7), including 11 autochthonous cases reported in 
Florida, USA, in September 2014 (8).

CHIKV has yet to be demonstrated to be transmissible 
by blood transfusion (9). However, this finding might result 
from difficulties in discriminating transfusion transmission 
from locally acquired mosquitoborne infection. Transfu-
sion transmission is probable, given previous instances of 
laboratory-acquired infections and infection of healthcare 
workers by blood exposures (10). Asymptomatically in-
fected persons can have viral loads >105 PFU/mL (11,12) 
and are a substantial risk for transfusion transmission.

Estimates of asymptomatic CHIKV infection vary 
widely. A recent study in Puerto Rico (13) confirmed pre-
vious estimates that 10%–25% of total infections are sub-
clinical (14–16). However, other studies with the Asian 
genotype suggest that a greater proportion of cases might 
be asymptomatic or have only mild and transient symptoms 
(17,18). CHIKV infection can result in viral loads >108 
PFU/mL (19). Thus, relatively high viral loads likely pres-
ent in some presymptomatic donors might be a threat for 
transfusion transmission. Recently, a case of transfusion 
transmission of the related alphavirus Ross River virus, 
has been reported (20), stemming from transfusion of the 
erythrocyte component from a blood donor who reported 
symptoms of Ross River virus infection 2 days after donat-
ing blood.

To mitigate the theoretical risk for transmission, 
some blood collection organizations in regions with large 
CHIKV epidemics have suspended local blood collection, 
implemented nucleic acid amplification testing (NAAT) 
of erythrocyte and plasma donations for CHIKV RNA, 
and introduced pathogen-reduction technology for plate-
let components (21,22). To directly assess the threat that 
CHIKV poses to the blood supply, and given the absence of 
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licensed NAAT for donor screening, we conducted NAAT 
surveys of blood donors in Puerto Rico during the 2014 
epidemic and complementary serosurveys before and after 
the epidemic.

Materials and Methods

Human Subjects Research Approval
We performed retrospective testing of anonymous blood 
donor samples and minipools. The study was approved by 
the University of California, San Francisco Committee for 
Human Research.

Specimens
Creative Testing Solutions (Tempe, AZ, USA) retained, 
aliquoted, and archived at −70°C residual plasma from 
EDTA-anticoagulated blood collected in Puerto Rico and 
supplied for routine blood donor screening during the sec-
ond half of 2014 and for a brief period during March 2015. 
Current molecular testing procedures at Creative Testing 
Solutions require that plasma samples be pooled into a 
minipool of 16 donor samples. Minipools prepared from 
blood donations in Puerto Rico were frozen during June 
20–December 31, 2014. The sample set consisted of 1,667 
minipools representing 26,672 individual donation samples 
from donors in Puerto Rico. Minipools were irreversibly 
stripped of their original labels and given a unique bar code 
that was linked only to month of collection.

In addition, 3,007 individual donor samples (IDS) 
were collected during the epidemic (September–Novem-
ber 2014), and ≈1,000 samples were saved per month. IDS 
were irreversibly stripped of all identifying information 
and given a unique bar code. Only basic demographic data 
(donor’s age, race, sex, county of residence, and week of 
collection) were retained in a secure database. Anonymous 
minipools and individual donor samples were retained, ali-
quoted, frozen, and stored at −70°C.

Finally, we retained 1,031 individual donation samples 
obtained during March 1–9, 2015, for a postepidemic sero-
survey. Demographic data, including the donor’s age, sex, 
and zip code of residence, but not individual donor identi-
fiers, were retained for these samples to enable analysis of 
serologic test results by using demographic strata.

Viral RNA Testing
We performed viral RNA testing by using a prototype real-
time CHIKV/dengue virus (DENV) target-capture, transcrip-
tion-mediated amplification (TC-TMA) assay (12) (Hologic, 
Inc., San Diego, CA, USA).  Plasma samples (0.5 mL) were 
tested by using the fully automated Panther System (Ho-
logic, Inc.), which performs target capture, amplification, 
and real-time detection in the presence of an internal control. 
We achieved detection by using single-stranded, fluorescent-

labeled nucleic acid probes that were present during ampli-
fication of the target. The time for the fluorescent signal to 
reach a specified threshold was proportional to the starting 
CHIKV and DENV RNA concentrations. Target capture oli-
gonucleotides, TMA primers, and detection probes hybrid-
ize with highly conserved regions of CHIKV or DENV RNA 
genomes and were designed to detect all 3 major CHIKV 
lineages and all 4 DENV types. We set the cutoff value for 
reactive specimens at 1,000 relative fluorescent units.

Estimated viral loads for CHIKV were calculated 
relative to the emergence time of the emitted fluorescence 
of a calibration curve generated by testing logarithmic 
dilutions of a CHIKV in vitro–synthesized transcript. 
ID-NAAT–reactive specimens were diluted 1:16 in defri-
brinated, delipidated, pooled plasma (SeraCare, Gaithers-
burg, MD, USA) to mimic minipool testing and tested by 
TC-TMA assay to assess whether donation samples de-
tected by ID-NAAT would have been detectable by mini-
pool NAAT (MP-NAAT).

We determined limits of detection (LODs) by using an 
in vitro transcript corresponding to each analyte and cal-
culation by using Enterprise Guide 5.1 Probit analysis and 
the Normal model (SAS Institute, Cary, NC, USA). For 
DENV-1–4, the 50% LOD was 1.7–2.1 copies/mL, and the 
95% LOD was 7.1–13.0 copies/mL in the IDS format. For 
CHIKV, the 50% LOD was 4.6 copies/mL, and the 95% 
LOD was 19.7 copies/mL in the IDS format. In 16-member 
minipools for DENV-1–4, the 50% LOD was from 27.2–
33.6 copies/mL, and the 95% LOD was 116.8–208.0 cop-
ies/mL. For CHIKV, the 50% LOD was 73.6 copies/mL, 
and the 95% LOD was 315.2 copies/mL in the MP format.

Serologic Analysis
Plasma samples were tested for CHIKV IgM or IgG by us-
ing 2 ELISAs (Euroimmun US, LLC, Morris Plains, NJ, 
USA). These CHIKV ELISAs had specificities of 82% and 
95% and sensitivities of 85% and 88% for IgM and IgG, re-
spectively, when compared with those for 2 established in-
house assays (23). Samples were diluted 1:100 and tested 
in duplicate according to the manufacturer’s instructions. 
Sample-to-calibrator ratios were calculated. In validating 
the assay, we found that preepidemic samples (n = 201) 
yielded no strongly positive samples when the manufactur-
er’s cutoff value >1.1 sample-to-calibrator ratio was used. 
However, 5 samples showed borderline reactivity (sample-
to-calibrator ratios 1.13–1.37).

These 5 samples did not show positive results by 
reflex IgM testing, plaque-reduction neutralization test-
ing (PRNT), or Western blot analysis when cell culture–
propagated virus (strain 99659) was used as antigen. 
Testing of randomly chosen highly and moderately IgG-
reactive samples from March 2015 by PRNT showed 
strong neutralization in all instances. Thus, the assay 
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does not appear to yield strongly reactive false-positive 
results, but might yield a small frequency (5/201, 2.5%) 
of low-level reactive false-positive results. Therefore, a 
new cutoff value was established by using mean sample-
to-calibrator ratios of preepidemic samples plus 5 SDs 
(1.42). Testing of multiple IgG-negative samples from 
both sample sets by IgM ELISA (20 samples), PRNT (20 
samples), and Western blot analysis (10 samples) did not 
yield any suspected false-negative results, which sug-
gested that false-negative results were also not common.

Estimation of Detection Periods for MP-NAAT  
and IDS-NAAT
On the basis of the estimate for incidence of infection dur-
ing the 2014 epidemic derived from serosurveys and MP-
NAAT–positive results for the study period, we derived an 
estimate for duration of viremia detectable by the CHIKV 
TMA NAAT applied to minipools by using the approach 
of Busch et al. (24). We estimated the number of NAAT-
positive donations in each minipool from minipool-test-
ing results by using a program developed at the Centers 
for Disease Control and Prevention (Atlanta, GA, USA) 
(25). If Ti is the proportion of NAAT-positive donations in 
month i and P is seroprevalence of CHIKV at the end of the 
epidemic, then the TMA detection interval of CHIKV virus 
RNA (W) is estimated as 

Confidence limits for W were estimated by using a 
delta method estimate of the variance of W. Estimates for 
length of the individual donor sample-positive detection 
periods preceding and following the MP-NAAT–detect-
able period were derived from results of screening 3,007 
individual donor samples by using ratios of samples detect-
able only by ID-NAAT that lacked IgG or contained IgG 
relative to the number of samples detectable at a dilution 
of 1:16. Confidence limits for these detection periods were 
derived by bootstrapping the assay results ratios (2/21) and 
(33/21) to obtain their variances, and then combining those 
with the variance associated with the estimate for the mini-
pool detection period to obtain the variance of each of the 
2 window estimates.

Results
Of 1,668 minipools tested, 1 was positive for DENV RNA, 
and 161 (9.7%) were positive for CHIKV RNA (Table 1). 
This finding indicates a minimum MP-NAAT–detectable 
infection rate of 0.6% (161 positive donations of 26,688 
total donations), assuming only 1 of the 16 donations in 
each positive minipool was viremic. However, because the 
reactive minipool proportion peaked at 19.5% in Septem-
ber 2014 (Table 1), some pools would probably contain >1 
viremic donation.

Individual donations comprising reactive minipools 
were not archived for further testing. Thus, we could not 
directly determine numbers of reactive IDS per reactive 
minipool. Therefore, we used a published algorithm (25) 
to estimate the proportion of donations that would contain 
CHIKV RNA at levels detectable by MP-NAAT (Table 
1). This modification yielded an estimate for MP-NAAT 
detectable viremia of 0.65% for the overall season and an 
upper limit of 0.93%. The highest estimated proportion of 
MP-NAAT–detectable CHIKV RNA-positive donations 
was during September and October (1.34% and 1.31% of 
donations reactive for CHIKV RNA by MP-NAAT, respec-
tively) (Table 1). This estimation represented a slightly de-
layed peak when compared with suspected and confirmed 
clinical cases reported in Puerto Rico (Figure 1).

Although not optimized to be quantitative, the TC-
TMA assay provided approximate viral RNA copy num-
bers (Figure 2, panel A). Several minipools, particularly 
from early in the epidemic, had >107 copies/mL, although 
they were tested as a minipool, and thus effectively di-
luted 1:16. Of 161 reactive minipools, 125 had quantifi-
able viral loads. Remaining minipools had viral loads less 
than an estimated value of 0.5 log copies/mL (according 
to the calibration curve). The median viral load of 161 
reactive minipools was 550 copies/mL (range <3.16 cop-
ies/mL–2.3 × 107 copies/mL). Donations from November 
and December had lower viral loads than donations from 
preceding months.

We also performed testing of archived IDS for CHIKV 
RNA for 3,007 donations collected in Puerto Rico during 
September–November 2014. We identified 56 confirmed 
positive donations, and ID-NAAT yields were 1.7%–2.1% 
for the 3 months tested (Table 2). When samples were  
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Table 1. Nucleic	acid	amplification testing for chikungunya	virus	in minipools	of	blood	donations during	a	chikungunya	epidemic,	
Puerto	Rico,	USA,	2014 
Month No.	reactive	minipools/no.	tested	(%) Infection rate* (upper	limit),	% 
June 0/106 (0.0) 0.0	(0.00) 
July 8/193 (4.1) 0.26	(0.50) 
August 26/293 (8.9) 0.58	(0.83) 
September 51/262 (19.5) 1.34	(1.75) 
October 57/299 (19.1) 1.31	(1.69) 
November 12/243 (4.9) 0.32	(0.54) 
December 7/272 (2.6) 0.16	(0.32) 
Total 161/1,668 (9.7) 0.65	(0.93) 
*In	individual	donors	on	the	basis	of	minipools	of	16	samples. 
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diluted 1:16 to mimic minipools, proportions of RNA-pos-
itive samples detectable by MP-NAAT for September–No-
vember decreased to 0.4%–0.9%. Only 21 (37.5%) of 56 
ID-NAAT–reactive specimens were reactive when tested 
for CHIKV RNA at a dilution of 1:16. Thus, 35 (62.5%) of 
56 specimens would probably have been missed by routine 
MP-NAAT (Table 2). As expected, viral loads were low 
in donations reactive only by ID-NAAT. Only 8 of the ID-
NAAT only–reactive samples had quantifiable viral loads 
(range 5.2–760 copies/mL) (Figure 2, panel B).

We performed assays to detect IgM and IgG in the 56 
ID-NAAT–reactive specimens to characterize the relation-
ship between development of IgG and IgM, viral load, and 
the ability of minipool testing to detect viremic donations 
(Table 2). Thirteen (23.2%) of 56 samples were seronega-
tive; 2 were detectable only by ID-NAAT. These 2 samples 
are presumed to represent donors detected in the earliest 
stages of acute infection. The remaining 11 seronega-
tive viremic donations had detectable viral loads (range 5 
×102–1.3 × 108 copies/mL) (Figure 2, panel B), including 8 
(14.3%) of 56 with viral loads >104 copies/mL. These sam-
ples were probably from donors who were near the peak of 
viremia, but still collected before seroconversion occurred.

Most CHIKV RNA-reactive samples were IgM posi-
tive (75%) and IgG positive (64%); 1 sample was IgM 
negative and IgG positive. Development of IgG titers is 
an inverse correlate of CHIKV RNA detection (28); of 
the IgG-reactive samples, only 4 (11.1%) of 36 were de-
tectable by the less sensitive MP-NAAT. Viral loads of 
samples sorted on the basis of NAAT results (ID only vs 

MP-NAAT detectable) and serologic data demonstrate a 
typical profile of acute viral infection (Figure 2, panel B). 
The 43 viremic IgM-positive or IgG-positive donations had 
significantly lower viral loads (median <3.16 copies/mL) 
than 13 viremic seronegative donations (60,000 copies/
mL; p<0.0001 by 2-tailed Mann-Whitney test). Although 

1224	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July 2016

Figure 1. Estimated percentage of blood donations positive for 
chikungunya virus (CHIKV) RNA during a chikungunya epidemic, 
Puerto Rico, USA, 2014. CHIKV RNA-positive minipools of 
16 donors were used to estimate the percentage of positive 
donations for the last 7 months of 2014. Estimates were made 
by using an algorithm for calculating infection rates from pooled 
data. Data from the Puerto Rico Department of Health for reported 
(suspected) and confirmed chikungunya case reports was used 
to transform data into estimated frequency of reported cases in 
a population in Puerto Rico of ≈3,548,400. MP-NAAT, minipool 
nucleic acid amplification testing.

Figure 2. Viral loads for chikungunya virus (CHIKV) in blood 
donations during a chikungunya epidemic, Puerto Rico, USA, 2014. 
A) Positive minipool (MP) viral loads. Estimated viral loads (RNA 
copies/mL) were calculated for each reactive MP identified by using 
target capture transcription-mediated amplification (TC-TMA) during 
the epidemic. June 2014 (n = 106) is not plotted because of a lack 
of positive samples. Positive samples with unquantifiable viral loads 
are plotted as being at the limit of quantification (3.16 copies/mL) 
and were included in calculation of medians (horizontal bars). B) 
Individual donor (ID) viral loads for CHIKV. Estimated viral loads 
were calculated for each positive specimen identified by using TC-
TMA during the 3 peak months of the epidemic. Positive samples 
with unquantifiable viral loads are plotted as being at the limit of 
quantification (3.16 copies/mL) and were included in calculation 
of medians (horizontal bars). Samples are arranged in order of 
projected time postinfection on the basis of predicted time course 
of acute infection (shown as estimated mean ±SD time intervals in 
days). ID only, samples positive by nucleic acid amplification testing 
(NAAT) but not positive for a 1:16 dilution mimicking minipooling. 
MP positive, samples positive by ID-NAAT and at a 1:16 dilution. 
Dynamics of acute infection with CHIKV (26) from the eclipse period 
(negative for virus RNA and IgM and IgG against CHIKV) to the end 
of infection (positive or negative for virus RNA and positive for IgM 
and IgG against CHIKV) is based on similar staging of dynamics of 
acute infection for other arboviruses (27) and approximate detection 
periods as described in the text.
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similar proportions of ID-NAAT–positive samples were 
detected in November (1.7%) and September (1.8%), only 
2 (11.8%) of 17 were seronegative in November compared 
with 6 (33.3%) of 18 in September, which suggested wan-
ing of the epidemic and a higher proportion of donations at 
the end of acute infection.

To estimate the incidence of CHIKV infection dur-
ing the 2014 epidemic, we performed IgG serologic stud-
ies on blood donor specimens collected at the beginning 
of the epidemic (June 2014; preepidemic) and after the 
epidemic had subsided (March 2015; postepidemic). Col-
lection was delayed until March to maximize detection of 
IgG seroconversion and to enable the maximum period 
for potential donors to recover from symptomatic infec-
tion, which would result in self-deferral, or deferral by the 
blood collection organization.

On the basis of IgG testing, we found that there were 
no unequivocally seroreactive samples in preepidemic 
samples (n = 201). In contrast, 241 (n = 1,031) postepi-
demic samples were strongly reactive (sample-to-calibrator 
ratio >2.5) (Figure 3). An additional indeterminate sample 
was positive by confirmatory testing with IgM ELISA, 
PRNT, and Western blot analysis. Thus, 242 (23.5%) of 
1,031 samples were conservatively characterized as reac-
tive (Figure 3).

Before we relabeled samples so that CHIKV testing 
was anonymous, basic demographic data were extracted 
for many of the specimens from March 2015 tested for se-
roreactivity (Table 3). No differences were observed in se-
ropositivity rates between men and women. Persons 16–19 
years of age had the highest rate of CHIKV recent infec-
tion; 40 (43.0%) of 93 of these persons were seropositive. 
In contrast, only 30 (18.3%) of 164 persons 40–49 years of 
age were seropositive.

We combined results from MP-NAAT and ID-NAAT 
screening and the serosurvey to estimate lengths of time 
that CHIKV RNA is detectable in serial stages of viremia 
in asymptomatic donors by MP-NAAT and ID-NAAT 
used in this study (Figure 2, panel B). We estimated that 
the length of the MP-NAAT–detectable phase for acute 
CHIKV infection in asymptomatic persons who donated 
blood was 5.1 days (confidence limit 4.1–6.0 days). By 

applying the ratios of seronegative ID-NAAT–only do-
nations (2/56), MP-NAAT–detectable donations (21/56), 
and ID-NAAT–only seropositive donations (33/56), we 
estimated that there is a transient stage of low viral load 
infection preceding viremia detectable by MP-NAAT (0.5 
days; confidence limit 0–1.3 days), whereas there is a rela-
tively long stage of persistent viremia after seroconversion 
(8 days; confidence limit 2.7–13.3 days).

Discussion
Large epidemics of CHIKV infection occurred in the Ca-
ribbean Islands and in Central and South America over 
the past 2 years. Although >1.5 million confirmed and 
suspected cases have been reported (29), continued moni-
toring of CHIKV in these immunologically naive popu-
lations is needed for understanding population immunity 
and predicting dynamics of future epidemics. Using MP-
NAAT, we estimated that 0.58% of individual blood dona-
tions were positive for CHIKV RNA during August 2014, 
a finding that is consistent with reported rates for Puerto 
Rico (12) and other Caribbean Islands (22).

As the 2014 epidemic in Puerto Rico continued, pro-
portions of CHIKV viremia peaked in blood donors dur-
ing September and October; >2% of donors were viremic, 
as indicated by individual donor NAAT results. During 
September and October, 1,440 chikungunya cases con-
firmed by real-time reverse transcription PCR were re-
ported to the Puerto Rico Department of Health, which 
indicated sustained levels of CHIKV in the general popu-
lation. However, reports of suspected chikungunya cases 
by month of illness onset received by the Puerto Rico De-
partment of Health through passive surveillance peaked 
in August 2014 (Figure 1), which resulted in ≈14,000 
suspected chikungunya cases in August, including 741 
chikungunya cases confirmed by real-time reverse tran-
scription PCR (Puerto Rico Department of Health, 2015, 
unpub. data). 

Several factors probably affect the relative frequency 
of viremia and seroincidence of CHIKV in blood donors 
compared with clinical cases documented in the general 
population, including the focal nature of the epidemic in 
Puerto Rico during 2014 in relation to blood donor center 
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Table 2. Individual	blood	donations	tested	for	chikungunya	virus	by	nucleic	acid	amplification	testing	and	serologic	analysis	during	a 
chikungunya	epidemic,	Puerto	Rico,	USA,	2014* 

Month No.	samples 

No.	ID-NAAT	
reactive	
samples 

ID-NAAT	
yield,	% 

No.	reactive	at	
1:16	dilution	
(MP-NAAT) 

IgM	reactive  IgG	reactive 
Total 

IgM+/ID-only	
reactive 

 
Total 

IgG+/ID-only	
reactive 

September 987 18 1.8 8 11 7†  8 7‡ 
October 1,010 21 2.1 9 15 10  14 10 
November 1,010 17 1.7 4 16 12  14 12 
Total 3,007 56 1.9 21 42 32†  36 32‡ 
*ID,	individual	donor;	NAAT,	nucleic	acid	amplification	testing;	MP,	minipool. 
†Includes	1	IgM-positive/IgG-negative	ID-only	positive	specimen. 
‡Includes	one	IgM-negative/IgG-positive	ID-only	positive	specimen. 
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locations. It is also likely that many cases went unreported 
and that as the epidemic progressed many infected per-
sons might not have sought medical care (13). Our find-
ing that ≈25% of blood donors had serologic evidence of 
CHIKV infection after the 2014 epidemic supports these 
suggestions. Given a population of >3.5 million, and as-
suming that blood donors are representative of the total 
population of Puerto Rico with respect to risk for arbovirus 
transmission, a seroincidence of 23.5% would suggest that 
>800,000 persons were infected in Puerto Rico during the 
2014 epidemic.

Blood safety protocols in place during the study in-
cluded a Puerto Rico Departmen t of Health requirement 
for questioning of donors concerning symptoms in the 
month preceding donation and passive reporting of post-
donation febrile illness. Thus, in the absence of specific 
NAAT screening, asymptomatic donors are likely to result 
in most viremic donations (30).

It is not clear whether asymptomatic infection is cor-
related with lower viremia levels, and thus would decrease 
the likelihood of transfusion transmission. However, simi-
lar to previous findings (12), many presumably asymptom-
atic donors in our study had viral loads comparable with 
those for symptomatic patients (11,19), including some 
viral loads >108 copies/mL. Most donations with low vi-
ral loads were IgM positive, which indicates recent acute 
infections. The proportion of these viremic specimens in-
creased as the epidemic waned, and the percentage of ID-
NAAT–only samples increased from 56% in September 
to 77% in November. Lower average viral copy numbers 
were also observed in November and December by test-
ing of minipools. Furthermore, all RNA-positive donors in 
November were seropositive compared with only 78% of 
NAAT-reactive donors in September.

We estimate that the RNA-detectable window for 
MP-NAAT was 5.1 days. This value matches viremic 
periods observed for experimentally infected nonhuman 
primates (31) but is somewhat shorter than estimates for 
symptomatic patients of 1–2 days before disease onset 
and 8 days postonset (9,11,32,33). This finding is prob-
ably caused by a loss in the ability to detect viremia at 
the 1:16 dilution inherent in creating minipools, but 
might be a reflection that this study was limited to as-
ymptomatic persons who donated blood. In addition, we 
calculated a relatively short ramp-up period before MP-
NAAT–detectable viremia (0.5 days) and a longer low-
level (MP-NAAT negative) viremia at the end of acute 
infection after seroconversion (8 days). Nevertheless, the 
5-day MP-NAAT–detectable period for high-titer viremia 
is probably the most infectious period in terms of transfu-
sion transmission and transmission to mosquitoes.

The overall threat CHIKV poses to the blood supply 
remains an open question that requires urgent attention, 
including in the continental United States, given the risk 
for travel-acquired and autochthonous transmission. In 
the absence of routine NAAT for CHIKV, and in regions 
where pathogen-reduction technology is not implemented, 
the largest threat is probably from donors with high viral 
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Figure 3. Serosurvey for chikungunya virus IgG in blood 
donations during a chikungunya epidemic, Puerto Rico, USA, 
2014. Preepidemic samples collected in June and July 2014 were 
tested by using an IgG ELISA. A stringent cutoff value of mean + 
5 SD (dashed line) was calculated from preepidemic samples. A 
less stringent cutoff value of mean + 3 SD (dotted line) was also 
calculated. These cutoff values were then applied to postepidemic 
samples collected in March 2015.

 

 

 
Table 3. Demographic	characteristics	of	blood	donors	tested	for	chikungunya	virus	during	a	chikungunya	epidemic,	Puerto	Rico,	USA,	
2014 

Characteristic 
No.	(%)	nonreactive	for	IgG, 

n	= 786* 
No.	(%)	reactive	for	IgG,	

n	=	242* Total,	n	=	1,031* Odds	ratio	(95%	CI) 
Sex     
 F 235	(75.81) 75	(24.19) 310 1.00 
 M 348	(74.95) 117	(25.05) 567 1.05	(0.75–1.47) 
Age,	y     
 16–19 53	(56.99) 40	(43.01) 93 1.00 
 20–29 139	(81.29) 32	(18.71) 171 0.31	(0.17–0.55) 
 30–39 119	(79.33) 31	(20.67) 150 0.35	(0.19–0.62) 
 40–49 134	(81.71) 30	(18.29) 164 0.30	(0.16–0.54) 
 50–59 90	(70.54)) 38	(29.46) 129 0.55	(0.31–0.97) 
 60–78 49	(70.00) 21	(30.00) 69 0.57	(0.29–1.10) 
*Some	specimens	did	not	have complete	demographic	data. 
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loads who have not fully seroconverted because it can be 
assumed that donors with neutralizing IgG responses have 
a lower probability of transmitting an infectious dose to 
a recipient.

Although convalescent-phase serum is protective in ani-
mal studies (34), the ability of IgM and IgG in viremic donors 
to mitigate CHIKV transfusion transmission requires further 
study. Likewise, if viral RNA screening is introduced, stud-
ies will be needed to evaluate the relative usefulness of ID 
versus MP-NAAT. In screening of 3,007 individual dona-
tions, we identified 7 viremic donors with only IgM respons-
es. However, only 1 of these donors had viremia detected 
only by ID-NAAT. We also identified 2 seronegative donors 
who showed reactivity by ID-NAAT, but not minipool test-
ing. Whether blood components from these donations, to-
gether with specimens in the so-called eclipse phase between 
acquisition of infection and detectable ID-NAAT reactivity, 
are infectious remains unanswered.

In summary, our results indicated a sizable propor-
tion of blood donors had detectable CHIKV RNA during 
the chikungunya epidemic in Puerto Rico in 2014. Several 
donations with high viremias were negative for IgM and 
IgG, which suggested that donors were in the peak phase of 
acute infection and highlights the risk for transfusion trans-
mission. However, most viremic donations had low levels 
of viral RNA and were seropositive, which suggests recent 
subclinical infection and low risk for infectivity. However, 
these donors were healthy enough to donate blood. Finally, 
serosurveys before and after peak epidemic months showed 
that ≈25% of blood donors in Puerto Rico acquired CHIKV 
during the 2014 epidemic. On the basis of findings of this 
study, we are now conducting further investigations to de-
termine the risk for transfusion transmission of CHIKV by 
virus RNA–positive transfusions and outcomes of infection 
in recipients.
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The bacterium Tropheryma whipplei, which causes Whip-
ple disease in humans, is commonly detected in the fe-
ces of persons in Africa. It is also associated with acute 
infections. We investigated the role of T. whipplei in fe-
brile patients from 2 rural villages in Senegal. During June 
2010–March 2012, we collected whole-blood finger-prick 
samples from 786 febrile and 385 healthy villagers. T. 
whipplei was detected in blood specimens from 36 (4.6%) 
of the 786 febrile patients and in 1 (0.25%) of the 385 ap-
parently healthy persons. Of the 37 T. whipplei cases, 26 
(70.2%) were detected in August 2010. Familial cases and 
a potential new genotype were observed. The patients’ 
symptoms were mainly headache (68.9%) and cough 
(36.1%). Our findings suggest that T. whipplei is a cause 
of epidemic fever in Senegal.

Determining the etiologic causes of febrile illness in 
tropical settings provides public health and local com-

munity benefits. In the context of a decline in malaria cases 
in many parts of sub-Saharan Africa, the few studies that 
have been conducted in recent years to analyze the burden 
of bacterial infections used traditional blood cultures and 
identified typhoid fever and Streptococcus pneumoniae as 
the leading documented causes of nonmalarial bloodstream 
infections (1–3). However, this method does not enable the 
identification of intracellular organisms, and most causes of 
fever remain unknown. In 2008, we initiated a study of the 
etiologies of fevers of unknown origin in Africa, particular-
ly in Senegal. Our preliminary studies showed the presence 
of previously known pathogenic microorganisms, such as 
Borrelia crocidurae, Rickettsia felis, R. conorii, and Coxi-
ella burnetii, and the unexpected presence of Tropheryma 
whipplei (4–9).

T. whipplei was first considered to be an uncom-
mon bacterium that causes Whipple disease, a rare 

chronic disease (10). However, T. whipplei is in fact a 
common bacterium associated with various conditions, 
such as acute infections (pneumonia and gastroenteri-
tis) and chronic infections (classic Whipple disease and 
other infections without digestive involvement, includ-
ing endocarditis and encephalitis) (10–19). T. whipplei 
can also be carried in human feces and, less commonly, 
in the saliva (20–23); carriage prevalence varies by the 
age and exposure of the population and by geographic  
area (21–30).

T. whipplei is highly prevalent in rural Senegal, 
where carriage rates reach 75% among children <2 years 
of age, and overall seroprevalence is 72% (21–26). In our 
preliminary study in Senegal, which was conducted in 2 
villages (Dielmo and Ndiop) during December 2008–July 
2009, we detected T. whipplei bacteremia in 6.4% of the 
analyzed specimens (8). Bacteremia was significantly as-
sociated with cough, but no link to feces carriage was ob-
served (8). However, our study had several limitations, 
such as a small number of febrile patients, no local con-
trol group of afebrile persons, and a short study period. In 
this same area, we recently showed that humans comprise 
the only source of T. whipplei among the populations in 
whom the bacterium is highly prevalent. Moreover, our 
findings showed that limited access to toilets and exposure 
to human feces was associated with the high prevalence 
of T. whipplei, suggesting that these conditions may fa-
cilitate fecal–oral transmission of the bacterium (31). To 
better characterize T. whipplei bacteremia, we extended 
our analysis, beginning in 2010, in this same area of rural 
Senegal to include the collection of >1,000 blood sam-
ples from healthy persons and ambulatory patients with  
acute fever.

Materials and Methods
We conducted the study during June 2010–March 2012 in 
Senegal’s rural Sine-Saloum area, a dry sahelian ecosys-
tem with 2 typical seasons: dry (November–May) and rainy 
(June–October). We obtained written consent for every 
person included in the study. The National Ethics Commit-
tee of Senegal approved the study.
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Participants
Study participants included 786 febrile patients at the 
healthcare center for the villages of Dielmo and Ndiop; 
78% of the patients were <15 years of age, and the sex 
ratio was 1:1. For all patients with fever (defined as ax-
illary temperature of >37.5°C), we conducted a medical 
examination, completed a questionnaire, and collected a 
whole-blood finger-prick sample (200-μL [4 drops]) (8). 
In parallel, we collected blood samples from a control 
group of 385 healthy, afebrile villagers; 62.5% of these 
study participants were <15 years of age, and the sex  
ratio was 1:1.

Molecular Analyses

DNA Extraction
For DNA extraction, we used a BioRobot EZ1 Workstation 
(QIAGEN, Courtaboeuf, France) according to the manu-
facturer’s instructions. Extraction was performed in Sen-
egal, and specific quantitative real-time PCR (qPCR) was 
performed in France.

Specific qPCR
We used a 7900HT-thermocycler (Applied Biosystems, 
Foster City, CA, USA) with the QuantiTect-Probe PCR Kit 
(QIAGEN) to perform qPCR. First, we analyzed specimens 
for T. whipplei by using the primer pair Twhi3F (5′-TTG 
TGT ATT TGG TAT TAG ATG AAA CAG-3′)/Twhi3R 
(5′-CCC TAC AAT ATG AAA CAG CCT TTG-3′) and 
the specific Twhi3 probe (6-FAM-GGG ATA GAG CAG 
GAG GTG TCT GTC TGG-TAMRA). For specimens with 
positive results, we ran a second, confirmatory qPCR with 
the Twhi2F (5′-TGA GGA TGT ATC TGT GTA TGG 
GAC A-3′)/Twhi2R (5′-TCC TGT TAC AAG CAG TAC 
AAA ACA AA-3′) primer pair and the specific Twhi2 
probe (6-FAM-GAG AGA TGG GGT GCA GGA CAG 
GG-TAMRA) (8,21). To validate the assays, we included 
positive (T. whipplei) and negative (PCR mix) controls in 
each run, as previously reported (8,21).

We considered samples to be T. whipplei–positive 
if qPCR results for the 2 specific genes were positive at 
a log-based fluorescence cycle threshold (Ct) of <38. We 
used qPCR for the β-actin housekeeping gene, as previ-
ously described (7), to check the quality of DNA handling 
and blood specimen extraction; only positive samples were 
considered reliable.

Genotyping
We performed genotyping of T. whipplei as previously 
described (32). We attempted to amplify and sequence 
each of 4 multispacer sequences (TW133, ProS, SecA, and 
Pro184) from positive specimens. When sequences were 
obtained, we compared them with those available in the 

GenBank database and our internal laboratory database to 
determine their corresponding genotype.

Statistical Analyses
We performed statistical analyses by using Epi Info 6 
software (http://www.cdc.gov/epiinfo/index.html); re-
sults with p<0.05 were considered statistically significant. 
The corrected χ2 test or the Fisher exact test was used 
where indicated.

Results

Prevalence of T. whipplei Bacteremia
A total of 786 febrile patients and 385 healthy controls 
were included in the study, among whom 36 (4.6%) and 
1 (0.25%), respectively, were positive for T. whipplei 
DNA (p<0.00007). The positive control participant was a 
13-year-old boy who had low concentrations of T. whipplei 
DNA (Ct of 36.85 and 37.99). The Ct for febrile patients 
ranged from 26.10 to 36.41 (mean ± SD 33.40 ± 2.53).

Age Distribution
The prevalence of T. whipplei bacteremia was 4% (3/75) 
for febrile patients <12 months of age, 4.8% (12/250) for 
those 1–3 years of age, 4.2% (5/119) for those 4–6 years of 
age, 5.4% (9/167) for those 7–15 years of age, 2.7% (2/75) 
for those 16–29 years of age, and 5.2% (5/97) for those >30 
years of age. Age data were not available for 3 patients. No 
significant differences in age distribution were observed.

Clinical Manifestations
Clinical data were available for 786 febrile patients (Ta-
ble 1). The main symptoms in the 36 T. whipplei–posi-
tive febrile patients were headache (23 [68.9%]), cough 
(13 [36.1%]), rhinorrhea (8 [22.2%]), nausea (5 [13.9%]), 
vomiting (4 [11.1%]), and diarrhea (3 [8.3%]). No signifi-
cant clinical differences were observed by Ct level.

Seasonality
All 36 T. whipplei cases detected among the 786 febrile 
patients were in the 466 patients tested during the June–Oc-
tober rainy season; no cases were detected among the 320 
febrile patients sampled during the November–May dry 
season (p = 0.0000001). Moreover, 33 (92%) of these 36 
cases were diagnosed during the 2010 rainy season, and the 
other 3 were diagnosed during August 2011 (2 cases) and 
October 2011 (1 case) (Figure). The highest prevalence of 
T. whipplei bacteremia cases was detected during August, 
when 28 (30%) of 93 febrile patients were found to be posi-
tive (19 [28%] of 73 patients in Dielmo and 9 [45%] of 20 
patients in Ndiop). In fact, the data were affected by the 
high prevalence of cases observed in August 2010, which 
seemed to be indicative of an outbreak.
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In July 2010, T. whipplei infection was detected in 2 
febrile patients, an 18-year-old boy in Dielmo (case detect-
ed July 24) and a 15-year-old girl in Ndiop (case detected 
July 27). In August 2010, a total of 29 febrile patients from 
Dielmo were tested; 17 (58.5%) of the 29 patients had sam-
ples (18 total samples) positive for T. whipplei bacteremia. 
During the same month in Ndiop, 9 (69%) of 13 febrile 
patients had positive samples. In September 2010, 2 pa-
tients were positive in Dielmo and 1 in Ndiop, and in Octo-
ber, 2 patients were positive in Dielmo and none in Ndiop. 
For almost 1 year, all specimens from febrile patients were 
negative for T. whipplei. Then, in August 2011, only 2 pa-
tients were positive in Dielmo, and in October 2011, only 1 
patient was positive in Ndiop.

Treatment and Follow-Up
Data about antimicrobial drug therapy was available for 
33 patients, 23 of whom benefited from treatment with 
amoxicillin (18 patients), metronidazole (3 patients), or 
cotrimoxazole (2 patients). In Dielmo, 24 specimens from 
23 patients were positive for T. whipplei; 1 patient was 
sampled twice 15 days apart, and both specimens were 
positive. For 17 patients, blood specimens were also sam-
pled during other febrile episodes. Nine specimens from 5 
patients were sampled from 15 days to 13 months before 
the positive sample was detected, and 43 specimens from 
17 patients were sampled from 3 weeks to 16 months after 
the positive sample was detected; all of these samples were 
negative. Moreover, our previously published data (8) in-
cluded test results for a 4-year-old boy who was diagnosed 
with T. whipplei bacteremia in January 2009 (19 months 
before August 2010). Four other blood specimens from this 
patient were tested 1 month before (1 sample) or 4, 11, and 
15 months after (3 samples) the positive specimen was de-
tected, and all were negative for T. whipplei.

In Ndiop, 12 specimens from 12 patients were posi-
tive. For 8 of these patients, blood specimens were sampled 

during other febrile episodes. The specimen for 1 patient 
was sampled 1 month before the positive sample, and 9 
specimens from 6 patients were sampled from 7 weeks to 
18 months after the positive samples; all of these specimens 
were negative. No data were available for these patients 
about antibody response against T. whipplei.

Genotyping
Because of the lack of specimens available for genotyp-
ing and the low sensitivity of genotyping, we could obtain 
multispacer sequences for only 8 patients at the time of 
the 2010 peak in T. whipplei bacteremia cases (Table 2). 
The T. whipplei genotype corresponds to the concatena-
tion of the 4 spacers (TW133-ProS-SecA-Pro184); how-
ever, TW133 sequencing was not successful, so the cor-
responding spacer was not available (NA) for any of the 
patients. ProS sequence was obtained for 5 patients, SecA 
for 6 patients, and Pro184 for all patients. For 4 patients, 3 
spacers were available, enabling the detection of the same 
multispacer sequence combination (NA-7-2-1) for the 4 
patients. For another 4 patients, 2 spacers were available, 
enabling the detection of the NA-7-NA-1 combination for 
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Table 1. Clinical	manifestations	observed	in	786	febrile	Tropheryma whipplei–positive	or	–negative	patients	in	2	villages,	Dielmo	and	
Ndiop	in	the	Sine-Saloum area	of	Senegal,	June	2010–March	2012. 

Clinical	manifestation 
T. whipplei–positive	patients,	

no.	(%),	n	=	36 
T. whipplei–negative	patients,	

no.	(%),	n	=	750 p value by χ2 test 
Headache 23	(68.9) 439	(58.5) 0.52 
Arthralgia 0 19	(2.5) 0.46 
Myalgia 0 53	(7.0) 0.07 
Diarrhea 3	(8.3) 39	(5.2) 0.3 
Vomiting 4	(11.1) 94	(12.5) 0.56 
Nausea 5	(13.9) 100	(13.3) 0.53 
Abdominal	pain 1	(2.8) 21	(2.8) 0.68 
Cough 13	(36.1) 274	(36.5) 0.95 
Expectoration 2	(5.6) 42	(5.6) 0.67 
Otalgia 1	(2.8) 28	(3.7) 0.61 
Otorrhea 0 2	(0.3) 0.91 
Rhinorrhea 8	(22.2) 229	(30.5) 0.28 
Burning	urination 1	(2.8) 33	(4.4) 0.53 
Rash 0 10	(1.3) 0.62 
Meningeal	signs 2	(5.5) 25	(3.3) 0.35 

 

Figure. Monthly prevalence of Tropheryma whipplei bacteremia 
in Dielmo and Ndiop, Senegal, June 2010–March 2012. These 2 
rural villages are located in the Sine-Saloum area, a dry sahelian 
ecosystem.
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2 of the patients and the NA-NA-2-1 combination for the 
other 2 patients. None of the potential combinations has 
previously been sequenced in Senegal. Moreover, the NA-
7-2-1 combination has also not previously been detected 
in any other area of the world and is thus a new genotype. 
Overall, our data suggest that the same genotype was de-
tected in Dielmo and Ndiop during the summer of 2010. 
However, T. whipplei genotyping was performed (some-
times only partially) for only 8 of 36 patients, so we can 
only suspect, but not confirm, that an epidemic clone was 
present and that an outbreak was ongoing at that time.

Affected Households
In Dielmo during the peak of the August 2010 outbreak, 
multiple persons in several households were positive for 
T. whipplei bacteremia: 4 of 6 persons in household no. 
19, 3 of 4 persons in household no. 39, 2 of 2 persons in 
household no. 9, and 2 of 3 persons in household no. 14. In 
Ndiop, 2 of 2 persons in household no. 3 and 2 of 3 persons 
in household no. 8 were positive for T. whipplei bactere-
mia. Of note, during this time, the family in household no. 
39 had a furnace in which they baked bread that they mar-
keted locally. In December 2010, most of the family left 
the village and the furnace was shut down; no additional 
T. whipplei bacteremia cases were subsequently observed.

Discussion
We report the detection of T. whipplei DNA in the blood 
of patients in Dielmo and Ndiop, Senegal. The validity of 
our data is based on strict experimental procedures and 
controls, including rigorous positive and negative controls, 
used to validate test results. In addition, we confirmed each 
positive PCR result by the successful amplification of an 
additional specific DNA sequence, and we performed T. 
whipplei genotyping on several specimens. We also showed 
that the presence of T. whipplei in blood is significantly 
linked to the presence of fever; T. whipplei DNA was de-
tected (at a low level) in the blood of only 1 afebrile person 
in the study area. Moreover, we included a control group of 
afebrile persons from the same area, thereby reinforcing the 
validity of our data. Indeed, several well-known pathogens 
have been detected in recently analyzed specimens from 

healthy persons. For example, Plasmodium falciparum has 
been detected in 32% of blood specimens from healthy, afe-
brile persons in Senegal (33); respiratory viruses, including 
influenza virus, have been detected in 12% of nasopharyn-
geal samples from symptom-free Hajj pilgrims (34); and S. 
pneumoniae has been detected in 6.3% of blood specimens 
from afebrile children in Tanzania (35). Thus, because of 
the significantly higher prevalence of T. whipplei among 
febrile patients compared with healthy controls, we suspect 
that this microorganism is a pathogenic agent.

The overall prevalence of T. whipplei bacteremia is 
4.6%. However, in August 2010, we observed a peak in T. 
whipplei bacteremia cases in Dielmo and Ndiop, where T. 
whipplei was involved in more than half of the observed 
cases of fever. This peak corresponds to a short outbreak of 
T. whipplei bacteremia with 1 potential genotype. A similar 
new genotype was observed for the patients from Dielmo 
and Ndiop for whom genotyping was available at the time 
of the outbreak. To date, 35 different T. whipplei genotypes 
have been detected in Senegal, but only 1 common geno-
type has been detected in Dielmo and Ndiop, even though 
the villages are 5 km apart (25). All of the other genotypes 
detected in the Sine-Saloum area were specific to each vil-
lage, including the 2 that were more prevalent: genotype 
52 was detected in 54% of feces samples in Dielmo, and 
genotype 49 was detected in 28% of feces samples from 
Ndiop (25).

Several familial cases also occurred during this out-
break. The family in household no. 39 in Dielmo was 1 of 
the most affected families: 3 of 4 persons living in the home 
had fever and T. whipplei bacteremia. Genotyping was 
available for 2 of these patients, both of whom exhibited 
the same potential genotype. The family in household no. 
39 was involved in the management of a traditional oven 
for preparing bread, which was thoroughly cooked and sold 
directly to other residents. Since the departure of the baker 
and his family, no other outbreaks have been observed, 
and the prevalence of T. whipplei bacteremia has dramati-
cally decreased. Thus, this family may have contributed 
to spread of the outbreak on a daily basis in Dielmo and 
possibly on a weekly basis at traditional markets, which 
served as the main contact between villagers from Dielmo 
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Table 2. Tropheryma whipplei multispacer	typing	results	for	8	patients	in	the	Sine-Saloum	area	of	Senegal,	2010* 

Patient	no. 
Age,	
y/sex Sampling	date Village Household	no. 

Spacers 
TW133 ProS SecA Pro184 

1 1/M 2010	Aug	4 Dielmo 14 NA NA 2 1 
2 1/M 2010	Aug	10 Dielmo 39 NA 7 2 1 
3 5/M 2010	Aug	16 Dielmo 19 NA NA 2 1 
4 1/F 2010	Aug	22 Dielmo 6 NA 7 NA 1 
5 4/M 2010	Aug	24 Dielmo 39 NA 7 2 1 
6 13/F 2010	Jul	27 Ndiop 2 NA 7 2 1 
7 2/F 2010	Aug	6 Ndiop 38 NA 7 2 1 
8 2/M 2010	Aug	13 Ndiop 10 NA 7 NA 1 
*NA,	not	available. 
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and Ndiop. Also of note, no toilet facilities were present in 
household no. 39, and a link between a lack of toilet facili-
ties and the high detection of T. whipplei, mainly in feces, 
has previously been reported (31). Thus, we hypothesize 
that T. whipplei was transmitted to customers who bought 
bread contaminated with infectious feces (31). Overall, all 
of our data confirm human-to-human transmission of the 
bacterium (22,23,26,31).

One of the main symptoms among febrile patients with 
T. whipplei bacteremia is cough (36.1%). In our prelimi-
nary study of T. whipplei bacteremia, cough was also the 
main manifestation observed (36). Thus, T. whipplei could 
be involved in respiratory infections (13,14,36,37). How-
ever, the presence of cough in ≈36% of febrile patients who 
were either T. whipplei–positive or –negative may also sug-
gest that this symptom was poorly specific.

Of note, a 4-year-old patient had 2 febrile episodes as-
sociated with T. whipplei bacteremia 18 months apart (8); 
however, it was not possible to make a distinction between 
relapse and reinfection because genotyping was not avail-
able (38). Blood specimens from this patient that we tested 
for T. whipplei before and after the last febrile episode were 
negative, confirming that the infection was acute. Thus, 
these data suggest that some patients may have several fe-
brile episodes linked to T. whipplei.

T. whipplei bacteremia cannot be diagnosed in tropical 
regions that lack the proper laboratory facilities or in in-
dustrialized countries that lack or do not routinely perform 
molecular biology–based diagnostics due to the specific 
training, expensive reagents, and excessive time required 
to perform such tests. Moreover, even recent studies that 
have looked for causes of nonmalarial fevers, including by 
performing molecular detection in blood for intracellular 
bacteria, such as R. felis, have not included the molecular 
detection of T. whipplei (39). Thus, it is currently difficult 
to estimate the prevalence of T. whipplei bacteremia. In 
conclusion, the results of our large-scale study clearly con-
firm the role of T. whipplei in febrile episodes as well as its 
contagiousness and epidemic character.
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In 2009, an outbreak of Vibrio parahaemolyticus occurred 
in Piura, Cajamarca, Lambayeque, and Lima, Peru. Whole-
genome sequencing of clinical and environmental samples 
from the outbreak revealed a new V. parahaemolyticus 
clone. All the isolates identified belonged to a single clonal 
complex described exclusively in Asia before its emergence 
in Peru.

Vibrio parahaemolyticus is a marine bacterium consid-
ered to be one of the major causes of bacterial food-

borne outbreaks. Infections caused by V. parahaemolyti-
cus have shown a steady expansion in recent years, with a 
growing number of cases detected worldwide (1–7).

The epidemiology of V. parahaemolyticus infections 
in Peru has traditionally been dominated by a characteris-
tic pattern of an increase number of cases during the sum-
mer months, corresponding to higher coastal water tem-
peratures (8). This seasonality in the epidemic dynamics 
of V. parahaemolyticus infections was only altered during 
the emergence of cases associated with 2 major outbreaks 
of illnesses reported in the country, which were caused 
by the arrival of novel genetic variants coming from Asia 
(9,10). V. parahaemolyticus infections in Peru had been 
predominantly associated with the O4:K8 serotype and 
sequence type (ST) 88 until 1995 (11), when a novel ge-
netic variant of O4:K8 emerged in the country. Infections  
caused by this novel variant (ST-189a) quickly spread 
throughout the country, replacing those caused by the 
ST-88 variant (10). ST-189a was replaced in 1997 as the 
dominant ST by the arrival of a new variant, the pandemic 
clone ST-3, which also originated in Asia (8,12). Infec-
tions were mostly associated with the pandemic clone 
throughout 1997 and 1998 and then with a less clear pat-
tern of dominance afterwards because of the presence of 
multiple serotypes.

The Study
A new and large V. parahaemolyticus outbreak was de-
tected in Peru during the austral summer of 2009. During 
February–March 2009, a total of 30 isolates were obtained 
from clinical samples of patients with symptoms of gas-
troenteritis. Initially illnesses were reported only in the 
northern cities of Peru (Cajamarca, Chiclayo, and Piura), 
but subsequently the outbreak extended to Lima.

Thirty V. parahaemolyticus strains isolated from this 
outbreak were initially investigated for the presence of 
virulence-related genes, serotyped, and subtyped by using 
pulse-field gel electrophoresis (PFGE). All strains belonged 
to serotype O3:K59, a serotype not previously identified 
in Peru; moreover, all were tdh-positive, trh-negative, and 
carried genes for the α variant of the type-3 secretion sys-
tem 2 (T3SS2α). PFGE analysis showed that all the clinical 
strains shared an indistinguishable PFGE pattern (online 
Technical Appendix Figure 1, http://wwwnc.cdc.gov/eid/
article/22/7/15-1896-Techapp1.pdf).

Environmental strains of V. parahaemolyticus isolated 
from shellfish collected at the central market in Lima over 
the course of the outbreak were also investigated. These 
strains (n = 4) were tdh-positive, trh-negative, T3SS2α-
positive, and indistinguishable by PFGE analysis from the 
outbreak strains.

The genomes of 20 of those strains (18 clinical and 2 
environmental) were sequenced by MiSeq (Illumina, San 
Diego, CA, USA) with 500 (2 × 250) cycles, 2 × 250 pair-
end library with a minimum coverage of 40–120×; testing 
was carried out at the US Food and Drug Administration’s 
Center for Food Safety and Nutrition (College Park, MD, 
USA). Libraries were prepared with the Nextera XT DNA 
sample preparation kit (Illumina), according to the manu-
facturer’s instructions. Whole-genome sequence contigs 
for each strain were de novo assembled by using CLC 
Genomics Workbench version 7.5.1 (QIAGEN, Valencia, 
CA, USA).

In silico multilocus sequence typing (MLST) by 
eBURST (13) identified all strains as belonging to a single 
sequence type profile, ST-120, which is the ancestral found-
er of clonal complex (CC) 120 (online Technical Appendix 
Figure 2). All strains deposited in the V. parahaemolyticus 
MLST database belonging to CC120 originated from China. 
Whole-genome MLST analysis (wgMLST) using Ridom 
SeqSphere+ version 3.0.0 (http://www.ridom.de/seqsphere) 
identified 4,265 genes shared among all ST-120 strains from 
Peru. The genome of strain RIMD 2210633 (14) was used 
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as reference. Ridom SeqSphere+ does a gene-by-gene map-
ping of the shotgun genomes against the reference genome, 
identifies the core genes present in all genomes, identifies 
variants at sequence level (single-nucleotide polymorphisms 
[SNPs]), and assigns alleles to each unique individual gene 
sequence. SNPs identified in each allele for each locus were 
extracted and saved into a SNP matrix to be used for fur-
ther analysis. Then, Nei’s DNA distance method (15) was 
used for calculating the genetic distance matrix by taking the 
number of same/different alleles scored for each loci in each 
genome. In some cases, values are not found in certain loci 
because that gene was either missing or truncated because of 
its position at either end of the de novo assembled contigs. 
With these genetic distances, we then built either a neighbor-
joining tree or minimum-spanning tree. Among those 4,265 
core genes, only 20 were different from the rest. A minimum-
spanning tree of these strains showed genetic uniformity 
among all the outbreak strains, grouping all genomes within 
a single complex with a central group of 6 strains (Figure). 
These 6 strains were indistinguishable, and the remaining 
strains showed minor differences ranging from 1 to 3 alleles 
and from 1 to 5 SNPs (online Technical Appendix Figure 3). 
Furthermore, environmental strains showed identical allelic 
profiles and sequences to the outbreak strains, which repre-
sent evidence supporting the domestic source of the seafood 
originating the infections. The shellfish predominantly com-
prised bivalve mollusk species collected from warm areas of 
the north of the country where the outbreak originated and 
that are shipped daily to the central market in Lima.

A wgMLST analysis of the outbreak isolates with 
236 V. parahaemolyticus genomes available in GenBank 
grouped the ST-120 isolates from Peru in a single cluster 

that exclusively included isolates from China (online Tech-
nical Appendix Figure 4). This finding constitutes addi-
tional support to the findings observed with the use of the 
available MLST data (online Technical Appendix Figure 
2), which show genetically similar strains in very distant 
locations. By wgMLST analysis, ST-120 isolates from 
Peru differed from 2 isolates isolated in China in 1992 
(S016) and 1993 (S018) by 48 and 259 alleles, respectively. 
The fact that these 2 strains were isolated during the 1990s 
might explain why they are so different from the Peru ST-
120 strains. Expanding the analysis to other genomes of 
ST-120 recently isolated from China or Southeast Asia 
might identify more closely related strains.

Conclusions
Taken together, our findings reveal another example of 
the emergence of an Asian variant of V. parahaemolyticus 
in Peru associated with seafood consumption. The arrival 
of ST-120 strains in Peru represents a third instance of an 
introduction of Asian populations of pathogenic V. para-
haemolyticus to the Pacific coasts of South America, and, 
together with the arrival of strains of the seventh pandemic 
of cholera in 1991, substantiates the existence of recurrent 
flux of pathogenic Vibrio populations between both sides 
of the Pacific Ocean. Asian and Peruvian coasts are inter-
mittently interconnected through the movement of water 
displaced by El Niño episodes. These 4 introduction events 
of pathogenic Vibrio strains in Peru occurred just before 
the arrival of tropical El Niño waters to the Peruvian coasts, 
which suggests that the introduction of foreign populations 
of Vibrio could be mediated by El Niño events, as previ-
ously suggested (8).
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Figure. V. parahaemolyticus outbreaks in Peru, 2009. A) Minimum spanning tree showing the loci differences among Peruvian 
sequence type (ST) 120 strains. Ridom SeqSphere+ version 3.0.0 (http://www.ridom.de/seqsphere) identified 4,265 loci shared among 
all ST-120 V. parahaemolyticus strains. The numbers above the connected lines are loci differences. The lines are not to scale.  
B) Geographic locations of these ST-120 strains in Peru. 



V. parahaemolyticus ST-120, Peru, 2009

In conclusion, this study stresses the importance of 
the application of genomic epidemiology for the routine 
investigation of outbreaks and surveillance as an efficient 
and high-resolution tool for tracing the dissemination of 
pathogens and diseases on a global scale. This latter infor-
mation is critical to detect the emergence of novel genetic 
variants, understand the colonization history of pathogens, 
and assess potential sources and scenarios contributing to 
the emergence of disease.
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We identified new clinical manifestations associated with 
Senecavirus A infection in neonatal piglets in Brazil in 2015. 
Immunohistochemical and molecular findings confirmed 
the association of Senecavirus A with these unusual clini-
cal signs and more deaths. Other possible disease agents 
investigated were not associated with these illnesses.

Senecavirus A (SVA), formerly called Seneca Valley 
virus, is the single representative species of the genus 

Senecavirus (family Picornaviridae). SVA is a single-
stranded, positive-sense, nonenveloped RNA virus with a 
genome size of ≈7.2 kb (1).

SVA infection was associated with porcine idiopathic 
vesicular disease (PIVD) in pigs in Canada (2), the United 
States (1), and Brazil (3,4). The clinical manifestations of 
PIVD are indistinguishable from those of other vesicular 
virus infections, including foot-and-mouth disease virus 
(FMDV), vesicular stomatitis virus, swine vesicular disease 
virus (SVDV), and vesicular exanthema of swine virus (2,3). 
These clinical signs include fluid-filled and ruptured vesicles 
and ulcerative lesions at the coronary band, hooves, and/or 
snout (1–4). In 2015, we identified new clinical manifesta-
tions associated with SVA infections in piglets in Brazil.

The Study
Since early 2015, increased numbers of deaths were record-
ed in pig herds from different geographic regions of Brazil. 
Piglets during their first week of life demonstrated clinical 
signs such as muscular weakness, lethargy, excessive sali-
vation, cutaneous hyperemia, neurologic manifestations, 
and diarrhea; some died suddenly. Clinical signs lasted for 
3–10 days and then disappeared in piglets that survived.

To determine the cause of these illnesses, we investi-
gated 5 farms (A–E). Pig populations per farm varied from 
10,000 to 23,000 animals, and piglet death rates during the 
first week of life ranged from 20% to 30%. Ten piglets that 
died spontaneously were examined (Table 1).

Farms A, B, D, and E had gestating and/or farrowing 
sows with fluid-filled or ruptured vesicles at the coronary 
bands, hooves, or snouts; reproductive disorders were not 
observed. We had identified SVA RNA from sows at farms 
A and B (3) a week before the onset of clinical manifesta-
tions in these piglets.

Routine necropsies of all piglets were conducted soon 
after death. Tissues were fixed by immersion in 10% buff-
ered formalin solution and processed for histopathologic 
evaluation. Selected tissue fragments were used in an immu-
nohistochemical (IHC) assay designed with monoclonal an-
tibodies to detect SVA (5). Duplicate sections of the organs 
and scrapings from oral vesicles and cutaneous lesions were 
collected for molecular diagnostics. From piglets at farms C, 
D, and E, we collected diarrheic fecal samples to investigate 
the possibility of enteric viruses. We analyzed 81 tissue sam-
ples and 6 diarrheic fecal samples during this study by a com-
bination of pathologic and molecular diagnostic methods.

Molecular assays were conducted to identify viruses 
that might be associated with the reported clinical signs; 
these included SVA (3); FMDV, vesicular stomatitis virus, 
and SVDV (6); teschovirus A, sapelovirus A, and entero-
virus G (7); porcine parvovirus (8); and porcine circovirus 
type 2 (9). Feces and fragments of the small intestine from 
piglets of farms C, D, and E were evaluated for porcine ro-
tavirus species A, B, C (10), and H (11); porcine epidemic 
diarrhea virus (12); swine deltacoronavirus (13); and trans-
missible gastroenteritis virus (12).

Seventeen amplified products were submitted for se-
quencing. We conducted sequence identity matrix using 
BioEdit software version 7.1.11 (http://www.mbio.ncsu.
edu/bioedit/bioedit.html). A phylogenetic tree based on 
nucleotide sequences was obtained using MEGA6 software 
(http://www.megasoftware.net).

The most frequent gross manifestations observed were 
petechial hemorrhages of the kidney (7 piglets) and ulcer-
ative lesions at the tongue (6 piglets) and coronary bands 
(4 piglets) (Figure 1, panels A, B). Interstitial pneumonia, 
the predominant histopathologic alteration, occurred in all 
the piglets; other frequent lesions were diphtheric glossitis 
(6 piglets), lymphocytic myocarditis (6 piglets), ballooning 
degeneration of the transitional epithelium of the urinary 
bladder (Figure 1, panel C) and the ureters (4 piglets), and 
lymphoplasmacytic encephalitis (3 piglets).

Consistent SVA IHC staining occurred at the transi-
tional epithelium of the renal pelvis and the urinary bladder 

Clinical Manifestations of Senecavirus A  
Infection in Neonatal Pigs, Brazil, 2015
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Senecavirus A Infection in Neonatal Pigs

(Figure 1, panel D) of 4 piglets; within epithelial cells of the 
choroid plexus of the cerebrum (8 piglets) and the tongue (5 
piglets); and at the ependymal cells of the choroid plexus, 
vascular endothelium, and the enterocytes of the villi of the 
small intestine (2 piglets) (Table 2, http://wwwnc.cdc.gov/
EID/article/22/7/15-1583-T2.htm).

The expected SVA RNA fragment was amplified by 
reverse transcription PCR from 77.8% (63/81) of all or-
gans; all tissues from piglet 4 were positive for SVA and 

only 1 tissue sample from 3 piglets (nos. 2, 3, and 10) yield-
ed negative results. Moreover, the nucleic acids of all other 
viruses investigated during this study were not amplified.

Sequence analysis from the 17 amplicons showed 
98.8%–100% nt and aa similarities between each other 
and other isolates from Brazil available in GenBank (ac-
cession nos. KR075677 and KR075678). The SVA isolates 
we identified had similarities that varied from 87.4% nt 
(GenBank accession no. EU271760) to 98.5% nt (GenBank  

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July 2016	 1239

 

 

 
Table 1. Geographic locations and other charactereristics of pig farms affected by Senecavirus A, Brazil, 2015 

Farm State/region 
Month of 
collection Animal no. Age, d Principal clinical manifestations 

A Paraná/Southern Brazil February 1 2 Weakness at birth, sudden death at 1–3 d of age 
   2 1 
B Paraná/Southern Brazil February 3 2 Weakness at birth, sudden death at 1–3 d of age 
   4 1 
C Mato Grosso do Sul/Midwest Brazil March 5 3 Cutaneous hyperemia, diarrhea, excessive salivation, 

lethargy, death 
D Santa Catarina/Southern Brazil March 6 2 Acute diarrhea and/or wasting, death 
E Santa Catarina/Southern Brazil July 7 2 Diarrhea, neurologic manifestations, sudden death 

8 2 
9 4 

10 5 
 
 

Figure 1. Pathologic alterations in piglets infected with Senecavirus A, Brazil, 2015. Gross examination shows multifocal diphtheric 
glossitis (A) and ulcerations of the coronary band (B). Histopathologic images demonstrate ballooning degeneration of the epithelium of 
the tongue (C) and positive immunoreactivity of the uroepithelium of the urinary bladder (D) to Senecavirus A. Panel B, scale shown in 
centimeters; panel C, hematoxylin and eosin stain; scale bar indicates 20 µm; panel D, immunoperoxidase; scale bar indicates 10 µm.
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accession no. KC667560) and 94.4% aa (GenBank acces-
sion nos. EU271759 and EU271760) to 99.4% aa (Gen-
Bank accession no. KC667560) for isolates identified in 
North America. Phylogenetic analysis showed that the 
strains from this study (GenBank accession no. KT445973–
KT445977) clustered with other known isolates of SVA 
and were distant from other picornaviruses associated with 
vesicular diseases (Figure 2).

Conclusions
SVA has been associated with PIVD in pigs with ve-
sicular lesions at the snout, coronary band, and hooves 
(1–3). However, findings from our investigation suggest 
a new clinical syndrome associated with SVA infection 
that resulted in disease to multiple tissues and organs of  
these piglets.

The patterns of the cutaneous lesions identified in this 
study might be similar to those of other vesicular infections 
of picornavirus (FMDV and SVDV), in which ballooning 
degeneration of epithelial cells and the formation of mi-
crovesicles are hallmarks (14,15). In addition, FMDV and 
SVDV affect different organs of susceptible animals—the 
heart, lungs, lymph nodes, bone marrow, and central ner-
vous system (14,15)—suggesting a wide organ tropism of 
these viruses.

An interesting feature during this study was the con-
stant immunolabelling of SVA within epithelial cells of 
the choroid plexus of the brain and the surrounding endo-
thelia of blood vessels in piglets with neurologic disease. 
On the basis of the IHC results and molecular findings in 
different tissues of the brain, we theorized that the neu-
rologic manifestations of SVA observed during this in-
vestigation might be due to early infection of the choroid 
plexus through alteration of the integrity of the vascular 
epithelium and subsequent dissemination to the adjacent 
neuropil. The IHC detection of SVA within the urinary 
epithelium of all piglets suggests that urine might be a 
mode of dissemination and a possible source of contami-
nation within affected pig farms.

Another unusual finding associated with SVA infec-
tion during this study was the occurrence of diarrhea in pig-
lets. Molecular screening did not detect any of the common 
enteric viral pathogens of suckling piglets. However, the 
IHC and reverse transcription PCR identified SVA in the 
small intestine of piglets with diarrhea, demonstrating the 
ability of SVA to replicate within the enteric epithelium.

Our results suggest that SVA is a pantropic virus 
that produces a multisystemic disease entity in pigs in-
fected at an early age. The constant immunolabelling 
of the uroepithelium of all piglets with SVA antigens 
might indicate that in-pen contamination, through urine, 
should be considered as a possible route for the dissemi-
nation of this virus.
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A horse in Finland exhibited generalized granulomatous 
inflammation and severe proliferative dermatitis. After eu-
thanization, we detected poxvirus DNA from a skin lesion 
sample. The virus sequence grouped with parapoxviruses, 
closely resembling a novel poxvirus detected in humans in 
the United States after horse contact. Our findings indicate 
horses may be a reservoir for zoonotic parapoxvirus.

Parapoxviruses (PPVs) are zoonotic viruses that have 
been known for centuries to cause contagious pustu-

lar skin infections in sheep, goats, and cattle worldwide. 
These viruses also infect other animals, such as red deer, 
seals, camels, reindeer, and domestic cats (1,2). In the ge-
nus Parapoxvirus, 4 species are currently recognized: Orf 
virus (ORFV), bovine papular stomatitis virus (BPSV), 
pseudocowpox virus (PCPV), and parapoxvirus of red 
deer in New Zealand (PVNZ) (3). In Finland, ORFV has 
repeatedly been detected in sheep, PCPV in cattle, and 
ORFV and PCPV in reindeer and humans (4,5). PPVs rep-
licate in epidermal keratinocytes and generally produce 
pustular lesions at the infection site, which is typically 
around the mouth, tongue, lips, or teats of mammals. Pri-
mary lesions can be severe and proliferative but in un-
complicated cases scab within 1 week and resolve in 4–6 
weeks. If the disease is complicated by secondary bacte-
ria, the lesions can become ulcerative and necrotic, delay-
ing healing (6). 

All recognized PPV species except PVNZ have been 
identified in humans. Manifestations of human PPV infec-
tions (“farmyard pox”) are typically seen on the hands of 
persons who had contact with infected ruminants. Recent-
ly, Osadebe et al. (7) reported novel poxvirus infections in 

2 humans who had contact with domestic animals includ-
ing horses and donkeys.

In Finland, PPV infections are common in ruminants, 
but unknown in horses; 3.1% of horses are seropositive 
for orthopoxviruses (OPV), but such infections appear to 
be subclinical (8). We describe a severe disease including 
dermatitis in a horse and identification of possible novel 
zoonotic parapoxvirus from a skin lesion.

The Patient
A rapidly progressive disease developed in a 2-year-old 
Standardbred stallion in Finland; clinical signs were fever, 
scrotal swelling, and ventral edema (online Technical Ap-
pendix Figure, http://wwwnc.cdc.gov/EID/article/22/7/15-
1636-Techapp1.pdf); multifocal, hard, nodular skin lesions 
(Figure 1, panel A) and moderately enlarged lymph nodes 
were also apparent. The horse was apathetic and lost weight 
despite a good appetite. The attending clinicians suspected 
generalized lymphoma. However, a biopsy sample taken 
from nodular skin lesions showed proliferative dermatitis 
(Table). The horse had secondary immune-mediated hemo-
lytic anemia 1.5 months after onset of disease; because the 
prognosis was poor, the horse was euthanized in September  
2013. The body was received at the University of Helsinki 
Faculty of Veterinary Medicine (Helsinki, Finland) for a 
postmortem examination that month.

In necropsy, the horse was found to be thin and 
poorly muscled. Multifocal, nodular, dry, hard, prolif-
erative lesions in the skin were mainly on the muzzle, 
lower forelimbs, and ventral abdomen. Moderate edema 
was present in the abdomen, scrotum, and all limbs. 
Thickened and hyperemic mucosa in the small intestine, 
moderately swollen mesenteric lymph nodes, and ascites 
were visible.

Histologically, the skin lesions were characterized 
by severe multifocal lymphohistiocytic dermatitis with 
intraepidermal vesicles caused by marked ballooning de-
generation of the stratum granulosum (Figure 1, panel B). 
Eosinophilic intracytoplasmic inclusion bodies were seen 
in keratinocytes. Intestinal tissue, lungs, and mesenteric 
lymph nodes showed chronic, lymphohistiocytic inflam-
matory changes (Table). Special stains for mycobacteria 
were negative.
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Because the histological findings of the skin samples 
suggested poxvirus infection, we collected a frozen plain 
skin sample and slices from formalin-fixed, paraffin-em-
bedded skin, lung, lymph node, and spleen for virologi-
cal studies. We attempted virus isolation from the skin 
sample in green monkey and baby hamster kidney cells 
and saw negative results. DNA was extracted by using the 
DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germa-
ny), but no OPV DNA was detectable by real-time PCR 
(9) (online Technical Appendix Table). However, PPV 
DNA or that of a closely related virus was present in the 
skin samples: both the Pan-PPV PCR targeting the PPV 
envelope phospholipase gene (ENV) (11) and the high-
GC (guanine-cytosine) pan-pox PCR targeting the large 
subunit of the poxvirus RNA polymerase gene (RPO147) 
(10) produced amplicons (Table), although several other 

primer pairs targeting PPV genes were negative (online 
Appendix Table).

Sequencing of the PCR products showed that the ENV 
(GenBank accession no. KR863114) and RPO147 (Gen-
Bank accession no. KR827441) sequences shared 80%–
89% nt and aa identity with other PPVs, depending on 
the virus species. The RPO147 sequence was 99%–100% 
identical at nt level and 100% identical at aa level to the 
sequences of the 2 recent poxvirus isolates (2012_37 and 
2013_013 RPO147) from humans in the United States (7). 
In phylogenetic analyses, the sequences from the horse in 
this study and from these human patients grouped together, 
forming a different lineage within the PPVs and separate 
from other related poxviruses, molluscum contagiosum  
virus and squirrelpox virus (Figure 2). The equine poxvirus 
was designated F14.1158H.

Figure 1. Macroscopic and histologic images of horse infected with possible novel parapoxvirus, Finland, 2013. A) Proliferative and 
ulcerative skin lesions were seen multifocally on the muzzle, ventral abdomen, and lower limbs (pictured). B) The main histological 
changes in samples of the skin lesions were severe multifocal lymphohistiocytic dermatitis with marked ballooning degeneration of the 
stratum granulosum and eosinophilic intrasytoplasmic inclusion bodies in many keratinocytes (arrows). Scale bar indicates 50 µm.

 

 

 
Table. Histopathologic and PCR findings in samples from a horse infected with parapoxvirus, Finland, 2013* 

Source Histopathology 
PPV PCR (10), RNA 

polymerase gene 
Pan-PPV PCR (11), 
high GC, ENV gene 

Other poxvirus 
PCRs (6,10)† 

Skin lesions Severe multifocal proliferative 
lymphohistiocytic dermatitis 

Positive Positive Negative 

Postmortem samples 
 Skin lesions Severe multifocal proliferative 

lymphohistiocytic dermatitis 
Positive Positive Negative 

 Lung Severe diffuse lymphohistiocytic interstitial 
pneumonia 

Negative Negative Negative 

 Intestines Moderate diffuse lymphohistiocytic enteritis Negative Negative Negative 
 Intestinal lymph nodes Moderate multifocal lymphohistiocytic 

inflammation 
Negative Negative Negative 

*ENV, envelope phospholipase; GC, guanine-cytosine; PPV, parapoxvirus. 
†See online Technical Appendix Table (http://wwwnc.cdc.gov/EID/article/22/7/15-1636-Techapp1.pdf). 
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Although the skin lesions showed poxvirus infection, 
formalin-fixed samples from internal organs contained no 
viral inclusion bodies and were negative for PPV by PCR. 

This finding is in accordance with the fact that PPVs are 
specialized to replicate in the highly specific immune en-
vironment of skin (13). Further investigations are required 
to show whether the poxvirus caused the generalized infec-
tion in addition to dermatitis.

The owner, breeder, and trainers of the horses on the 
farm where this horse became ill were unaware of any other 
animal or zoonotic cases in the premises and disclosed no 
contact between the horse and ruminants. The horse had 
lived in contact with many horses and several dogs and cats 
in 3 locations in southern parts of western and eastern Fin-
land before being transferred to the last training stable. A 
few months before onset of clinical signs, the horse had 
been trained at a farm where cows had been kept 25 years 
earlier. During the illness, the horse lived in a stable with 
17 horses, shared corrals and equipment, and had muzzle 
contact with 2 horses in adjacent stalls. Despite the direct 
and indirect contacts, all other horses, the 3 caretakers, and 
the trainer remained asymptomatic.

Conclusions
We report a clinical equine infection with a novel poxvirus in 
Finland. The infection is at least of dermatitic relevance for 
horses, and veterinary awareness is needed. The sequence 
analysis based on conserved genes revealed a close relation-
ship between this isolate and recent poxvirus isolates from 
humans with horse contact in the United States (7). Although 
sequence data are limited and the geographic distance be-
tween this equine case and the recent cases in humans is re-
mote, the close genetic relatedness suggests that horses have 
a possible role as reservoir or vector of an emerging zoonotic 
poxvirus, necessitating medical awareness and emphasizing 
the importance of the One Health approach (https://www.
onehealthcommission.org/). The horse as an origin for zoo-
noses is not uncommon: as many as 58% of emerging zoo-
notic pathogens infect ungulates (14). As for cowpox virus, 
horse and human may be infected from a common source, 
such as rodents, and not necessarily from each other. This 
case appeared sporadic and not very contagious, and the 
transmission route remained unresolved. Further studies are 
needed to elucidate ecology, epidemiology, prevalence, and 
possible zoonotic transmission.

As our limited sequence analysis suggests, the virus 
we detected is most closely related to PPVs and may merit 
being classified as a new Parapoxvirus species. However, 
many of the established PPV primer pairs did not produce 
PCR product, which suggests that the virus is different 
from the established PPV species and may represent a new 
poxvirus genus. More sequence data are needed to validate 
the taxonomic classification of the equine poxvirus. In con-
clusion, our results provide further evidence that horses are 
a possible source of the new poxvirus infection recently 
observed in humans.

Figure 2. Phylogenetic analyses of sequences amplified from 
skin lesion of horse infected with possible novel parapoxvirus, 
Finland, 2013 (poxvirus variant F14.1158H), and other poxviruses. 
Trees were generated by using the neighbor-joining method in 
MEGA 6 software (http://www.megasoftware.net) (12), based 
on A) 184 aa of envelope phospholipase gene and B) 195 aa 
of viral RNA polymerase gene RP0147. GenBank accession 
numbers for sequences used in the analyses: JF773701 (Orf virus 
[ORFV] F07.821R), JF773703 (ORFV F09.1160S), AY386263 
(ORFV IA82), AY386264 (ORFV SA00), DQ184476 (ORFV NZ2), 
GQ329670 (pseudocowpox virus [PCPV] VR634), JF773695 
(PCPV F10.3081C), JF773692 (PCPV F07.798R), GQ329669 
(PCPV F00.120R), AY453655 (parapoxvirus of red deer in New 
Zealand [PVNZ] DPV), AY453664 (bovine papular stomatitis 
virus [BPSV] V660), AY386265 (BPSV AR02), AF414182 
(sealpoxvirus [SPV]), U60315 (molluscum contagiosum virus 
[MOCV] subtype 1), HE601899 (squirrelpox virus [SQPV] red 
squirrel UK), GQ902051.1 (PCPV 07012), GQ902054.1 (BPSV 
07005), KM491712 (2013_013), and KM491713 (2012_037). 
The final 2 sequences originated from recent cases in humans 
with equine contacts in the United States (7). The reliability of the 
trees was determined by 1,000 dataset bootstrap resampling; 
the percentage of replicate trees in which the associated taxa 
clustered together is shown in the branches. Scale bars indicate 
amino acid substitutions per site.
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Senecavirus A has been infrequently associated with vesic-
ular disease in swine since 1988. However, clinical disease 
has not been reproduced after experimental infection with 
this virus. We report vesicular disease in 9-week-old pigs 
after Sencavirus A infection by the intranasal route under 
experimental conditions.

Senecavirus A (SVA), formerly known as Seneca Val-
ley virus, is a nonenveloped, single-stranded, positive-

sense RNA virus that belongs to the family Picornaviridae 
and has recently been proposed to be the prototype species 
of the genus Senecavirus (1). Although SVA was first iden-
tified as a contaminant in cell culture medium (2,3), it has 
been infrequently associated with cases of idiopathic ve-
sicular disease in pigs in the United States (3,4) and Canada 
(5). These findings have led to speculation that SVA infec-
tion could be confused with a highly contagious vesicular 
livestock disease caused by foot-and-mouth disease virus 
(FMDV), another picornavirus in the genus Apthovirus. 
SVA infection has rarely been reported in other countries.

Beginning in late 2014, vesicular disease was reported 
in many swine herds in Brazil, and SVA was identified in 
serum, vesicular fluid, and swab samples from ruptured ves-
icles collected from affected weaned and adult pigs (6, 7). In 
July 2015, an unprecedented emergence of vesicular disease 
began in multiple swine herds in the United States, and only 
SVA was detected in samples from affected animals. Presum-
ably, SVA is the cause of these current epidemics of vesicular 
disease in Brazil and the United States. However, a causal 
relationship between the virus and its host has not been made.

We report vesicular disease in nursery-age pigs that 
were experimentally infected with an SVA isolate ob-
tained from a commercial swine operation in South Da-
kota, United States. These pigs had idiopathic vesicular 
disease with lameness.

The Study
We purchased 17 conventionally raised weaned pigs 
and housed them until 9 weeks of age at the campus of 
the Agricultural Research Service, National Animal Dis-
ease Center, US Department of Agriculture (Ames, IA, 
USA), in accordance with Institutional Animal Care and 
Use Committee protocols (protocol ACUP 2867). At this 
time, each pig received an intranasal inoculation of a cell 
culture–propagated SVA isolate (SVA15–41901SD, third 
passage) (B. Guo, unpub. data) at a dose of 5 ×107 PFU/
animal. Challenge virus was grown in a swine testicular 
cell line (CRL-1746; American Type Culture Collection, 
Manassas, VA, USA) and tested for extraneous viruses by 
using PCRs and next-generation sequencing.

We detected no viruses other than SVA in the chal-
lenge inoculum. At 2, 4, 6, 8, and 10 days postinfection 
(dpi), we euthanized a randomly selected pig and conduct-
ed necropsy. Although we used the remaining 12 pigs to 
evaluate the kinetics of virus infection and euthanized them 
at 36 dpi for the purposes of this study, we describe only 
the acute phase of infection here.

We collected blood samples at 0, 3, and 15 dpi and 
monitored all pigs for vesicular and erosive lesions on the 
snout and hooves. When we detected vesicular lesions, 
they were swabbed, and vesicular fluid was collected from 
intact vesicles. We stored serum harvested from blood 
samples, swab samples, and vesicular fluid at −80°C until 
testing for SVA RNA by using a primer- and probe-based, 
quantitative, real-time, reverse transcription PCR. Serum 
was tested by using an indirect fluorescent antibody test 
with human lung cancer cells (CRL-5803; American Type 
Culture Collection) for detection of antibodies against SVA 
(B. Guo, unpub. data).

At 4 dpi, 7 of 16 pigs had intact or ruptured vesicular 
lesions on the coronary bands of toes and dewclaws or the 
interdigital space of >1 feet (Figure 1). We observed min-
imal-to-mild lameness in some animals. After 5 dpi, 14 of 
15 pigs had new or previously observed vesicular lesions. 
Lesion severity ranged from blanched coronary bands to 
ulcerations and erosions from ruptured vesicles. Focal ne-
crosis and crusting of either the interdigital space (Figure 
2, panel A), the coronary band, or both developed in some 
animals. Severe lesions in a subset of the cohort progressed 
to multifocal deep ulcers. In general, vesicular lesions were 
0.2–2 cm in diameter. However, we observed several pigs 
with skin abrasions over the carpus (Figure 2, panel B), 
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which indicated that the pigs were moving while knuck-
ling, which was probably caused by having tender feet.

At 5–6 dpi, we observed a single, small, rounded ves-
icle and erosion on the lower lip (Figure 2, panel C) in 2 
pigs. After 10 dpi, no new lesions were detected in any of 
the extremities or lower lips, and old lesions were healing. 
We first observed vesicular lesions and erosions on snouts 
only at 10 dpi in the same animals that had vesicular lesions 
on the feet (Figure 2, panel D). Of the 5 pigs euthanized, 
vesicular lesions were visible on coronary bands of >1 ex-
tremities of pigs subjected to necropsy at 4 and 6 dpi. We 
observed no other gross abnormalities at necropsy. Water 
and food consumption was not affected during the course 
of the disease and no animals died on their own.

Before inoculation, all pig serum samples were nega-
tive for SVA RNA and antibody. We detected SVA RNA 
in serum samples from each pig at 3 dpi (range 1.1 × 102–8 
×105 genomic copies/mL) and in all swab samples collect-
ed from pigs with vesicular lesions at 5 dpi (1.9 × 101–7.9 × 
104 genomic copies/mL). We also identified SVA by PCR 
on swab samples from snout ulcers. All surviving pigs se-
roconverted to SVA by 15 dpi, as determined by indirect 
fluorescent antibody test (titer >1:640).

Conclusions
Idiopathic vesicular disease in swine is a diagnosis made 
when none of the known etiologies for swine vesicular 
disease (i.e., vesicular exanthema virus, swine vesicular 
disease virus, vesicular stomatitis virus, and FMDV) have 
been detected in a clinical case. SVA has been detected  

occasionally in cases of idiopathic vesicular disease, which 
increases the possibility that SVA infection could cause ve-
sicular disease in swine. This assumption was strengthened 
by the recent emergence of idiopathic vesicular disease in 
Brazil and the United States in which there was common 
detection of SVA.

In this study, we experimentally induced clinical signs 
and gross lesions in nursery-age pigs inoculated with SVA, 
demonstrating a causative relationship between SVA infec-
tion and vesicular disease in susceptible pigs. This finding 
is noteworthy because SVA disease appears to be clinically 
indistinguishable from other vesicular diseases of swine 
(4,5,8), especially FMDV (9–11), which is a highly trans-
missible livestock disease that can cause devastating eco-
nomic losses to the agricultural industry and disruption of 
the human food supply. However, unlike the typical clini-
cal progression of FMD in swine in which feet and snout 
lesions develop at about the same time, SVA-induced ve-
sicular disease may have a different temporal pattern. In 
this study, we observed lesions on the feet several days be-
fore any lesions were recognized on the snout, which might 
be related to the route of inoculation or other factors.

We have begun to elucidate the clinical disease and 
host responses to SVA infection in swine. However, further 
investigation is needed to address 1) susceptibility of other 
age groups to this isolate and other SVA isolates; 2) the 
contribution to disease of co-infection with other infectious 
agents and stressful conditions, such as transport and heat; 
and 3) if viral mutations could explain, at least partially, the 
increase in recent SVA case reports. A better understanding 
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Figure 1. Vesicular lesions 
on feet of pigs experimentally 
infected with Senecavirus A. 
A) Blanched, intact, fluid-filled 
vesicle on lateral coronary 
band of toe. B) Intact vesicle 
on coronary band of medial 
dewclaw. C) Ruptured vesicle on 
coronary band of toe.  
D) Ruptured vesicle with 
ulceration and erosion in 
interdigital space.
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of SVA pathogenesis might help in development of preven-
tion and control measures and differentiation of this virus 
from those causing other vesicular diseases.
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Figure 2. Vesicular and skin lesions on feet and snout of pigs experimentally infected with Senecavirus A. A) Ruptured vesicle with 
deep ulceration, necrosis, and crusting in interdigital space. B) Skin abrasion on carpus. C) Vesicle and erosion on lower lip. D) Vesicle 
on snout. 
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A new hepatitis E virus (HEV-7) was recently found in 
dromedaries and 1 human from the United Arab Emirates. 
We screened 2,438 dromedary samples from Pakistan, 
the United Arab Emirates, and 4 African countries. HEV-7 
is long established, diversified and geographically wide-
spread. Dromedaries may constitute a neglected source of 
zoonotic HEV infections.

Hepatitis E virus (HEV) is a major cause of acute hepa-
titis worldwide (1). Four HEV genotypes belonging 

to the species Orthohepevirus A are commonly found in 
humans (HEV-1 through HEV-4). Genotypes 1 and 2 seem 
to be restricted to humans, whereas genotypes 3 and 4 also 
occur in domesticated and wild animals. Zoonotic trans-
mission by ingestion of contaminated meat, mainly from 
pigs, is the most likely zoonotic source of infection (1).

Recently, HEV sequences were reported from 3 
dromedaries sampled in the United Arab Emirates (UAE) 
in 2013 and were classified as a new orthohepevirus A 
genotype, HEV-7 (2,3). Afterwards a human patient also 
from the UAE who had chronic hepatitis after liver trans-
plantation was shown to carry HEV-7 (3,4). Until now, 

knowledge on HEV-7 and its zoonotic potential relied 
on these 2 studies, which provide no insight into the 
prevalence and distribution of HEV-7. To determine the 
geographic distribution of HEV-7, we conducted a geo-
graphically comprehensive study of HEV-7 prevalence 
in dromedaries by testing 2,438 specimens sampled in 6 
countries during the past 3 decades.

The Study
Serum and fecal samples were collected from dromedary 
camels in the UAE, Somalia, Sudan, Egypt, Kenya, and 
Pakistan during 1983–2015 (5–7). A total of 2,171 serum 
samples and 267 fecal samples were tested for HEV RNA by 
using reverse transcription PCR (RT-PCR) as previously de-
scribed (8). Seventeen samples were positive for HEV RNA: 
12 (0.6%) of 2,171 serum samples and 5 (1.9%) of 267 fe-
cal samples (Table). Positive samples originated from UAE, 
Somalia, Kenya, and Pakistan and dated to 1983 (Figures 1, 
2). Viral loads were measured by using real-time RT-PCR 
(9) calibrated on the basis of the World Health Organization 
International Standard for HEV RNA (10). Viral RNA con-
centrations ranged from 3.2 × 104 to 3.6 × 107 IU/g in feces 
and 6.2 × 102 to 8.3 × 106 IU/mL in serum.

We sequenced a 283-nt fragment of the RNA-depen-
dent RNA polymerase gene of all positive samples for phy-
logenetic analyses. All camel HEV clustered in a mono-
phyletic clade with the human HEV-7 sequence (Figure 2), 
supporting the classification of camel-associated HEV to a 
separate Orthohepevirus A genotype (11).

African viruses from Somalia and Kenya formed a 
monophyletic clade, whereas viruses from UAE and Paki-
stan were intermixed (Figure 2). Distances based on nucle-
otide identities were calculated for all sequences from this 
study and 1 reference strain from each orthohepevirus A 
genotype as defined by Smith et al. (11). This subset of refer-
ences comprised GenBank accession nos. M73218 (HEV-1), 
M74506 (HEV-2), AF082843 (HEV-3), AJ272108 (HEV-4), 
AB573435 (HEV-5), AB602441 (HEV-6), and KJ496143 
(HEV-7). Nucleotide diversity was remarkable among viral 
sequences from dromedaries, reaching a maximum distance 
of 22.7%, compared with a maximum distance of 29.9% 
among all genotypes. The internal distance among the Af-
rican viruses was 14.2%, compared with 17.4% distance 
within viruses from UAE and Pakistan. The African viruses 
were 16.7%–22.7% distant from UAE and Pakistan viruses, 
which corresponds to the distance threshold of 22%–25% 
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that separates the prototype HEV-4 sequence from HEV-5 
and HEV-6 prototype sequences. This finding suggests that 
HEV-7 is a strongly diversified clade of viruses that might 
need to be further subclassified.

HEV-7 was recently shown to belong to the same se-
rotype as HEV-1–4 (12). Therefore, we conducted a pre-
liminary serologic analysis with a subset of 210 specimens 
(35 per country) by adapting a human HEV ELISA (EU-
ROIMMUN, Lübeck, Germany) for application with camel 
serum. Serum was tested at a 1:100 dilution. The signal-
to-noise ratio was optimized by normalizing the optical 
density (OD) of test samples against ODs of a reference 
serum included in every run (online Technical Appendix 
Figure, http://wwwnc.cdc.gov/EID/article/22/7/16-0168-
Techapp1.pdf).

For confirmation of ELISA results and to determine an 
appropriate ELISA cutoff, we tested 56 samples covering 
the complete range of OD ratios by adapting the recomLine 
Immunoblot (MIKROGEN, Neuried, Germany). Thirty-
two samples reacted against >2 of the presented antigens 
and were therefore ranked positive in the Immunoblot. All 
tested samples with ELISA OD ratios >0.46 were positive 

by immunoblot, whereas only 7 of 31 tested samples below 
this value were positive by immunoblot (online Technical 
Appendix Figure). Subsequently we set an ELISA cutoff 
of 0.46. Using this cutoff, we found 96 (46%) of the 210 
serum samples originating from all 6 countries were posi-
tive (Table), which is comparable with the seroprevalences 
typically observed in pigs that are known zoonotic reser-
voirs for HEV-3 in developed countries (13). The percent-
age of ELISA-positive serum samples ranged from 31% 
in Kenya to 63% in Egypt but did not differ significantly 
among all 6 countries (p = 0.1, Yates’ χ2 test). These re-
sults suggest a wide occurrence and high prevalence of 
HEV in dromedaries.

Conclusions
We investigated HEV-7 infection in dromedaries. The 
broad spatial extent, the high diversity of HEV-7 in drom-
edaries, and the detection of HEV-RNA in a sample col-
lected in 1983 suggest a long evolutionary history of HEV-
7 in dromedaries.

Our study has some limitations. First, although most 
tested dromedaries seemed healthy, no detailed health  
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Table. Sample characteristics and detection rates of orthohepevirus Agenotype 7 in 6 countries, 1983–2015 

Country Time period 

No. positive/no. tested (% positive) 
Virus RNA 

Antibodies Serum Feces 
Sudan 1983 0/60  15/35(42.9) 
Somalia 1983–1984 1/105 (0.9)  14/35 (40.0) 
Egypt 1997 0/50  22/35 (62.9) 
Kenya 1992–2015 2/889 (0.2)  11/35 (31.4) 
United Arab Emirates 2013 1/500 (0.2) 5/267 (1.9) 13/35 (37.1) 
Pakistan 2012–2015 8/567 (1.4)  21/35 (60.0) 
Total  12/2,171 (0.5) 5/267 (1.9) 96/210 (45.7) 

 

Figure 1. Six countries studied for 
hepatitis E virus (HEV) infection in 
dromedary camels, 1983–2015. 
Number of tested and number of 
HEV-7 RNA-positive samples or 
Ab-positive samples are given next 
to the study sites: Egypt, Sudan 
(today separated into Sudan and 
South Sudan), Kenya, Somalia, 
UAE, and Pakistan. Countries with 
both HEV-7 RNA and Ab detection 
are in yellow; countries with 
only Ab detection are in orange. 
Ab, antibody; UAE, United Arab 
Emirates; Map was created by 
using Quantum GIS  
(http://qgis.osgeo.org) and  
data from http://www.natural 
earthdata.com.
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information from the RNA-positive animals was available. 
Second, we studied limited genome fragments that prevent-
ed formal classification into genome subtypes (14). Third, 
although we used 2 different antibody detection methods, 
the antibody prevalence in camels should be confirmed by 
larger studies including virus neutralization studies to de-
termine potential genotype variability.

Investigations of camelids other than dromedaries 
could help to further elucidate the geographic and evolu-
tionary origin of HEV-7. Furthermore, other wild or do-
mestic ungulates with close contact to dromedaries could 
be investigated to assess the host range of HEV-7. Human 
infection with HEV is common in all studied areas (1). On 
the basis of clinical observations and HEV antibody detec-
tion tools, several HEV outbreaks mainly linked to water 
contamination or poor hygienic circumstances have been 
described for Pakistan, Sudan, Somalia, and Egypt. For 
Kenya and UAE, data about HEV prevalence is scarce (1). 
In large parts of the Middle East, human infections are un-
likely to be caused by contact with swine or consumption 
of pork for cultural reasons. Even in Saudi Arabia, where 
pork is absent in diet, blood donors have antibodies at  

proportions of up to 18.7% (1). Thus, most HEV infections 
in the Middle East are assumed to be caused by nonzoo-
notic genotypes 1 and 2. However, our study and previous 
studies (12) showed that HEV-7 and other human geno-
types form 1 serotype, suggesting a lack of discrimination 
in seroprevalence studies.

The human HEV seroprevalence in the Middle East 
region might in fact be caused by HEV-7 infection. 
Furthermore, human HEV-7 infections might contrib-
ute to the HEV prevalence in all studied areas, where 
camel products are frequent parts of human diet (15). 
A foodborne transmission scenario is further suggested 
by the fact that 1 of 12 positive serum in the study was 
actually sampled in a slaughterhouse, documenting that 
meat from infected animals can enter the food chain 
(6). Detections of HEV-7 RNA in feces in this and a 
previous study (2) point at feces or feces-contaminat-
ed camel products, such as milk, as putative additional 
sources of human infection. Considering the importance 
of dromedaries as livestock animals (15), risk groups, 
such as slaughterhouse workers, should be screened for  
HEV-7 infection.
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Figure 2. Phylogenetic analysis of Orthohepevirus A sequences. The analysis comprised partial hepatitis E virus (HEV) sequences 
(283 nt from the RNA-dependent RNA polymerase region) from this study, representatives of Orthohepevirus A genotypes 1–7 and 
Orthohepevirus C (GenBank accession no. GU345042) as an outgroup. The phylogenetic tree was calculated with MEGA 6.0  
(http://www.megasoftware.net) by using the neighbor-joining algorithm and a nucleotide percentage distance substitution model. 
Bootstrap values (%) of 1,000 repetitive analyses >75 are shown next to the nodes. New camel HEV sequences obtained in this study 
are in red. Scale bar represents the genetic distance. All sequences obtained in this study are deposited in GenBank (accession nos. 
KM820907–KM820915 and KU201324–KU201330). UAE, United Arab Emirates.
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Cotton rat, Sigmodon hispidus. Photo 
courtesy Public Health Image Library.

The rat lungworm, Angiostrongylus (Parastrongylus) cantonensis, causes  
eosinophilic meningitis in humans and various disease manifestations in atypical 
host species, including wildlife and captive animals. 
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Emily York, integrated pest management specialist at 
the Sam Noble Museum of Natural History, discusses 
the rat lungworm expansion in North America.



Jennifer S. McDanel, Eli N. Perencevich,  
Jeremy Storm,2 Daniel J. Diekema,  

Loreen Herwaldt, J. Kristie Johnson,  
Patricia L. Winokur, Marin L. Schweizer

We retrospectively analyzed data for 195 respiratory in-
fection patients who had positive Staphyloccocus aureus 
cultures and who were hospitalized in 2 hospitals in Iowa 
and Maryland, USA, during 2003–2009. Odds for death for 
patients who also had influenza-positive test results were 
>4 times higher than for those who had negative influenza 
test results.

Staphylococcus aureus is a common cause of respira-
tory infections, including pneumonia (1), and can lead 

to necrotizing pneumonia and death (2–4). Influenza com-
plicated by S. aureus co-infection can progress rapidly to 
death within a week of symptom onset (3,4). However, 
few studies have evaluated whether patients who are co-
infected with influenza and S. aureus are more likely to 
experience poor outcomes compared with patients who 
are infected with S. aureus alone. We compared patient 
characteristics and outcomes of patients who had a respi-
ratory culture that grew S. aureus and who tested posi-
tive for influenza with those who had negative influenza  
test results.

The Study
This retrospective cohort study included pediatric and adult 
patients admitted to the University of Iowa Hospitals and 
Clinics (Iowa City, IA, USA) or to the University of Mary-
land Medical Center (Baltimore, Maryland, USA) during 
2003–2009. First, we used codes from the International 
Classification of Diseases, Ninth Revision, Clinical Modi-
fication (ICD-9-CM), to identify patients with influenza-

like illness (ILI) (5). This criterion was part of an initial 
study investigating influenza-like illness and S. aureus 
pneumonia (J.S. McDanel, unpub. data). Patients were in-
cluded in the study if they had respiratory cultures (spu-
tum, bronchial specimen, or tracheal aspirate) that grew S. 
aureus and were tested for influenza before or during their 
admissions. If a patient was admitted >1 time, only the ad-
mission with the first S. aureus positive respiratory culture 
was included. The University of Iowa institutional review 
board approved this study.

The primary outcome of interest, 30-day in-hospital 
mortality, was defined as death occurring in the hospital 
within 30 days of the first culture that grew S. aureus. The 
adapted Charlson Comorbidity Index served as an aggre-
gate score for co-occurring conditions (6). The year of each 
patient’s first positive S. aureus culture was dichotomized: 
2003–2007 and 2008–2009.

We conducted bivariable analyses using either the χ2 
test or the Fisher exact test for categorical variables and 
the Student t-test or Wilcoxon rank-sum test for continu-
ous variables. We used logistic regression to identify as-
sociations between potential predictor variables and 30-day 
mortality rates. We included variables in the multivariable 
model using a manual stepwise method. Variables associat-
ed with death (p<0.25) in the bivariable regression analysis 
were examined for fit within the multivariable model and 
were retained if statistically significant (p<0.05). The year 
of each patient’s first positive S. aureus culture was forced 
into the model. We analyzed data using SAS software ver-
sion 9.3 (SAS Institute, Cary, NC, USA).

A total of 195 patients had >1 respiratory culture that 
grew S. aureus and were also tested for influenza. Sputum 
samples (115, 59%) and bronchial washes (50, 26%) were 
the most common respiratory specimens. Blood cultures 
of 17 (9%) patients grew S. aureus. Respiratory or blood 
samples of 109 (56%) patients grew methicillin-resistant S. 
aureus (MRSA). Most patients (166, 85%) were admitted 
to the University of Maryland Medical Center; 116 (59%) 
were male, and median age was 42 (interquartile range 
5–59) years. 

Increased Mortality Rates Associated with 
Staphylococcus aureus and Influenza  

Co-infection, Maryland and Iowa, USA1
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Of the 195 patients, 32 (16%) had positive influenza 
test results. Patients who had a positive influenza test were 
more likely to receive quinolones (odds ratio [OR] 3.30, 
95% CI 1.51–7.21) than were patients whose influenza tests 
were negative (Table 1). Patients who had a positive influ-
enza test were significantly more likely to have the positive 
S. aureus respiratory culture collected <2 days after hospi-
tal admission than were the patients whose influenza tests 
were negative (OR 3.27, 95% CI 1.39–7.70).

Of the 32 influenza-positive patients, 9 (28%) died; 
of the 163 influenza-negative patients, 18 (11%) died (OR 
3.15, 95% CI 1.27–7.86; p = 0.021) (Table 2). Of the 9 in-
fluenza-positive patients who died, 5 had MRSA. Among 
the 27 patients who died, those with a positive influenza 
test were more likely to have diabetes than those who had 
a negative influenza test (33% vs. 0%; p = 0.029). The 
multivariable logistic regression model found that, after 
statistically adjusting for year and time from admission 
to collection of S. aureus culture samples, patients whose 
influenza tests were positive had >4-fold increased odds 

of death compared with patients whose influenza tests  
were negative (OR 4.31, 95% CI 1.57–11.83; p<0.005) 
(Table 2).

Conclusions
Our results are consistent with the results of other stud-
ies. Other investigators reported poor outcomes among 
patients who were co-infected with influenza viruses and 
S. aureus (3,4,7). Kallen et al. found a statistically sig-
nificant increased risk for death among patients who had 
positive influenza test results and community-acquired S. 
aureus pneumonia, compared with patients who had neg-
ative influenza test results and community-acquired S. au-
reus pneumonia (7). The Kallen et al. study included pa-
tients who had either MRSA or methicillin–susceptible S. 
aureus pneumonia (7) but evaluated only 47 patients. The 
sample size for our study was much larger than previously 
performed studies, and we were able to examine mortality 
rates among patients who had a respiratory culture that 
grew either MRSA or methicillin-susceptible S. aureus.
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Table 1. Characteristics of patients in cohorts demonstrating increased mortality rates associated with Staphylococcus aureus and 
influenza co-infection, Maryland and Iowa, USA* 

Characteristic 
Positive influenza 

test, n = 32 
Negative influenza 

test, n = 163 Odds ratio 95% CI p value 
Female sex 12 (38) 67 (41) 0.86 (0.39–1.88) 0.704 
Age ≥18 y 24 (75) 112 (69) 1.37 (0.58–3.25) 0.479 
Hospital admission within previous 12 mo 12 (38) 75 (46) 0.70 (0.32–1.53) 0.376 
Previous MRSA infection or colonization 4 (13) 33 (20) 0.56 (0.18–1.72) 0.307 
Co-occurring conditions 
 Cancer 3 (9) 24 (15) 0.60 (0.17–2.12) 0.579 
 Cerebrovascular disease 0 (0) 6 (4)  UTD 0.592 
 Chronic pulmonary disease 11 (34) 41 (25) 1.56 (0.69–3.51) 0.282 
 Heart disease 4 (13) 20 (12) 1.02 (0.32–3.22) 1.000 
 Diabetes 6 (19) 15 (9) 2.28 (0.81–6.41) 0.123 
 Liver disease 0 (0) 6 (4)  UTD 0.592 
 Renal disease 5 (16) 8 (5) 3.59 (1.09–11.79) 0.042 
 Charlson Comorbidity Index score, median (IQR) 1 (0–2) 1 (0–3) 0.89 (0.75–1.07) 0.641 
Methicillin resistance 
 MRSA 16 (50) 93 (57) 0.75 (0.35–1.61) 0.462 
 MSSA 15 (47) 66 (40) 1.30 (0.61–2.78) 0.503 
 Unknown 1 (3) 4 (2) 1.28 (0.14–11.86) 1.000 
First positive S. aureus culture collected ≤2 d after hospital 
admission 

24 (75) 78 (48) 3.27 (1.39–7.70) 0.005 

Year of first positive S. aureus culture 0.038 
 2003 1 (3) 3 (2) Reference  
 2004 1 (3) 10 (6) 0.30 (0.01–6.38)  
 2005 7 (22) 25 (15) 0.84 (0.08–9.38)  
 2006 0 (0) 25 (15) UTD  
 2007 2 (6) 14 (9) 0.43 (0.03–6.41)  
 2008 12 (38) 26 (16) 1.39 (0.13–14.73)  
 2009 9 (28) 60 (37) 0.45 (0.04–4.81)  
Antimicrobial drugs received 
 Vancomycin 25 (78) 128 (79) 0.98 (0.39–2.44) 0.960 
 Linezolid 7 (22) 26 (16) 1.48 (0.58–3.77) 0.414 
 Quinolone 19 (59) 50 (31) 3.30 (1.51–7.21) 0.002 
 Macrolide 13 (41) 58 (36) 1.24 (0.57–2.69) 0.588 
 Aminoglycoside 2 (6) 41 (25) 0.20 (0.05–0.87) 0.018 
 Cephalosporin 20 (63) 105 (64) 0.92 (0.42–2.02) 0.836 
30-d in-hospital deaths 9 (28) 18 (11) 3.15 (1.27–7.86) 0.021 
*Values are no. (%) patients except as indicated. MRSA, methicillin-resistant Staphylococcus aureus; UTD; unable to determine because calculation 
includes zero; IQR; interquartile range; MSSA, methicillin-susceptible S. aureus. 

 



 S. aureus and Influenza Co-infection

Additionally, co-infection with influenza and S. au-
reus has been examined in animal models to identify 
mechanisms that cause poor outcomes (8–12). Severity 
of illness related to co-infection has been associated with 
a dysfunctional cell repair system and an altered immu-
nologic response such as suppression of macrophage 
function, inhibition in phagocytic bacterial clearance, 
and cell damage to the airway system (8–12). Investiga-
tors have hypothesized that influenza damages epithelial 
cells in the respiratory system, providing opportunity for 
enhanced bacterial attachment (8,11). Once bacteria in-
vade, cell destruction and fluid cause dysfunction of the 
airway system (8,11).

This study had limitations. First, the investigation 
might have excluded patients who were tested for influ-
enza at other facilities or who did not have laboratory-
confirmed influenza. Second, we could not determine 
whether the respiratory cultures that grew S. aureus rep-
resented infections or colonization. However, the infor-
mation we describe remains clinically relevant because 
often clinicians do not know whether patients with posi-
tive S. aureus cultures are infected or colonized. Diag-
nosing S. aureus pneumonia is challenging, and acquiring 
a lower respiratory culture such as a bronchial specimen 
or tracheal aspirate can be invasive and difficult to col-
lect. Therefore, if S. aureus pneumonia is suspected (e.g., 
symptoms and positive sputum culture), patients may be 
treated without a confirmed positive lower respiratory cul-
ture. Third, our dataset did not include information about 
variables such as influenza vaccination status, mechanical 
ventilation, co-infection with organisms other than influ-
enza and S. aureus, and whether the pneumonia was nec-
rotizing. Fourth, misclassification bias may exist based on 
our definition of influenza infection. Patients with a nega-
tive influenza test may be misclassified since we were un-
able to determine the time interval between the onset of 
ILI symptoms and the collection of the influenza sample. 
Therefore, patients may have recovered from influenza 
before receiving an influenza test. Last, influenza-like ill-
ness ICD-9-CM codes were used to identify the cohort 
because the patients initially were included in a study of 
influenza-like illness and S. aureus pneumonia (J.S. Mc-
Danel, unpub. data). Therefore, patients may have been 
missed if they had a respiratory infection with S. aureus 

and the condition or symptoms were not captured through 
an ICD-9-CM code.

In conclusion, among patients whose respiratory 
cultures grew S. aureus, patients with influenza were 
significantly more likely to die than were patients whose 
influenza tests were negative. Interventions that increase 
influenza vaccination rates among patients at high risk 
for S. aureus respiratory infections may prevent both co-
infection and death.
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Table 2. Adjusted regression analysis of the association between influenza and 30-d in-hospital deaths among patients with 
Staphylococcus aureus–positive respiratory cultures, Maryland and Iowa, USA* 
Model and variable Odds ratio (95% CI) p value 
Unadjusted   
 Influenza-positive test 3.15 (1.27–7.86) 0.021 
Adjusted†   
 Influenza-positive test 4.31 (1.57–11.83) 0.005 
 First positive S. aureus culture collected ≤2 d after hospital admission 3.00 (1.18–7.61) 0.021 
 Year of first positive S. aureus culture, 2008–2009† 1.71 (0.70–4.13) 0.237 
*Defined as death occurring in the hospital within 30 d of the first respiratory culture that grew S. aureus. 
†Reference 2003–2007. 

 



DISPATCHES

illness by International Classification of Diseases, Ninth Revision. 
Emerg Infect Dis. 2007;13:207–16. http://dx.doi.org/10.3201/
eid1302.060557

  6.	 Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical  
comorbidity index for use with ICD-9-CM administrative 
databases. J Clin Epidemiol. 1992;45:613–9. http://dx.doi.org/ 
10.1016/0895-4356(92)90133-8

  7.	 Kallen AJ, Brunkard J, Moore Z, Budge, P. Arnold KE, Fosheim G, 
et al. Staphylococcus aureus community-acquired pneumonia during 
the 2006 to 2007 influenza season. Ann Emerg Med. 2009;53:358–
65. http://dx.doi.org/10.1016/j.annemergmed.2008.04.027

  8.	 Kash JC, Taubenberger JK. The role of viral, host and secondary  
bacterial factors in influenza pathogenesis. Am J Pathol. 2015; 
185:1528–36. http://dx.doi.org/10.1016/j.ajpath.2014.08.030

  9.	 Robinson KM, McHugh KJ, Mandalapu S, Clay ME, Lee B, 
Scheller EV, et al. Influenza A virus exacerbates  
Staphylococcus aureus pneumonia in mice by attenuating  
antimicrobial peptide production. J Infect Dis. 2014;209:865–75. 
http://dx.doi.org/10.1093/infdis/jit527

10.	 Sun K, Metzger DW. Influenza infection suppresses NADPH 
oxidase-dependent phagocytic bacterial clearance and enhances 
susceptibility to secondary methicillin-resistant Staphylococcus 
aureus infection. J Immunol. 2014;192:3301–7. http://dx.doi.org/ 
10.4049/jimmunol.1303049

11.	 Kash JC, Walters KA, Davis AS, Sandouk A, Schwartzman LM, 
Jagger BW, Chertow DS, Li Q, Kuestner RE, Ozinsky A,  
Taubenberger JK. Lethal synergism of 2009 pandemic H1N1  
influenza virus and Streptococcus pneumoniae coinfection is  
associated with loss of murine lung repair responses. MBiol 2011; 
2:e00172e11. http://dx.doi.org/10.1128/mBio.00172-11

12.	 Kostrzewska K, Massalski W, Narbutowicz B, Zielinski W.  
Pulmonary staphylococcal complications in patients during the 
influenza epidemic in 1971–1972. Mater Med Pol. 1974;6:207–12.

Address for correspondence: Jennifer S. McDanel, CADRE Building  
152, 601 Highway 6 West, Iowa City, IA 52246, USA;  
email: jennifer-mcdanel@uiowa.edu

1256	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July 2016



Apostolos Liakopoulos, Yvon Geurts,  
Cindy M. Dierikx, Michael S.M. Brouwer,  
Arie Kant, Ben Wit, Raymond Heymans,  

Wilfrid van Pelt, Dik J. Mevius

Extended-spectrum cephalosporin-resistant Salmonella en-
terica serovar Heidelberg strains (JF6X01.0022/XbaI.0251, 
JF6X01.0326/XbaI.1966, JF6X01.0258/XbaI.1968, and 
JF6X01.0045/XbaI.1970) have been identified in the United 
States with pulsed-field gel electrophoresis. Our examina-
tion of isolates showed introduction of these strains in the 
Netherlands and highlight the need for active surveillance 
and intervention strategies by public health organizations.

Salmonella enterica serovar Heidelberg is among the 
most prevalent causes of human salmonellosis in the 

United States and Canada but has been reported infre-
quently in Europe (1–3). Although most nontyphoidal 
Salmonella infections are self-limiting and resolve within 
a few days, Salmonella ser. Heidelberg tends to provoke 
invasive infections (e.g., myocarditis and bacteremia) that 
require antimicrobial drug therapy (4). To treat systemic 
nontyphoidal Salmonella infections, third-generation ceph-
alosporins are preferred drugs for children or for adults 
with fluoroquinolone contraindications (5). Resistance to 
third-generation cephalosporins is increasing in S. enterica 
infections, mainly because of production of plasmid-medi-
ated extended-spectrum or AmpC β-lactamases (6).

Resistance to extended-spectrum cephalosporins 
(ESCs) among Salmonella Heidelberg strains found in 
human infections, food-producing animals, and poultry 
meat indicates zoonotic and foodborne transmission of 
these strains and potential effects on public health (7,8). 
Unlike in Canada and the United States, few ESC-resis-
tant Salmonella Heidelberg strains have been document-
ed in Europe (9–13). However, increased occurrence of 

ESC resistance in S. enterica infections and decreased 
susceptibility to fluoroquinolones compromise the use 
of these drugs and constitute a serious public health  
threat (6,14).

Few data are available regarding prevalence of ESC-
resistant Salmonella Heidelberg isolates in Europe, their 
underlying antimicrobial drug resistance gene content, and 
genetic platforms (i.e., plasmids and insertion sequence [IS] 
elements) associated with resistance genes. We attempted 
to determine the occurrence and molecular characteristics 
of Salmonella Heidelberg isolates recovered from human 
patients, food-producing animals, and poultry meat in the 
Netherlands during 1999–2013.

The Study
During 1999–2013, the Netherlands National Institute of 
Public Health and the Environment collected 437 Salmo-
nella Heidelberg isolates from human infections (n = 77 
[17.6%]), food-producing animals (n = 138 [31.6%]), 
poultry meat (n = 170 [38.9%]), and other sources (n = 
52 [11.9%]). From this collection, we selected 200 epide-
miologically unrelated isolates for further analysis (Table; 
online Technical Appendix, http://wwwnc.cdc.gov/EID/
article/22/7/15-1377-Techapp.pdf).

MICs for antimicrobial agents were determined with 
the broth microdilution method (online Technical Appen-
dix) and showed a higher frequency of multidrug non–
wild-type susceptibility phenotype in isolates from poultry 
meat (n = 44 [68.8%]) than in isolates from food-produc-
ing animals (n = 14 [31.8%]) and human infections (n = 
16 [19.5%]). Most human infections exhibited wild-type 
MICs to most antimicrobial agents tested (Table).

Of the 200 Salmonella Heidelberg isolates in the study, 
47 (23.5%) were ESC resistant. ESC resistance in Salmo-
nella Heidelberg isolates increased from 33.3% in 2011 to 
60.0% in 2012 to 75.0% in 2013, after which Salmonella 
Heidelberg was the predominant serotype in ESC-resistant 
Salmonella isolates in the Netherlands (Figure 1).

These isolates showed MICs for cefotaxime and 
ceftazidime of 2 to >4 mg/L and 4 to >16 mg/L, respec-
tively; non–wild-type susceptibility to fluoroquinolones 
was 87.2%. The emergence of isolates with decreased 
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susceptibility to these first-line antimicrobial drugs limits 
effective treatment options for potential human infections.

ESC typing of the 47 isolates, performed by micro-
array analysis followed by PCR and sequencing (online 
Technical Appendix), revealed the presence of the blaCMY-2 
gene in 41 ESC-resistant Salmonella Heidelberg isolates 
that exhibited an AmpC β-lactamase phenotype. The other  
6 isolates exhibited an extended-spectrum β-lactamase 
phenotype and encoded blaCTX-M-2 (n = 4), blaCTX-M-1 (n = 1), 
or blaCTX-M-14 (n = 1) genes (Figure 2).

We assessed the genetic relatedness of the 47 cephalo-
sporin-resistant Salmonella Heidelberg isolates by using the 

standardized XbaI–pulsed-field gel electrophoresis (PFGE) 
(online Technical Appendix), which identified 2 major PFGE 
types: XbaI.1968 and XbaI.1973 (PFGE numbers assigned 
by the European Centre for Disease Prevention and Control, 
Solna, Sweden). Of the 47 isolates, 26 (55.3%) belonged to 
XbaI.1968 and 5 (10.6%) belonged to XbaI.1973. Forty-one 
of the isolates were blaCMY-2 carriers, 31 (75.6%) of which 
belonged to these 2 PFGE types; 10 (24.4%) were distrib-
uted equally among other PFGE types. Six of the 47 isolates 
were blaCTX-M carriers associated with 5 PFGE types (Figure 
2). Comparing these isolates with those in the PulseNet data-
base (http://www.cdc.gov/pulsenet/index.html) revealed the  
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Table. Characteristics of Salmonella enterica serovar Heidelberg isolates recovered from human infections, food-producing animals, 
poultry meat, and other sources, the Netherlands, 1999–2013* 
Source 1999–2001 2002–2004 2005–2007 2008–2010 2011–2013 
Human infections      
 No. isolates studied 13 10 22 23 15 
 Resistance  
 phenotypes (no.) 

Amp (1),  
AmpCol (1),  

AmpSmxTmpStr (1), 
AmpTetSmxTmpStr 
(1), SmxStr (1), Str 
(5), TetSmxTmpStr 

(1), WT (2) 

AmpSmxStr (1), 
AmpTetSmx (1), 
SmxStr (3), Str 
(1), TetSmxStr 

(1), WT (3) 

AmpFotTazStr (1), 
AmpSmxTmpNalCip 

(1), AmpTet (1), 
NalCip (2), SmxStr 

(1), Tet (1), 
TetSmxNalCip (1), 

WT (14) 

ChlCol (1), Col (10), 
Str (1), StrCol (5), 

TetCol (1), TetNalCip 
(1), TetSmxTmp 
StrCol (1), TetStr 
KanCol (1), TetStr 
SmxCol (1), WT (1) 

Col (1), Str (3), 
TetSmxStr (2), 

TetSmxTmp (1), WT 
(8) 

 No. ESCR isolates 0 0 1 0 0 
Food-producing animals     
 No. isolates studied 5 16 5 7 13 
 Resistance  
 phenotypes (no.) 

NalCip (1), WT (4) Amp (3), 
AmpSmxTmpNal

CipStr (2), 
AmpStr (2), 
NalCip (5), 

SmxStrTmp (1), 
WT (3) 

AmpTetSmxTmpNal
Cip (1), WT (4) 

AmpCol (1), 
AmpFotTazNalCip (1), 

AmpFotTazTetSmx 
GenStrKanCol (1), 

Col (4) 

AmpCol (1), 
AmpFotTazTetSmx 
(1), AmpFotTazTet 
SmxNalCip (4), Col 
(2), TetSmxNalCip 

(2), TetSmxNal 
CipGenStrKan (1), 

WT (2) 
 No. ESCR isolates 0 0 0 2 5 
Poultry meat      
 No. isolates studied 3 3 15 6 40 
 Resistance  
 phenotypes (no.) 

AmpTetSmxTmpNal
CipStr (1), 

SmxTmpStr (1), WT 
(1) 

AmpSmxStr (1), 
WT (2) 

NalCip (3), 
SmxCipGen (1), 

SmxGen (1), 
SmxTmpNalCip (1), 
TetSmxTmp (1), WT 

(8) 

AmpFotTaz (1), 
AmpFotTazSmxTmp 

ChlStrCol (1), 
AmpFotTazStrCol (1), 
Col (2), NalCipCol (1) 

AmpFotTazTetSmx 
NalCip (26), 

AmpFotTazTetSmx 
NalCipCol (1), 

AmpFotTazTetSmx 
NalCipGenStrKan 
(1), AmpFotTaz 

TetSmxNalCipStr (6), 
AmpFotTazTetSmx 
TmpNalCipChl (1), 

Col (2), TetSmx 
NalCip (1), TetSmx 
NalCipGenStr (1), 

TetSmxNalCipStr (1) 
 No. ESCR isolates 0 0 0 3 35 
Other      
 No. isolates studied 0 1 0 6 4 
 Resistance  
 phenotypes (no.) 

 WT (1)  Col (2), NalCipCol (1), 
Str (1), StrCol (2) 

AmpFotTazTetSmx 
NalCip (1), 

NalCipCol (1), Str 
(1), TetSmxNal 
CipGenStr (1) 

 No. ESCR isolates 0 0 0 0 1 
*Amp, ampicillin; Cip, ciprofloxacin; Chl, chloramphenicol; Col, colistin; ESCR, extended-spectrum cephalosporin-resistant; Fot, cefotaxime; Gen, 
gentamicin; Kan, kanamycin; Nal, nalidixic acid; Smx, sulfamethoxazole; Str, streptomycin; Taz, ceftazidime; Tet, tetracycline; Tmp, trimethoprim; WT, 
wild type.  

 



S. enterica serovar Heidelberg, the Netherlands

introduction of 4 epidemic clones of ESC-resistant Salmo-
nella Heidelberg strains in the Netherlands (JF6X01.0022/
XbaI.0251, JF6X01.0326/XbaI.1966, JF6X01.0258/
XbaI.1968, and JF6X01.0045/XbaI.1970). To raise aware-
ness and determine whether related ESC-resistant Salmonel-
la Heidelberg isolates had been observed in other European 
countries, the Epidemic Intelligence Information System 
(European Centre for Disease Prevention and Control) issued 
an alert on September 18, 2014.

We successfully transferred plasmids carrying extend-
ed-spectrum or AmpC β-lactamases from ESC-resistant Sal-
monella Heidelberg isolates to the recipient E. coli DH10B 
strain (online Technical Appendix). PCR-based Inc/Rep typ-
ing and multilocus or double-locus sequence typing (ST) of 
the plasmids revealed that the blaCMY-2 or blaCTX-M genes were 
located on plasmids for 46 (97.8%) of the 47 isolates. ESC-
resistant Salmonella Heidelberg isolates encoding blaCMY-2 
on IncI1/ST12 plasmids were associated predominantly with 
the XbaI.1968 (n = 26 [78.8%]) PFGE type; those encoding 
blaCMY-2 on IncA/C plasmids were associated with XbaI.1973 
(n = 5 [71.4%]). Isolates encoding blaCTX-M-2 on IncHI2P/
ST2, blaCTX-M-1 on IncI1/ST49, and blaCTX-M-14 on IncI1/ST80 
plasmids were associated with XbaI.1964, XbaI.1963, and 
XbaI.1966, respectively (Figure 2).

The blaCMY-2 gene was present in 12 different PFGE 
types and was carried on plasmids of 2 different incom-
patibility groups (IncI1/ST12 and IncA/C) or on the  
chromosome. This gene’s diverse genetic background 
suggests that emergence of the blaCMY-2–producing Salmo-
nella Heidelberg strain in the Netherlands results not only 
from expansion of a single clone but from multiclonal dis-
semination of the strain and horizontal transfer of plas-
mids encoding the blaCMY-2 gene. IncI1/ST12 and IncA/C 
plasmids have been associated with the blaCMY-2 gene in 
Salmonella Heidelberg isolates in the United States and 
Canada (8,15).

We analyzed a subset of ESC-resistant Salmonella 
Heidelberg isolates to determine the size and conjugation 

frequency of plasmids carrying extended-spectrum and 
AmpC β-lactamases. We also assessed a subset of Sal-
monella Heidelberg isolates (n = 17) for each PFGE type, 
including isolates for each type if they showed variation 
in extended-spectrum and AmpC β-lactamase genes or in 
gene location. This assessment sought to detect the up-
stream presence of resistance genes (blaCTX-M and blaCMY) 
of frequently encountered insertion sequences (ISEcp1, 
ISCR1, and IS26) (Figure 2; online Technical Appendix). 

 We attribute the increase of ESC-resistant Salmonella 
Heidelberg isolates in the Netherlands to the frequent oc-
currence of isolates carrying IncI1/ST12 plasmids encod-
ing blaCMY-2 in food-producing animals and poultry prod-
ucts imported from Brazil. Isolates from imported poultry 
products are associated predominantly with PFGE types 
XbaI.1968 and XbaI.1973 (Figure 2). A similar introduction 
of ESC-resistant Salmonella Heidelberg strains in Ireland 
was associated with imported poultry meat from Brazil (R. 
Slowey, pers. comm.). Although ESC-resistant Salmonella 
Heidelberg strains are rarely reported in Europe, their intro-
duction through imported poultry meat could pose a public 
health risk; Brazil is among the world’s leading countries 
for exporting poultry meat.

Conclusions
Most ESC-resistant Salmonella Heidelberg isolates in our 
study had profiles (XbaI.0251, XbaI.1966, XbaI.1968, and 
XbaI.1970) indistinguishable from those of previous epi-
demic types (JF6X01.0022, JF6X01.0326, JF6X01.0258, 
and JF6X01.0045) that caused outbreaks and showed po-
tency for bloodstream infections (16). Our identification 
of clonal clusters shared by ESC-resistant Salmonella 
Heidelberg strains in food-producing animals or poultry 
meat that can cause human infections underscores the risk 
for potential zoonotic or foodborne transmission of these 
strains to humans.

Although we observed a frequent occurrence of ESC-
resistant Salmonella Heidelberg isolates in poultry prod-
ucts, no human infections linked to these contaminated 
products have been yet documented in the Netherlands. 
Nevertheless, the risk of potential zoonotic or foodborne 
transmission of ESC-resistant Salmonella Heidelberg 
strains highlights the necessity for active surveillance and 
intervention strategies by public health organizations.
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Figure 1. Occurrence of extended-spectrum cephalosporin-
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Figure 2. Characteristics of extended-spectrum cephalosporin-resistant Salmonella enterica serovar Heidelberg isolates, the Netherlands, 
1999–2013. The dendrogram was generated by using BioNumerics version 6.6 (Applied Maths, Sint-Martens-Latem, Belgium) and 
indicates results of a cluster analysis on the basis of XbaI–pulsed-field gel electrophoresis (PFGE) fingerprinting. Similarity between the 
profiles was calculated with the Dice similarity coefficient and used 1% optimization and 1% band tolerance as position tolerance settings. 
The dendrogram was constructed with the UPGMA method based on the resulting similarity matrix. Amp, ampicillin; Cip, ciprofloxacin; 
Chl, chloramphenicol; Col, colistin; Fot, cefotaxime; FPA, food-producing animals; Gen, gentamicin; HI, human infection; Kan, kanamycin; 
Nal, nalidixic acid; ND, not determined (i.e., refers to isolates recovered in the Netherlands but with unknown origin of the sample); pCC, 
plasmid clonal complex; PM, poultry meat; pST, plasmid sequence type; Smx, sulfamethoxazole; Str, streptomycin; Taz, ceftazidime; Tet, 
tetracycline; Tmp, trimethoprim. *Pattern numbers assigned by The European Surveillance System molecular surveillance service of the 
European Centre for Disease Prevention and Control database and corresponding pattern numbers from the PulseNet database  
(http://www.cdc.gov/pulsenet/index.html). †Results refer to the conjugation frequencies during filter-mating experiments. ‡Chromosomal 
location confirmed by I-CeuI PFGE of total bacterial DNA, followed by Southern blot hybridization. §No transconjugants were obtained after 
liquid and filter-mating experiments, suggesting the presence of nonconjugative plasmids or conjugation frequencies below detection limits. 
¶Insertion sequences ISEcp1, ISCR1, or IS26 were not found upstream of the extended-spectrum β-lactamase genes for these PFGE 
types. #This PFGE fingerprint was not submitted to The European Surveillance System molecular surveillance service of the European 
Centre for Disease Prevention and Control database for name assignment.
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During 2010–2014, we enrolled 511 patients with suspected 
bacterial meningitis into surveillance in 2 districts of north-
ern Togo. We identified 15 persons with Streptococcus suis 
infection; 10 had occupational contact with pigs, and 12 suf-
fered neurologic sequelae. S. suis testing should be consid-
ered in rural areas of the African meningitis belt.

Streptococcus suis, an encapsulated, gram-positive bac-
terium, commonly colonizes the respiratory, genital, 

and intestinal tracts of pigs and may cause severe dis-
ease, including meningitis, sepsis, and bronchopneumonia 
(1). Zoonotic cases of S. suis invasive disease have been 
documented in Europe, Asia, the Americas, and Oceania 
among persons in direct contact with pigs or pork meat; 
the case-fatality rate is 10%–20%, and neurologic sequelae 
frequently occur (2–4). Two large outbreaks have occurred 
in China (5,6), but little is known about the disease among 
humans in Africa.

We began surveillance in May 2010 for acute bacterial 
meningitis in hospitals in 2 rural districts in Togo. The Na-
tional Ethical Committee of Togo reviewed and approved 
our study protocols.

The Study
During 2010–2014, we conducted surveillance for pa-
tients with signs and symptoms of meningitis at 5 hospitals 

in northern Togo: 4 in Dapaong, Tône District, and 1 in 
Cinkassé, Cinkassé District. These districts are within the 
African meningitis belt and experience annual outbreaks of 
hyperendemic bacterial meningitis during the dry season 
(November–April) and generalized epidemics every 4–6 
years (7). Lumbar puncture was performed at admission on 
all patients with suspected meningitis, provided informed 
consent had been given. Cerebrospinal fluid (CSF) speci-
mens were transferred to the regional bacteriology labora-
tory in Dapaong for cytologic testing, Gram staining, latex 
agglutination, and culture. CSF samples were further tested 
by conventional PCR at Centre Muraz Laboratory (Bobo-
Dioulasso, Burkina Faso) or Institut National d’Hygiène 
(Lomé, Togo) for identification of S. pneumoniae, Neisse-
ria meningitidis, and Haemophilus influenzae type b (Hib).

Beginning in August 2011, Streptococcus isolates 
from Dapaong were stored at –80°C in STGG (skim milk, 
tryptone, glucose, glycerol) medium and sent to the Nation-
al Reference Center for Streptococci (Aachen, Germany) 
for confirmatory testing. In April 2013, after the reference 
laboratory identified several cases of S. suis infection, the 
bacteriology laboratory in Dapaong implemented addi-
tional diagnostic testing using the API Kit (bioMérieux, 
Marcy l’Etoile, France) to enable rapid case detection by 
culture. For species confirmation and molecular typing, 
we sequenced the genome of S. suis isolates by using the 
Nextera XT DNA Library Preparation Kit (Illumina, San 
Diego, CA, USA) and the MiSeq Reagent Kit v3 (Illumina) 
for 2 × 300-bp paired-end reads. We deposited sequence 
data in the European Nucleotide Archive (accession no. 
PRJEB12952).

In June 2014, we visited all identified S. suis menin-
gitis case-patients and used a questionnaire to collect data 
on their environments and contact with pigs and pork meat. 
Thereafter, we prospectively administered the question-
naire to new case-patients. We used Stata 12 (StataCorp 
LP, College Station, TX, USA) to analyze the data. 

During August 2010–July 2014, we enrolled 511 per-
sons with suspected bacterial meningitis, of whom 126 
(24.6%) were <5 years of age. We performed lumbar punc-
ture on 489 enrollees: 89 were positive for S. pneumoniae, 
60 for N. meningitidis, 15 for S. suis, 9 for Streptococcus 
sp., 8 for Hib, and 7 for other identified pathogens; 301 
had no identified etiology. S. suis–positive cases were con-
firmed by genome sequence analysis of the isolates, using 
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through Population-Based Surveillance,  

Togo, 2010–2014
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Kraken (8) and comparative analyses with reference S. suis 
genomes (9) and other outlier species. We predicted that all 
15 S. suis isolates were serotype 2 due to 100% coverage of 
the associated capsular polysaccharide loci sequence (10); 
6 were sequence type 1, and 11 were a single-locus variant 
of sequence type 1 exhibiting a new recA allele sequence 
(http://ssuis.mlst.net/).

S. suis cases peaked in April through August each year 
(Figure). Of the 15 S. suis patients, 3 were 5–14 years of 
age, 7 were 30–49 years of age, and 5 were >50 years of 
age; 12 (80%) patients were male (Table 1). Median time 
from symptom onset to hospitalization was 2 days (inter-
quartile range 1–4 days), similar to the time for patients 
with meningitis caused by other pathogens. One (6.7%) 
patient died; 12 (85%) of the 14 survivors had neurologic 
sequelae (Table 1). Resistance to antimicrobial drugs was 
relatively uncommon (Table 2).

All 15 S. suis meningitis patients were involved in pig 
farming or slaughtering or had a family member who was: 
3 each were pig farmers only or butchers only, 3 were pig 
farmers and involved in slaughtering, and 6 had a family 
member engaged in 1 of these activities. Twelve patients 
reported handling pig meat during cooking; 14 reported 
eating pork (9 at least once per week). Three patients re-
ported that a family member or neighbor had also contract-
ed meningitis and had subsequent hearing loss.

Conclusions
In the area of Togo under surveillance, meningitis cases 
peak during the dry season, and S. pneumoniae and N. 
meningitidis have been the leading causal agents since 
the introduction of Hib conjugate vaccine in 2008. During 
2010–2014, we identified 15 cases of S. suis meningitis, 

representing 3.1% of all suspected bacterial meningitis cas-
es and 8.0% of etiologically confirmed cases. These num-
bers are probably an underestimate because to identify S. 
suis, we relied on culture only, whereas we used CSF PCR 
to test for other bacteria. Furthermore, 9 Streptococcus iso-
lates did not survive to be sent for confirmatory testing and 
may represent additional S. suis cases.

Our investigation showed that two thirds of S. suis 
meningitis patients were involved in pig farming or slaugh-
tering, and the remainder had a family member who was 
involved in these activities. Most case-patients regularly 
cooked and ate pork. S. suis meningitis cases appear to 
have a seasonal pattern, clustering in May–July, a period 
of intensive slaughtering, during which pigs are confined 
to pens, and run-off water accumulates nearby in open-air 
pits. Slaughtering is conducted in butcher shops, where 
carcasses remain for several days. Approximately 30 pork 
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Figure. Streptococcus suis and other Streptococcus spp. 
infections identified per month through acute bacterial meningitis 
surveillance in northern Togo, 2010–2014.

 

 

 
Table 1. Characteristics of patients from 2 rural districts with meningitis caused by various pathogens, Togo, 2010–2014 

Characteristic 

No. (%) case-patients infected with No. (%) all 
case-patients, 

N = 489 S. suis, n = 15 
Other Streptococcus 

sp., n = 9 
S. pneumoniae, 

n = 89 
Other infections, 

n = 75* 
No etiologic 

agent, n = 301 
Age, y       
 <5 0 3 (33) 12 (13) 22 (29) 84 (28) 121 (25) 
 5–14 3 (20) 0 34 (38) 36 (48) 74 (25) 147 (30) 
 15–29 0 2 (22) 23 (26) 7 (9) 65 (22) 97 (20) 
 30–49 7 (47) 4 (44) 13 (15) 8 (11) 52 (17) 84 (17) 
 >50 5 (33) 0 7 (8) 2 (3) 26 (9) 40 (8) 
Sex       
 M 12 (80) 6 (67) 42 (47) 39 (52) 156 (52) 255 (52) 
 F 0 (0) 3 (33) 47 (53) 36 (48) 145 (48) 244 (48) 
Died 1 (7) 1 (11) 29 (33) 5 (7) 41 (14) 77 (16) 
Sequelae       
 Any† 12 (80) 2 (22) 17 (19) 5 (7) 27 (9) 63 (13) 
 Hearing loss‡ 8 (67) 1 (50) 8 (47) 3 (60) 4 (15) 24 (5) 
 Paralysis‡ 2 (17) 1 (50) 3 (18) 2 (40) 6 (22) 14 (3) 
 Visual impairment‡ 5 (42) 0 2 (12) 0 1 (4) 8 (2) 
 Seizure disorder‡ 0 0 0 0 2 (7) 2 (0) 
*Includes 60 case-patients with Neisseria meningitidis, 11 with Haemophilus influenzae, 1 with Escherichia coli, 1 with Staphylococcus aureus, 1 with 
Streptococcus pyogenes, and 1 undetermined. 
†Percentages calculated among all patients. 
‡Percentages calculated among patients with sequelae. 
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butchers work in Dapaong, and overall, >1,000 pigs are 
slaughtered in Tône District each year (G. A. Boukaya, 
Direction Régionale de l’Agriculture, de l’Elevage et de 
la Pêche des Savanes, pers. comm., 2015 Aug 1). Based 
on these data, the cumulative incidence of S. suis meningi-
tis among Dapaong butchers during 2010–2014 was 20% 
(6 cases/30 butchers), compared with 0.00375% (15 cas-
es/400,000 total population) in Tône and Cinkassé Districts 
(incidence rate ratio 5,333). Although this was not a rigor-
ously controlled prospective study, our results are highly 
suggestive of an association between butchering pigs and 
acquisition of S. suis meningitis; pig contact through farm-
ing or cooking may also be a risk factor. Three patients 
reported that a close contact had also contracted meningi-
tis; these cases probably reflect acquisition from a shared 
environmental source.

We plan to continue laboratory testing for S. suis 
among patients enrolled in bacterial meningitis surveil-
lance in northern Togo and investigating risk factors 
among confirmed case-patients. Biochemical testing for 
speciation of Streptococcus spp. is rarely part of routine 
bacteriologic evaluation of CSF in Africa and was not 
done at our site before the initial identification of several 
S. suis cases. S. suis testing should be considered for men-
ingitis patients in areas of rural Africa where pig farming 
is common. All S. suis isolates in our study were suscep-
tible to ceftriaxone, the presumptive therapy for nonepi-
demic meningitis in the meningitis belt; consequently, our 
findings do not suggest a need for altering current thera-
peutic guidelines. To reduce the incidence of S. suis men-
ingitis, future efforts should first more fully delineate the 
practices that increase the risk for infection and then be 
directed toward educational campaigns targeting groups 
at high risk.

Dr. Tall is an epidemiologist and project coordinator at AMP in 
Ouagadougou, Burkina Faso. She has coordinated a meningitis 
and pneumonia surveillance study in northern Togo since 2011 

and focuses on building country capacity for bacterial meningitis 
case–based surveillance in the African meningitis belt. 
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Table 2. Antimicrobial resistance patterns of Streptococcus suis and other Streptococcus spp. isolates from meningitis patients in 2 
rural districts in northern Togo, 2010–2014 

Antimicrobial drug 
No. S. suis samples tested/no. (%) susceptible  No. other Streptococcus spp. 

samples tested/no. (%) susceptible Tested at local laboratory* Tested at reference laboratory† 
Amoxicillin 15/15 (100) 11/10 (91) 9/5 (56) 
Cefotaxime 0 11/10 (91) 0 
Ceftriaxone 15/15 (100) 0 9/8 (89) 
Chloramphenicol 15/12 (80) 11/11 (100) 9/8 (89) 
Clindamycin 0 11/10 (91) 0 
Cotrimoxazole 15/14 (93) 0 9/6 (67) 
Gentamicin 15/7 (47) 0 9/4 (44) 
Levofloxacin 0 11/10 (91) 0 
Oxacillin 12/3 (25) 11/11 (100) 1/0 
Penicillin 15/15 (100) 11/10 (91) 9/5 (56) 
Rifampin 15/15 (100) 0 9/6 (67) 
Tetracycline 0 11/0 0 
*The regional bacteriology laboratory in Dapaong, Togo. 
†National Reference Center for Streptococci in Aachen, Germany. 
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Diphtheria antitoxin for therapeutic use is in limited  
supply. A potential source might be affinity-purified  
antibodies originally derived from plasma of adults who re-
ceived a booster dose of a vaccine containing diphtheria 
toxoid. These antibodies might be useful for treating even 
severe cases of diphtheria.

Although diphtheria is an almost forgotten disease in 
industrialized countries, sporadic cases still occur. 

Possible reasons for these cases include partial failure of 
vaccine compliance, antivaccine campaigns, inadequate 
booster regimens, and immunosenescence. Health author-
ity interest in this disease was rekindled after a nonvacci-
nated boy in Spain died of systemic diphtheria in June 2015 
and 9 cases of cutaneous diphtheria among refugees were 
notified by Denmark, Sweden, and Germany in 2015 (1). 
According to the World Health Organization, 7,321 cases 
of diphtheria were reported worldwide in 2014. In the early 
1890s, Emil von Behring used serum from a hyperimmune 
horse (challenged with sublethal dose of Corynebacterium 
diphtheriae) to develop equine diphtheria antitoxin (DAT), 
which seemed to confer passive immunity to patients with 
diphtheria (2). Subsequently, use of equine DAT to treat 
this disease became common. Uncontrolled but large stud-
ies of mortality rates from that time suggested effectiveness 
of equine DAT use; however, double-blinded randomized 
studies conducted by Adolf Bingel in 1918 concluded that 
equine DAT offered no benefit over serum from nonhyper-
immune horses (not challenged with C. diphtheriae) (2). 
Although modern efficacy studies are lacking, equine DAT 
is still the recommended treatment for diphtheria, listed 
among the World Health Organization essential medicines 
(3). When administered early in the clinical course of dis-
ease, treatment with DAT can be lifesaving for patients 
with toxin-induced systemic symptoms.

A large proportion of European countries do not stock-
pile DAT, and many countries have experienced difficulties 

replacing expired stockpiles (3,4). As highlighted by the 
European Centre for Disease Prevention and Control (1), 
the current lack of DAT in the European Union is a con-
cern. DAT is not produced or licensed in the United States 
or in most European countries; it is imported from Brazil 
under an Investigational New Drug protocol (5). 

Equine DAT can induce anaphylactic reactions (a 
test for sensitivity to DAT should be conducted before 
each administration) (5). The European Centre for Dis-
ease Prevention and Control and the US Centers for Dis-
ease Control and Prevention encourage searching for new 
providers of equine DAT and promote the development 
of alternative antitoxins of human origin. The definitive 
solution will probably come from monoclonal antibodies 
(4) or synthetic molecules such as nucleic acid aptamers. 
These new molecules could constitute an unlimited source 
of DAT, with a low risk for hypersensitivity reactions. 
Unfortunately, these alternatives are not yet available and 
will need to undergo thorough regulatory processes be-
fore being approved for use in humans. We therefore de-
scribe the potential role of human plasma from vaccinated 
volunteers as a source of DAT. 

Plasma from vaccinated persons is used to produce 
Anthrasil (Cangene Corporation, Winnipeg, Manitoba, 
Canada), a fully human polyclonal antianthrax intrave-
nous immunoglobulin (IVIG) licensed in the United States. 
Antitetanus immunoglobulin is produced from plasma of 
young volunteers who received a booster dose of the teta-
nus–diphtheria vaccine.

The successful implementation of vaccination pro-
grams in industrialized and many developing countries 
indicates that most of these populations have antibodies 
against the diphtheria toxin. Nonetheless, the geometric 
mean concentration of IgG against diphtheria toxin in 
plasma of vaccinated adults who received the last dose 
of tetanus–diphtheria vaccine in their adolescence is 
not much over 0.3 IU/mL (6). For diphtheria treatment, 
20,000–100,000 IU of DAT is needed; the dose depends 
on disease severity (5). In consequence, producing DAT 
from plasma obtained from the general population could 
not be cost-effective because large volumes would be 
needed to obtain a dose of DAT with enough potency for 
clinical use. 

An alternative could be to obtain plasma from adult 
donors who recently received a booster dose of vaccine. 
Researchers have observed that during the diphtheria epi-
demic that emerged in the newly independent states of the 

Postbooster Antibodies from Humans as  
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former Soviet Union from 1991 through 1994, booster 
vaccination of convalescent patients led to enhanced an-
tidiphtheria toxin titers (3,7). Seroepidemiologic stud-
ies evaluating the effect of booster vaccination of adults 
against diphtheria support this finding. Booster vaccination 
of adults induces up to 10 IU/mL of IgG against diphtheria 
toxin in plasma 4 weeks after vaccination (8–13) (Table). 
The use of conjugate vaccines, or a high vaccine dose, 
could yield the highest plasma concentrations of DAT after 
a booster dose of vaccine (9).

Assuming use of revaccinated donor plasma with the 
highest titer, IVIG with a DAT potency up to 60–100 IU/
mL could be obtained by using the standard methods for 
producing IVIG (3). This concentration could be enough 
to treat moderate forms of diphtheria (those with skin le-
sions only, laryngeal disease, or nasopharyngeal disease) 
(5). The European Pharmacopoeia recommends that the 
potency of equine-derived DAT be no less than 1,000 IU/
mL (3). To treat severe diphtheria, a dose of 100,000 IU, 
obtained by using a 5% IVIG solution with potency of 
100 IU/mL, would require 1.6 liters of product, a substan-
tially high volume that would be very difficult to admin-
ister to a child. 

This major drawback could be solved by using anti-
gen-specific antibody purification. The process is simple: 
the antigen is immobilized in a solid phase so that the 
antibodies that bind specifically to it are retained during 
addition of plasma. Bound antibody can be recovered by 
acid elution (14). This method has been successfully used 
to purify specific antibodies from plasma or normal IVIG 
for research and development purposes (15). In 1988, also 
in an experimental context, M. Sutjita et al. demonstrated 
that this approach was useful for concentrating DAT from 

human serum; they used a diphtheria toxoid-Sepharose 4B 
(Sigma Aldrich, St. Louis, MO, USA) affinity column (14). 
In consequence, this approach could be used to purify DAT 
from plasma of revaccinated persons or from commercial 
immunoglobulins (i.e., the antitetanus immunoglobulin 
itself or nonspecific IVIG), which contains variable con-
centrations of DAT (online Technical Appendix, http://
wwwnc.cdc.gov/EID/article/22/7/15-1670-Techapp1.pdf). 
This concentrated DAT could be useful for treating diph-
theria of any severity in adults and children, with very low 
risk of inducing hypersensitivity reactions.

A potential drawback of affinity purification is that the 
obtained DAT could be denatured by acid elution. This risk 
could be minimized by immediately neutralizing pH by 
adding 1 mol/L Tris, followed by dialysis with phosphate-
buffered saline. The obtained product should undergo the 
same biological agent removal processes as those used 
for standard IVIG (i.e., chemical inactivation, heat inac-
tivation, nanofiltration, and precipitations). Neutralization 
potency of DAT obtained from human plasma should be 
assigned according to the Vero cell cytotoxicity assay and 
the guinea pig lethality model; the 1st International Stan-
dard for Diphtheria Antitoxin Human should be used as the 
reference antitoxin (National Institute for Biological Stan-
dards and Control code 10/262).

A limitation of using DAT obtained from human plas-
ma is the potential cost. Some developing countries, where 
most cases of diphtheria occur, could not afford it. Produc-
tion costs and the price of each dose of human DAT could 
be reduced by using as source the same plasma obtained 
from the donors recruited to produce the antitetanus im-
munoglobulin. Industrialized countries could also donate 
doses of this human DAT to developing countries.
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Table. Seroepidemiologic studies assessing levels of antidiphtheria antibodies in adults who received a booster dose of vaccine* 

Ref. 

Study population  

Vaccine 

 Immunogenicity, GMC IU/mL (95% CI) 
Mean age, y (SD 

or range) No. 
  

Before booster After booster 
(8) 40.1 (13.63) 1,44

8 
 0.5 mL Tdap (Boostrix; GlaxoSmithKline 

Biologicals, Rixensart, Belgium) 
 0.4 (0.4–0.4) 4.7 (4.4–5.1) 

40.4 (13.48) 728  0.5 mL Tdap (Adacel; Sanofi Pasteur, 
Swiftwater, PA, USA) 

 0.5 (0.4–0.5) 5.0 (4.6–5.4) 

(9) 31.7 (15–69) 64  0.5 mL of Tdap (Sanofi Pasteur Limited, 
Toronto, ON, Canada) after previous 

vaccination with MCV4D (Menactra; Sanofi 
Pasteur, Swiftwater, PA, USA) 

 4.45 (2.77–7.15) 8.70 (6.59–11.5) 

379  0.5 mL Tdap (Sanofi Pasteur Limited, 
Toronto) 

 0.13 (0.11–0.16) 2.17 (1.84–2.56) 

(10) 19.4 (1.2) 55  0.2 mL DTap (Kaketsuke, Kumamoto, Japan)  0.22 (0.16–0.30) 4.29 (3.53–5.21) 
19.4 (0.8) 56  0.5 mL DTap (Kaketsuke)  0.21 (0.15–0.30) 6.28 (4.86–8.11) 

(11) 66.0 (59–91) 252  0.5 mL Tdap (Repevax; Sanofi Pasteur MSD 
GmbH, Leimen, Germany) 

 0.04 (0.03–0.06) 1.09 (0.81–1.46) 
24.0 (20–33) 21   0.14 (0.05–0.33) 4.16 (2.36–7.34) 

(12) 21.1 (0.31) 74  0.5 mL Tdap (Boostrix)  0.3 (0.2–0.4) 6.0 (4.7–7.7) 
(13) 26.5 (18–52) 401  0.5 mL TdaP (Statens Serum Institut, 

Copenhagen, Denmark) 
 0.11 (0.9–0.14) 4.60 (4.03–5.26) 

26.1 (18–55) 399  0.5 mL diTeBooster (Statens Serum Institut)  0.11 (0.09–0.14) 5.54 (4.00–5.15) 
*DTaP, diphtheria, tetanus, and pertussis vaccine (for children >6 years of age); GMC, geometric mean concentration; Ref., reference; Tdap, tetanus, 
diphtheria, and pertussis vaccine (for children >11 years of age and adults). 

 



Source of Diphtheria Antitoxin

Plasma from young adults receiving a booster dose 
of vaccine could represent a potential source of human 
DAT. Antigen-affinity antibody purification could help 
to produce a highly concentrated DAT from this plasma, 
useful for treating even the most severe forms of diphthe-
ria. This approach could help mitigate the limited access 
to this essential medicine.
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In 2015, countries in western Europe were declared free of 
rabies in nonflying mammals. Surveillance data for 2001–
2013 indicate that risk for residual rabies is not 0 because 
of pet importation from countries with enzootic rabies. How-
ever, the risk is so low (7.52 × 10-10) that it probably can be 
considered negligible.

Although western and northern Europe and most coun-
tries in central Europe have eliminated rabies in nonfly-

ing animals (https://zenodo.org/record/49670#) (1,2), alerts 
are regularly issued because of importation of rabid pets. 
Policy makers recommend postexposure prophylaxis (PEP) 
after exposure in Western Europe to bats or pet bites in ar-
eas with rabies alerts. However, the policy after exposure 
to these pets is unclear (https://zenodo.org/record/49670#).

Residual risk for rabies in pets in Western Europe is 
defined as no risk (no PEP necessary) or low risk (PEP 
recommended after exposure), depending on recommenda-
tions (e.g., no risk according to Public Health England and 
low risk according to the World Health Organization) (3). 
Thus, evaluation of residual rabies risk in western Europe 
caused by pet movement is needed. We evaluated residual 
rabies risk caused by pet movement in western Europe.

The Study
We calculated the risk that a given pet in western Europe is 
contagious for rabies on a given day by the equation 

We describe factors associated with rabid pets 
(https://zenodo.org/record/49670#) and define pet trans-
port as any noncommercial movement of a live cat, dog, 
or ferret and its owner or an authorized person across an 
administrative border.

During 2001–2013, a total of 21 animal rabies cases at-
tributed to pets from rabies-enzootic countries were report-
ed in western Europe (https://zenodo.org/record/49670#), 
which represented 1.6 pets/year and 23 days/year of po-
tential contagiousness. Fifteen dogs and 1 kitten originated 
from rabies-endemic countries outside western Europe. 
Five dogs raised in western Europe acquired rabies outside 
this region. One dog subsequently infected 2 indigenous 
dogs in France (4). All pet owners were identified. All own-
ers except 1 (a Spanish man living in a van) were official 
residents of western Europe. Circumstances that led to pet 
examination and rabies diagnosis were clinical suspicion 
(14 pets), bitten humans (3 pets), border quarantine (2 
pets), and retrospective data (2 pets with indigenous sec-
ondary cases during the alert in France in 2008).

Average contagious period was 16 days/pet: 14 days in 
western Europe (8 days without signs of rabies and 6 days 
with signs of rabies) and 2 days before arriving in western 
Europe. For 1 dog, signs of rabies appeared before the ani-
mal entered western Europe. For each rabid animal, an aver-
age of 34 (range 0–187) persons and other animals received 
PEPs. The maximum value of this range corresponds to an 
alert in France in 2004. After this alert, 1,200 animals were 
tested and 759 were observed for 1 year. Human and pet vac-
cinations led to vaccine shortages that required importing of 
vaccines not authorized for use in France (5).

We identified animal origin and mode of entry into 
western Europe (Table 1). Most rabies cases originated in 
Morocco and were recorded in France. Three cases were 
imported from eastern Europe to Germany, 1 from The 
Gambia to France, and 1 from Sri Lanka to the United King-
dom. Customs officials could not identify any of 11 cases 
in animals transported mainly by road (e.g., after a ferry 
trip from Morocco to Spain, Portugal, or France). Seven 
pets were transported through other countries in western 
Europe before arriving in the country of diagnosis (https://
zenodo.org/record/49670#). Six puppies and 1 kitten were 
transported by air, of which only 2 were identified by cus-
toms officials (in the United Kingdom and Germany).

Of 19 transported rabid pets, 8 (42%) had no rabies 
vaccination, pet passport, or health certificate. Only 6 were 
vaccinated (0/2 infected in France, 3/3 imported but raised 
in western Europe, 3/7 imported by air, and 0/8 imported 
by road). Most vaccinated pets did not comply with recom-
mended age for vaccination (>12 weeks of age) or time be-
tween vaccination, serologic analysis, and transport. No re-
ports mentioned valid rabies serologic analysis included in 

Travel-Associated Rabies in Pets  
and Residual Rabies Risk, Western Europe
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European Pet Movement Policy (Figure) for unlisted third 
countries (e.g., Morocco, the Gambia, Sri Lanka, or Azer-
baijan) (6). Using data for 2001–2013, we calculated that, 
for contact on a given day with a pet in western Europe, the 
probability of the pet being contagious for rabies attributed 
to pet transport was 7.52 × 10–10 (Table 2).

We observed a significant correlation between number 
of contagious days for dogs in a country and number of 
tourists traveling from this country to Morocco (r = 0.73, 
p = 0.017). We found no correlation with other variables 
tested (total dog population, dog population density, num-
ber of dogs per inhabitant).

Conclusions
Risk for indigenous rabies has decreased in western Eu-
rope. During 2001–2013, because of appropriate control 

of imported rabid pets, only 4 indigenous cases of human 
rabies were reported (3 in recipients of organs from a 
donor infected in India and 1 from a rabid bat in Scot-
land) (https://zenodo.org/record/49670#). Since 2011, no 
indigenous rabies cases have been reported in terrestrial 
mammals in western Europe. Because of increased travel 
(7), rabies imported by trips to rabies-enzootic countries 
has increased, and travel became the main source of ra-
bies in humans (1.46 patients/year) (8) and pets (1.6 rabid 
pets/year) in 2001–2013. However, because of improved 
surveillance, although the number of imported rabies 
cases increased, the number of secondary cases decreased 
(https://zenodo.org/record/49670#).

Illegal importation of rabid animals is not limited to 
western Europe (9) or dogs and cats (10). This finding 
highlights the need for a global approach for regulation of 
animal movement worldwide and strengthening real-time 
reporting for animal and human rabies.

Risk for dog rabies being reintroduced into the Euro-
pean Union from Morocco was estimated as 0.21 cases/year 
(11). However, we estimate that 1.1 pets/year are entering 
western Europe after being infected in Morocco. Morocco 
has become the main source of pet rabies in western Eu-
rope, often through Ceuta and Melilla (Spanish enclaves 
in northern Morocco). Because no prophylaxis or specific 
vaccinations are needed for travel to northern Africa, few 
travelers seek pretravel advice and most have little knowl-
edge of pet rabies (12,13).

Lack of awareness also increases importation of hu-
man rabies. Despite an efficient policy for preventing en-
try of rabid pets, the United Kingdom reported the highest 
number of patients with imported rabies during the study 
period (https://zenodo.org/record/49670#). Patients return-
ing to this country did not believe that a correct PEP was 
needed after exposure abroad. None of the transported 
rabid pets fully satisfied European Pet Movement Policy, 
which raised questions about how to improve the current 
regulation application. Increasing international travel, ex-
pansion of the Schengen area (26 countries in Europe that 
have a common visa policy) into rabies-enzootic countries 
in eastern Europe, and development of internet animal trade 
(source of illegal importation) (14) are new challenges for 
ensuring compliance.

Because bat rabies is more difficult to control than dog 
rabies, and some developing countries still have difficulties  
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Table 1. Transport mode, country of origin, and country of diagnosis of 21 pets reported with rabies related to travel, 2000–2013 
Transport mode No (%) rabid pets Country of origin (no.) Country of diagnosis (no.) 
Road 11 (52) Morocco (9), Croatia (1),  

Bosnia and Herzegovina (1)  
France (8), Germany (2), Spain (1)  

Air 7 (33) Morocco (4), Azerbaijan (1), Sri Lanka (1), 
The Gambia (1) 

Germany (2), Belgium (1), France (2),  
The Netherlands (1), UK (1) 

Unknown 1 (5) Morocco (1) Switzerland (1) 
None 2 (10) Dogs from France (secondary cases) (2) France (2) 

 

Figure. European Union (EU) regulations (no. 998/2003 
and no. 576/2013, http://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:32013R0576) on movement of cats, dogs, 
and ferrets, 2003–2013. Before 2003, national rules applied 
(e.g., animal checked at destinations, rabies vaccination, animal 
identification, quarantine, health certification). EC, European 
community. *http://ec.europa.eu/food/animal/liveanimals/pets/
list_third_en.htm. †A pet passport is required for pets transported 
in the EU. A health certificate provided by an official veterinarian is 
mandatory for pets transported from outside the EU.



DISPATCHES

controlling rabies, eradication of rabies is not a realistic 
objective. Awareness should be increased, and current 
regulations for pet transport should be applied to reduce 
rabies importation and ensure that risk in western Europe 
remains low.

To avoid unnecessary and costly PEP and optimize 
resource allocation, it should be clearly stated which 
WHO recommendations, Public Health England recom-
mendations, or other practices most relevant after pet 
exposure should be applied. Low risks (<10-–6) are usu-
ally considered acceptable or essentially 0 (3,15). The 
risk of a fatal car crash while traveling to PEP consul-
tations was higher than the risk of rabies after exposure 
to a pet in France in 2001–2011 (3). The most pertinent  
policy in areas at low risk for rabies is probably that of 
the United Kingdom (i.e., no PEP outside alert areas that 
do not have asymptomatic animals or exposure to bats) 
(https://zenodo.org/record/49670#).
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Table 2. Risk that given dogs or cats are rabid on a given day in 10 countries in western Europe relative to pet transport, 2001–2013* 

Country† 

No. pets without 
signs of rabies 

 

No. days of pet contagiousness for rabies 
attributed to pet transport 

 

Estimation of probability in the event of 
contact on a given day with a pet that is 

contagious for rabies attributed to  
pet transport 

Pets without  
rabies signs 

 
Total Total 

Total Dogs Cats Total Dogs Cats Total Dogs Cats Total, PA‡ Dogs, PAD§ Cats, PAC¶ 
Belgium 16 16 0  5 5 0  21 21 0  1.38 × 10–9 3.32 × 10–9 0 
France 91 81 10  67 63 4  158 144 14  1.79 × 10–9 3.99 × 10–9 2.69 × 10–10 
Germany 32 32 0  31 31 0  63 63 0  9.83 × 10–10 2.50 × 10–9 0 
Ireland 0 0 0  0 0 0  0 0 0  0 0 0 
Italy 0 0 0  0 0 0  0 0 0  0 0 0 
The Netherlands 1 1 0  4 4 0  5 5 0  2.41 × 10–10 7.05 × 10–10 0 
Portugal 0 0 0  0 0 0  0 0 0  0 0 0 
Spain 22 22 0  6 6 0  28 28 0  7.28 × 10–10 1.25 × 10–9 0 
Switzerland 10 10 0  5 5 0  15 15 0  1.62 × 10–10 7.10 × 10–9 0 
United Kingdom 6 6 0  3 3 0  9 9 0  1.18 × 10–10 2.37 × 10–10 0 
Total 178 168 10  121 117 4  299 285 14  NA NA NA 
Mean 18 17 1  12 12 0  30 29 1  7.52 × 10–10 1.57 × 10–9# 6.48 × 10–11 
*NA, not applicable. 
†We considered only countries in western Europe with a population >1 million persons. 
‡PA, calculated risk that a given pet is rabid on a given day in a country in western Europe relative to pet transport. 
§PAC, calculated risk that a given cat is rabid on a given day in a country in western Europe relative to pet transport. 
¶PAD, calculated risk that a given dog is rabid on a given day in a country in western Europe relative to pet transport. 
#PAD was lower if the dog had no signs of rabies (9.25 x 1010–1.03 x 1010 for dogs with no signs of rabies and 6.44 x 109–6.44 x 106 for dogs with signs 
of rabies assuming that 90%–99.99% had no signs of rabies on a given day). 
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Using a recently developed real-time reverse transcription 
PCR, I retested 500 fecal samples from rhesus macaques 
collected in 2008. Previous conventional reverse transcrip-
tion PCR testing identified 1 isolate of GII norovirus; re-
testing found GI, GII, and possible GIV noroviruses in the 
samples, indicating the natural circulation of noroviruses in 
nonhuman primate colonies.

Noroviruses are a leading cause of acute gastroenteritis 
in humans and have also been described in several an-

imal species. Although the pathologic role of most animal 
noroviruses is not clearly established, evidence of the close 
genetic relatedness of animal and human noroviruses and 
the detection of animal norovirus–specific antibodies in 
humans and of human norovirus specific–antibodies in dif-
ferent animal species strongly suggest zoonotic or interspe-
cies transmission of noroviruses (1–4). However, zoonotic 
norovirus infections have not yet been reported, perhaps 
because zoonotic transmission of noroviruses is rare or the 
routine norovirus detection techniques are not designed 
to detect animal strains. On the other hand, experimental 
infection of several animal species has clearly shown that 
human norovirus strains are able to replicate in animals, 
including gnotobiotic pigs and calves and nonhuman pri-
mates (5–8). In addition, molecular detection of GII.12 and 
GII.4 noroviruses, which are usually human strains, has 
been reported in swine, cattle, and pet dogs (9,10).

The Study
A previous study evaluated samples that were collected 
during 2008 from the rhesus macaque (Macaca mulatta) 
colony housed at the Tulane National Primate Research 
Center (Covington, LA, USA) to determine the presence 
of caliciviruses (11). Using a broadly reactive primer 
pair (P289/P290), this study detected diverse recovirus 
strains and 1 GII norovirus (FT244, GenBank accession 
no. HM035148) in 1 macaque (11). Recently, a quantita-
tive real-time reverse transcription PCR (RT-PCR) for the 
detection of GI, GII, and GIV noroviruses was developed 
(12). In 2015, I used this highly specific and sensitive assay 
to retest the 500 rhesus macaque fecal samples from the 

previous study, including the sample that contained FT244, 
to determine the presence of noroviruses.

Of the 500 samples, 41 (8.2%) showed a cycle 
threshold (Ct) lower than the assay’s cutoff value. These 
positive samples included 30 (6%) GI (Ct 29.60–39.98), 
8 (1.6%) GII (Ct 32.96–38.76), and 3 (0.6%) GIV (Ct 
38.30–39.88) noroviruses. The viral load in the GI (mean 
3.2 × 106 copies/g) and GII (mean 7.5 × 104 copies/g) 
norovirus-positive samples were in the range reported for 
human fecal samples (13). All GIV-positive samples had 
viral loads close to the assay’s detection limit (1.3 × 103 
copies/g) (Figure 1). The sample that was positive for the 
GII norovirus (FT244) in the previous study had a viral 
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Figure 1. Norovirus genome copies per gram of rhesus macaque 
fecal samples collected in 2008 (11) and retested in 2015 by using 
a highly sensitive and specific real-time reverse transcription 
PCR. Shown are samples positive for GI (n = 30; diamonds), 
GII (n = 8; circles), and GIV (n = 3; triangles) noroviruses. Solid 
lines represent mean viral load; dashed lines represent the 
corresponding detection limits of the multiplex assay.
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load of 2.0 × 105 genome copies/g. Further analysis by 
sequencing of region D amplicons (14) revealed that the 
GI-positive samples contained GI.1 noroviruses and the 
GII-positive samples contained GII.7 noroviruses. How-
ever, I could not obtain RT-PCR products and sequence 
information for the GIV-positive samples, even by nested 
RT-PCR. Consequently, I concluded that these samples 
either gave a false-positive result (Ct values close to the 
detection limit) by real-time RT-PCR or contained a nov-
el GIV norovirus that could not be amplified efficiently by 
primers designed on the basis of currently available GIV 
norovirus sequences. 

In addition, I obtained full-length open reading frame 
(ORF) 2 sequences from 2 GI-positive and 4 GII-positive 
samples. The GI.1 norovirus ORF2 sequences (1,593 nt) 
had 100% nucleotide homology with each other and with 
the prototype Norwalk virus (M87661) (Figure 2, panel 
A). The GII.7 norovirus ORF2 sequences (1,623 nt) ex-
hibited 99%–100% nucleotide homology with each other 
and 95% nucleotide homology with the closest GII.7 strain 
in the GenBank database (accession no. KJ196295) (Fig-
ure 2, panel B). I deposited 3 ORF2 sequences obtained in 
this study into the GenBank database under accession nos. 
KT943503–KT943505.

Conclusions
A previous study reported the molecular detection of a 
GII norovirus in 1 of 500 rhesus macaques tested (11). 
Although this detection rate was extremely low (0.2%), 
the finding indicated the occurrence of natural norovirus 
infections in colony macaques. In this study, retesting the 
500 samples by a more sensitive and specific real-time RT-
PCR confirmed the previously detected presence of the GII 
norovirus in 1 sample but also identified additional samples 
positive for GI, GII, and GIV noroviruses. Furthermore, 
additional amplification of the viral genome and sequenc-
ing confirmed the presence of GI.1 and GII.7 noroviruses 
but not GIV noroviruses.

The detection of a GI.1 norovirus in samples collected 
in 2008, with 100% homology to the prototype Norwalk 
virus, is somewhat surprising. The prototype virus was 
originally described in an outbreak occurring during 1968 
(15). According to outbreak surveillance data, GI.1 noro-
virus infections are extremely rare; consequently, estab-
lishing whether the Norwalk strain is still in circulation 
or has completely disappeared is difficult. Data on human 
norovirus strains circulating in the community or present in 
environmental samples at the time of the rhesus macaque 
fecal sample collection were not available from the local 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July 2016	 1273

Figure 2. Phylogenetic trees showing GI and GII noroviruses from rhesus macaque fecal samples collected in 2008 (11) and retested 
in 2015 by using a highly sensitive and specific real-time reverse transcription PCR. GenBank accession numbers or other isolate 
identifiers are shown. Bold indicates isolates detected in this study. A) GI noroviruses share 100% nucleotide homology with the 
prototype Norwalk virus GI.1 strain (M87661). B) GII noroviruses group with GII.7 human noroviruses. Three of the 4 GII norovirus open 
reading frame (ORF) 2 sequences obtained in this study were identical. Only nonidentical sequences are shown. Phylogenetic trees 
were constructed on the basis of alignments of full length ORF2 nucleotide sequences, by using the unweighted pair group method with 
arithmetic mean and the neighbor-joining clustering methods of the Molecular Evolutionary Genetics Analysis (MEGA version 6.1;  
http://mega.software.informer.com/6.1/) software with Jukes-Cantor distance calculations. The confidence values of the internal nodes 
were obtained by performing 1,000 bootstrap analyses. Scale bars represent nucleotide substitutions per site.
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health department. The fecal samples were collected by 
rectal loops from individual macaques, so environmen-
tal contamination of samples, which might be an issue in 
other studies where manure is collected (9), can be ruled 
out. Samples positive for Norwalk virus were not present in 
the laboratories involved in the study, and rhesus macaque 
samples were stored in a separate freezer under Biosafety 
Level 2+ protocol. This finding is supported by a report of 
recent circulation of noroviruses with 100% nt homology 
to the Norwalk virus (GenBank accession nos. JX455860, 
JX455863, JX455870, and JX455872) that were found in 
sewage samples in Tunisia during 2007–2009.

The observations from this study and the previous 
study (11) indicate a strong plausibility for nonhuman 
primate reservoirs of human norovirus infections and the 
genetic mixing of animal and human caliciviruses under 
natural conditions from which new strains or emerging 
pathogens may arise. Additional studies are needed to es-
tablish the frequency, identity, and relevance of norovirus 
infections in nonhuman primates.

At the time of the study, Dr. Farkas was an assistant professor at 
the Division of Infectious Diseases, Cincinnati Children’s  
Hospital Medical Center. Currently, he is an assistant professor 
at the School of Veterinary Medicine, Louisiana State  
University, Baton Rouge, Louisiana, USA. His research interests 
include human and animal enteric viral diseases.
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Blastomyces dermatitidis, a fungus that can cause fatal infec-
tion in humans and other mammals, is not readily recover-
able from soil, its environmental reservoir. Because of the red 
fox’s widespread distribution, susceptibility to B. dermatitidis, 
close association with soil, and well-defined home ranges, 
this animal has potential utility as a sentinel for this fungus.

Blastomyces dermatitidis (family Ajellomycetaceae) is a 
fungal pathogen that causes blastomycosis, a life-threat-

ening disease in humans, canids, and other mammals (1,2). In-
fection usually occurs through inhalation of conidia released 
from an environmental reservoir (soil) (3). In North America, 
high incidences of infection are reported in humans and dogs 
from around the Great Lakes (4). Recently, increased num-
bers of human blastomycosis cases have been detected in the 
provinces of Quebec, Saskatchewan, Manitoba, and Ontario, 
Canada (2,5–7). Despite this increased detection, human 
blastomycosis is probably underdiagnosed (2,8).

The geographic range of B. dermatitidis is based on 
reported clinical human cases and is therefore not clearly 
defined (4). B. dermatitidis is not readily recoverable or 
uniformly distributed within the environment, and identi-
fication has been problematic (4,9). Therefore, identifying 
high-risk areas for exposure has been difficult, yet this this 
information is crucial to minimize the number of infections.

We evaluated the utility of wild and domestic canids 
as potential sentinels of B. dermatitidis in the environment. 
We retrospectively reviewed blastomycosis case data for 
wildlife and companion animals in Ontario, which contains 
areas where blastomycosis is endemic and areas of likely 
emergence (2,3,5,8). Once a candidate sentinel species is 
identified, a targeted surveillance system can be developed 
to identify high-risk areas and assess risk factors associated 
with disease.

The Study
We analyzed blastomycosis cases diagnosed at the  
Animal Health Laboratory, University of Guelph (Guelph, 

Ontario), during 1998–2014; at 2 private diagnostic servic-
es (Guelph) during 1996–2006; and at the Canadian Wild-
life Health Cooperative (Ontario regional center) during 
1991–2014. Case data included date of sample collection, 
species, and location of carcass (wildlife) or veterinary 
clinic or diagnostic laboratory (companion animals). Per-
sonal privacy legislation in Canada prevented use of home 
addresses for companion animals. We compared animal 
blastomycosis data with those for 309 published human 
cases in Ontario during 1994–2003 (2).

Diagnoses in companion animals were made using im-
pression smears, cytology, histopathology, serology (agar 
gel immunodiffusion test), and antigen detection (sandwich 
enzyme immunoassay). Diagnoses in wildlife were made 
postmortem by gross pathology and histopathology.

Blastomycosis was diagnosed in 250 companion ani-
mals (222 dogs [88.8%], 27 cats [10.8%], 1 ferret [0.4%]) 
and in 14 wild canids (11 red foxes [Vulpes vulpes; 78.6%], 
3 gray wolves [Canis lupus; 21.4%]). Diagnoses in wild 
canids represent 7.4% of 149 red foxes and 1.6% of 185 
wolves submitted to the Canadian Wildlife Health Coop-
erative (Ontario regional center) during the same period. 
Lungs of wild canids with blastomycosis consistently had 
nodules of inflammatory cells and B. dermatitidis yeasts. 
Less commonly, lymph nodes and skin were also affected. 
In red foxes found dead, B. dermatitidis was associated 
with severe, multifocal to coalescing, granulomatous pneu-
monia, whereas trapper-killed red foxes had small numbers 
of well-circumscribed pulmonary lesions.

Most infected companion animals were from central 
regions of Ontario, as previously defined (2); however, all 
regions were represented (Figure). All infected wild canids 
were in the north region, where most human blastomyco-
sis cases (61%; 188/309) originated during 1994–2003 (2). 
An additional study traced 74% (20/27) of human cases to 
north and east of Lake Superior (3).

Dogs were most commonly diagnosed with blastomy-
cosis (64.4%) during July–December; the fewest (14%) 
were diagnosed during January–March. Most wildlife with 
blastomycosis (85.7%, 10/11 red foxes and 2/3 wolves) 
were diagnosed during November–March; the remain-
ing 2 animals were diagnosed in September and April. 
Most human cases (59%, 181/309) were diagnosed during  
October–March (2).

B. dermatitidis infections in humans and other mam-
mals are opportunistic and associated with contact with 
aerosolized conidia. Habitat sharing among humans, wild-
life, and domestic animals is increasingly common (10) 
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and provides communal opportunities for B. dermatitidis 
exposure. Wildlife with limited and relatively well-defined 
home ranges (e.g., the red fox) offer a unique opportunity 
to assess the distribution and, therefore, the potential risks 
of exposure to pathogens with an environmental reservoir.

The red fox is the most widely distributed carnivore 
worldwide and is common throughout much of North Amer-
ica, including regions with endemic as well as emerging B. 
dermatitidis (11). This species is highly adaptive and coex-
ists with humans in various habitats, including recreational, 
residential, commercial, industrial, and urban open areas 
(10). Furthermore, the home range of the red fox is compact, 
nonoverlapping, and relatively well-defined with year-round 
occupancy, unlike the range of other wild canids (10,12), hu-
mans, and dogs, which can have varied and long-distance 
movements. The close proximity of red foxes to the ground, 
along with their digging, denning, and foraging behaviors, 

probably increases the likelihood of their close and continu-
ous exposure to B. dermatitidis in the soil. In addition, soil 
in red fox dens is often sandy and acidic, a condition that, 
along with moisture, decaying vegetation, and animal feces, 
is conducive to B. dermatitidis growth (1,3,11).

Based on the co-occurrence of clinical disease in dogs 
and their owners, canine blastomycosis cases are a poten-
tial epidemiologic marker for the risk for human disease 
(9). However, in our study, pinpointing environmental ex-
posure sources for dogs was impossible due to undisclosed 
travel, privacy legislation, and location variation between 
exposure sites and clinics. The time lag between exposure 
and disease onset can vary by months (13), further hin-
dering accurate identification of exposure sources. In our 
study, dog blastomycosis cases mapped to Guelph are over-
represented because this southwestern Ontario city has a 
large veterinary hospital and diagnostic laboratory.
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Figure. Locations of wild and domestic canids infected with Blastomyces dermatitidis during 1996–2014, Ontario, Canada. Inset map 
shows the location of Ontario in Canada. Health regions within the province consist of grouped public health units as defined by the 
Ontario Ministry of Public Health and are named according to Morris et al. (2). Dark gray shading indicates lakes; the Great Lakes are 
shown in the lower part of the figure.
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Although relatively few wild, compared with domes-
tic, canids were diagnosed with blastomycosis in our study, 
the utility of an abundant and widespread wild canid such 
as the red fox as a sentinel for the risk for B. dermatiti-
dis infection in humans should be further explored. In our 
study, B. dermatitidis was readily detected by gross pathol-
ogy and histopathology in the lungs of red foxes, in which 
pulmonary lesions ranged from severe, diffuse pneumonia 
in foxes found dead to focal and well-circumscribed lesions 
in trapper-killed foxes. These findings suggest that B. der-
matitidis–associated lesions in red foxes would be easily 
identifiable, regardless of time of year and disease manifes-
tation. Future sampling should target foxes in northern On-
tario, where risk for human infections is highest, the annual 
incidence is increasing, and diagnostic testing is less avail-
able (2,8,14). Furthermore, in remote northern regions, 
defining the range and prevalence of blastomycosis could 
have positive public health effects on healthcare workers 
and indigenous human populations.

Limitations for using wildlife for passive disease sur-
veillance include difficulty in finding and recovering car-
casses, leading to inconsistent sampling efforts. To circum-
vent the limitations, we suggest using carcasses of licensed 
fur trapper–killed red foxes for testing in targeted areas 
and seasons (i.e., fall to early spring). Red fox trapping is 
permitted year-round in southern Ontario and from Sep-
tember to late February in the remainder of the province 
(15). Temporal detections of blastomycosis in humans in 
Ontario (2) more closely followed detections in red foxes 
than in dogs.

Conclusions
Documenting the prevalence, distribution, seasonality, and 
disease manifestations of blastomycosis in red foxes in 
southern Ontario could help elucidate the epidemiology of 
this regionally emerging disease, delineate geospatial dif-
ferences in exposure risks, and explore the utility of this 
wild canid as a sentinel for the risk to public health. Multi-
disciplinary research such as this provides opportunities for 
the development of partnerships among public health and 
medical researchers, physicians, veterinarians, biologists, 
epidemiologists, natural resource managers, and hunter and 
trapper federations with the common goal of reducing dis-
ease risks.
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In 2015, a major outbreak of highly pathogenic avian influen-
za virus (HPAIV) infection devastated poultry facilities in Min-
nesota, USA. To understand the potential role of wild birds, 
we tested 3,139 waterfowl fecal samples and 104 sick and 
dead birds during March 9–June 4, 2015. HPAIV was isolated 
from a Cooper’s hawk but not from waterfowl fecal samples.

Wild birds of the orders Anseriformes (ducks, geese, 
and swans) and Charadriiformes (gulls and shore-

birds) are believed to be the predominant reservoir for 
avian influenza viruses (AIVs) (1), and most AIV subtypes 
are low pathogenicity (LPAIV) (2). Only subtypes H5 and 
H7 are commonly associated with highly pathogenic AIVs 
(HPAIVs), which sometimes arise from mutation after in-
troduction of LPAIV in domestic poultry (3). The main 
transmission route of AIVs in birds is fecal-oral, with viral 
shedding in both feces and through the upper respiratory 
tract (4). Transmission involves direct or indirect contact 
between susceptible birds and infectious birds or fomites 
(5). A novel HPAIV (H5N2) strain discovered in North 
America in 2014, a reassortant with Eurasian (EA) and 
North American (AM) lineage genes (6), had been detected 
in domestic poultry and wild birds as far east as Kentucky, 
USA, through January 2016. Of 7,084 wild birds sampled 
by US federal and state agencies during December 2014–
June 2015, a total of 98 (1.4%) tested positive for HPAIV 
(EA/AM H5N1, EA/AM H5N2, EA H5N8, or other EA 
H5); these birds were 68 dabbling ducks, 20 geese, 7 rap-
tors, 2 passerines, and 1 diving duck (7).

In Minnesota, USA, HPAIV subtype H5N2 was first 
confirmed in a poultry facility (hereafter termed facility) in 
Pope County on March 4, 2015. The scope of the outbreak 
in Minnesota was unprecedented, and by mid-June 2015, 
the virus had been found in 23 counties with confirmed cas-
es at 104 sites (98 turkey facilities, 5 chicken facilities, 1 
backyard flock). The outbreak resulted in the depopulation 
of 9 million birds (8) and an economic loss of at least $650 
million (9). Given that wild waterfowl are reservoirs for 
AIVs and that their movement could contribute to HPAIV 
spread, we conducted surveillance to detect HPAIV in wild 
waterfowl feces, selected dead birds, and live birds display-
ing neurologic impairment.

The Study 
On March 6, 2015, we conducted an aerial survey cover-
ing a 24-km radius around the Pope County facility and 
identified ≈100 resident mallards (Anas platyrhynchos) 
and 21 trumpeter swans (Cygnus buccinator). During 
March 9–12, 2015, we collected 148 representative water-
fowl fecal samples, pooled in groups of up to 3, to deter-
mine whether wild birds were actively shedding HPAIV. 
We did not detect HPAIV, although 2 pooled samples 
contained LPAIV (detailed methods in the online Tech-
nical Appendix, http://wwwnc.cdc.gov/EID/article/22/7/ 
15-2032-Techapp1.pdf).

In March 2015, we chose 5 counties with infected fa-
cilities (Kandiyohi, Lac Qui Parle, Meeker, Nobles, and 
Stearns) and 5 waterfowl production areas (online Tech-
nical Appendix 1) where facilities were uninfected (Fig-
ure 1) to test for a spatial difference in HPAIV shedding. 
Within these areas, we compiled a list of wetlands and 
lakes and scouted those areas for waterfowl activity and 
sampled feces. For each area, our goal was to collect 300 
fecal samples. In counties with infected poultry, we choose 
sites within 16 km of infected facilities. We collected ≈20 
samples from a given spatiotemporal point to obtain repre-
sentation within a target area.

We solicited agency staff and the public to report any 
deceased wild birds or live birds exhibiting neurologic 
signs consistent with HPAIV infection, including raptors, 
wild turkeys, and groups of >5 dead birds from which we 
obtained samples. We refer to these as morbidity and mor-
tality samples, and our collection efforts targeted birds that 
had died <24 h previously.

Surveillance for Highly Pathogenic Avian  
Influenza Virus in Wild Birds during Outbreaks 

in Domestic Poultry, Minnesota, USA, 2015
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In April 2015, which coincided with the peak rates of 
infection in Minnesota facilities (8), we collected 2,991 
waterfowl fecal samples and pooled them into 1,027 brain-
heart–infusion media vials; 1,591 samples (548 pooled) 
were obtained from counties with infected facilities, and 
1,400 samples (479 pooled) were collected from waterfowl 
production areas without facilities (Figure 1). Although 
HPAIV was not detected in these samples, 30 pooled sam-
ples (representing 85 individual birds) tested positive for 
LPAIV. Apparent LPAIV fecal prevalence was 0.012 (95% 
CI 0.007–0.018) in counties with infected poultry, 0.008 
(95% CI 0.004–0.014) in counties without infection, and 
0.010 (95% CI 0.007–0.014) in the combined study area. 
Given that HPAIV was not detected and that we could not 
sample every individual bird in the waterfowl population, 
if HPAIV were present, there was a 95% probability that 

fecal prevalence was between 0 and 0.181% in areas with 
infection and 0 and 0.224% in areas without infection.

Through June 4, 2015 (last confirmed positive facil-
ity), we collected and tested 104 morbidity and mortal-
ity samples (Table) and detected a single HPAIV-positive 
bird, a Cooper’s hawk (Accipiter cooperii) from Yellow 
Medicine County (20 km from an infected facility); this 
infection was confirmed on April 29, 2015 (Figure 2). 
We suspect that this woodland predator and opportunistic 
scavenger was exposed to HPAIV through a food item.  
Although not discovered as part of Minnesota Department 
of Natural Resources surveillance, 3 black-capped chicka-
dees (Poecile atricapillus) were found in an urban neigh-
borhood exhibiting neurologic signs and submitted to the 
University of Minnesota Veterinary Diagnostic Laboratory 
by the Minnesota Wildlife Rehabilitation Center in June 
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Figure 1. Minnesota collection 
sites for waterfowl feces sampled 
for highly pathogenic avian 
influenza virus (HPAIV) in spring 
2015 (N = 3,139). Although 
HPAIV was confirmed in a Nicollet 
County poultry facility on May 
5, 2015, our sampling occurred 
during April 22–April 27, 2015, 
and we consider this a control 
area (control no. 2). WMA, wildlife 
management area; NWR, national 
wildlife refuge.
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2015; in 1 bird there was weak detection of Eurasian H5 
RNA, but no virus was recovered and no sequence could be 
obtained directly from the sample (7). All 3 birds demon-
strated multifocal encephalitis, which was likely the cause 
for the neurologic signs (A. Armien, pers. comm.).

Conclusions
Morbidity and mortality samples yielded the only HPAIV 
detected in our surveillance of Minnesota wild birds, de-
spite the relatively small number of samples. This sample 
type has proven valuable for HPAIV detection in wild birds 
in other states; 32% of HPAIV detections nationwide and 
90% of HPAIV detections within the Mississippi flyway 
were derived from this source during December 2014–June 
2015 (7). Evolving HPAIV strains can elicit clinical signs 
and death in young immunologically naive ducks (10), and 
targeted sampling of waterfowl postbreeding areas for dead 
or neurologically impaired hatch-year birds might prove 
useful for future HPAIV surveillance (11).

Careful thought has been given to the design of sur-
veillance programs for avian influenza (12). The study 
objectives, coupled with the methodologic limitations of 
available approaches, drive the sampling tool ultimately 
applied. Although opportunistic sampling (e.g., morbidity 
and mortality surveillance) is accessible to most agencies, 

it is not suited for formal population-level inferences. For 
estimating AIV shedding prevalence, swab sampling of 
oropharyngeal and cloacal cavities in live birds or the 
trachea and cloaca in recently deceased birds is optimal 
because AIV replicates and sheds through the digestive 
tract (13) and the upper respiratory system (14). For  
investigating exposure history, sampling blood from live 
or recently dead birds for serologic testing would be more 
appropriate, although timing, location, and mechanism of 
exposure cannot be determined.

Most of our samples were obtained from waterfowl 
feces. The outbreak’s speed required a quickly deploy-
able method to collect adequate sample sizes and imple-
ment spatial design elements that would allow a meaning-
ful comparison between known areas with infection and 
areas of the state apparently without infection. Modeling 
has shown that AIV maintenance in wild bird populations 
is mediated by environmental transmission (15), and the 
detection of LPAIV in waterfowl fecal samples supports 
that conclusion. No HPAIV was detected in waterfowl 
feces, although there was 95% probability of apparent fe-
cal prevalence throughout the study area of 0 to 0.1%. 
Thus, we conclude that during the 2015 HPAIV (H5N2) 
outbreak in Minnesota poultry, HPAIV contamination in 
wild waterfowl feces was not widespread. 
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Table. Wild birds collected (n = 104) for highly pathogenic avian influenza virus screening  as part of MNDNR morbidity and mortality 
sampling efforts, Minnesota, USA, March 9–June 4 2015 
Order* Family Genus and species Common name Count 
Anseriformes Anatidae Branta canadensis Canada goose 8 
  Cygnus buccinators Trumpeter swan 3 
  Aix sponsa Wood duck 2 
  Anas platyrhynchos Mallard 2 
Galliformes Phasianidae Phasianus colchicus Ring-necked pheasant 8 
  Meleagris gallopavo Wild turkey 17 
Pelicaniformes Pelicanidae Pelicanus erythrorhynchos American white pelican 1 
Accipitriformes Cathartidae Cathartes aura Turkey vulture 1 
 Accipitridae Haliaeetus leucocephalus Bald eagle 5 
  Accipiter striatus Sharp-shinned hawk 8 
  Accipiter cooperii†  Cooper’s hawk 6 
  Buteo platypterus Broad-winged hawk 1 
  Buteo jamaicensis Red-tailed hawk 3 
Gruiformes Rallidae Rallus limicola Virginia rail 1 
  Porzana carolina Sora 1 
  Fulica americana American coot 9 
 Gruidae Grus canadensis Sandhill crane 1 
Charadriiformes Laridae Larus delawarensis Ring-billed gull 1 
  Larus argentatus Herring gull 1 
Columbiformes Columbidae Columba livia Rock pigeon 2 
  Zenaida macroura Mourning dove 1 
Strigiformes Strigidae Bubo virginianus Great horned owl 3 
Caprimulgiformes Caprimulgidae Chordeiles minor Common nighthawk 1 
Passeriformes Sturnidae Sturnus vulgaris European starling 10 
 Parulidae Setophaga striata Blackpoll warbler 1 
  Setophaga palmarum Palm warbler 1 
 Emberizidae Melospiza lincolnii Lincoln’s sparrow 1 
 Icteridae Euphagus carolinus Rusty blackbird 3 
  Quiscalus quiscula Common grackle 1 
*1 sparrow not listed was identified to order Passeriformes. 
†1 HPAIV-positive Cooper’s hawk confirmed on April 29, 2015. 
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Batrachochytrium salamandrivorans is a  
recently discovered fungus that kills amphib-

ians. It is related to B. dendrobatidis, which also 
kills amphibians (from the Greek dendron, “tree,” 
and bates, “one who climbs,” referring to a genus 
of poison dart frogs). Batrachochytrium is de-
rived from the Greek words batrachos, “frog,” and  
chytra, “earthen pot” (describing the structure that contains unreleased zoospores); salamandriv-
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Basal infection in skin 
of a fire salamander 
(Salamandra salamandra) 
characterized by extensive 
epidermal necrosis, high 
numbers of intra-epithelial 
colonial chytrid thalli, and 
loss of epithelial integrity. 
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and F. Pasmans,  
courtesy of Wikipedia.
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Asian highly pathogenic avian influenza A(H5N8) viruses 
spread into North America in 2014 during autumn bird migra-
tion. Complete genome sequencing and phylogenetic analy-
sis of 32 H5 viruses identified novel H5N1, H5N2, and H5N8 
viruses that emerged in late 2014 through reassortment with 
North American low-pathogenicity avian influenza viruses.

Highly pathogenic avian influenza (HPAI) viruses cause 
systemic infection and high mortality in poultry spe-

cies and belong to either the H5 or H7 hemagglutinin (HA) 
subtypes. In particular, the Asian-origin influenza A(H5N1) 
A/goose/Guangdong/1/1996 (Gs/GD) lineage of HPAI vi-
ruses has become widespread across 4 continents, affecting 
poultry, wild birds, and humans (1).

The H5N1 HPAI virus has evolved into 10 genetically 
distinct virus clades (0–9) and subclades (2). During 2005–
2006, clade 2.2 viruses spread from Qinghai Lake, China, to 
countries across Asia, Europe, and Africa (3). Since 2008, 
HPAI viruses bearing the HA gene of the Gs/GD lineage 
H5 clade 2.3.4 with N2, N5, and N8 neuraminidase (NA) 
subtypes have been identified in mainland China (4,5). In 
early 2014, outbreaks of novel reassortant H5N6 viruses of 
clade 2.3.4.4 HA were reported in China, Laos, and Viet-
nam (6) and of H5N8 viruses of the same clade in Japan 
and South Korea (7). Subsequently, H5 clade 2.3.4.4 HPAI 
viruses originating in East Asia were detected in countries 
of Asia and Europe and, in late 2014, in North America 
(8). Since first being identified in the Pacific Northwest of 
the United States, HPAI viruses have been detected in 21 
states. Approximately 7.5 million turkeys and 42.1 million 

chickens have died or have been depopulated as a result 
(https://www.aphis.usda.gov/wps/portal/aphis/ourfocus/
animalhealth/sa_animal_disease_information).

In this study, we conducted a comparative phylogenet-
ic analysis of 32 newly sequenced H5 clade 2.3.4.4 HPAI 
viruses identified in the United States, including 2 H5N1, 
12 H5N2, and 18 H5N8 viruses, to estimate the evolution-
ary history and to elucidate diversification patterns since 
emergence in North America. The methods used are de-
tailed in online Technical Appendix 1 (http://wwwnc.cdc.
gov/EID/article/22/7/16-0048-Techapp1.pdf).

Phylogenetic analyses confirmed the wide geographic 
dispersion of Gs/GD-lineage H5 clade 2.3.4.4 HPAI viruses 
since late 2014 and movement of this virus from East Asia 
to North America, West Asia, and Europe (online Techni-
cal Appendix 1 Figure 1). High bootstrap values (>70%) 
and long branches in the HA phylogeny supported the de-
lineation of these viruses into 4 groups (online Technical 
Appendix 1 Figure 2). Group intercontinental A (icA) com-
prises H5N8 viruses identified from China in early 2014 
and South Korea, Japan, Taiwan, Canada, the United States, 
and European countries. The estimated time to most recent 
common ancestor (tMRCA) was June 2013 (95% Bayesian 
credible interval [BCI] April–October 2013). Group icA 
includes reassortant H5N2 and H5N3 viruses from Taiwan 
and H5N1 and H5N2 viruses from North America. Group 
B comprises H5N8 viruses identified from China in 2013 
and Korea in 2014 (tMRCA April 2013, 95% BCI Octo-
ber 2012–August 2013). Group C comprises H5N6 viruses 
identified from China and Laos during 2013–2014 and 
H5N1 viruses identified from China and Vietnam in 2014 
(tMRCA November 2012, 95% BCI March 2012–May 
2013). Group D comprises H5N6 viruses identified from 
China and Vietnam during 2013–2014, including isolates 
from infected humans (A/Sichuan/26221/2014[H5N6] and 
A/Guangzhou/39715/2014 [H5N6]) (tMRCA September 
2012, 95% BCI February 2012–February 2013). These H5 
reassortant viruses were descendants of clade 2.3.4 H5N1 
viruses identified in 2005 (online Technical Appendix 1 
Figure 1).

Previous studies reported novel reassortant H5N1 and 
H5N2 viruses of group icA (9,10); the H5N1 and H5N2 
viruses we sequenced in this study  in had identical genome 
constellations (Figure; Technical Appendix 1 Figures 
3–5). Reassortment events after the initial introduction of a 

Highly Pathogenic Avian Influenza Viruses  
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group icA H5N8 virus to low-pathogenicity avian influen-
za (LPAI) viruses led to the divergence of H5 viruses into 
distinct subtypes, including H5N1, H5N2, and reassortant 
H5N8. Sixteen H5N8 viruses sequenced in this study had 
identical genome constellations with previously reported 
H5N8 viruses from East Asia. In addition, 2 H5N8 reas-
sortant isolates identified from Oregon in January 2015 (A/
American wigeon/Oregon/AH0012525/2015 and A/Cana-
da goose/Oregon/AH0012452/2015) had polymerase basic 
1 and polymerase acidic genes derived from North Ameri-
can lineage LPAI viruses that did not cluster with the H5N1 
and H5N2 reassortant viruses (online Technical Appendix 
1 Figure 5). Ongoing analysis of existing wild bird surveil-
lance data might aid in filling in the relatively long hori-
zontal branches of the NA and internal genes of H5 reas-
sortant viruses derived from North American LPAI viruses. 
The occurrence of multiple reassortment events means that 
group icA H5N8 virus was infecting the same wild birds 
that were infected with North American LPAI viruses but 
also that the tissue tropism of Asian H5N8 HPAI and North 

American LPAI viruses were overlapping, most likely in 
the cells lining the respiratory and intestinal tract (11).

The estimated tMRCA of H5 viruses identified in 
the United States was October 2014 (95% BCI July–No-
vember 2014). The estimated tMRCA of reassortant vi-
ruses identified in the United States was December 2014 
for H5N1 (95% BCI December 2014–December 2014), 
November 2014 for H5N2 (95% BCI October 2014–No-
vember 2014), and December 2014 for H5N8 (95% BCI 
November 2014–January 2015) (Table). The tMRCA of 
H5N8 viruses corresponded to the autumn bird migration 
season, supporting the hypothesis that Eurasian H5N8 
clade 2.3.4.4 virus spread via migratory birds (8,12,13). 
Subsequently, H5N2 reassortant viruses emerged in No-
vember 2014, and H5N1 and H5N8 reassortant viruses 
emerged in December 2014 (Table; online Technical Ap-
pendix 1 Figures 3–5).

Wild bird migration and illegal trade of infected poultry, 
eggs, and poultry products have caused the spread of HPAI 
viruses (14). The South Korea H5N8 outbreak in January 
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Figure. Schematic diagram 
of the H5 clade 2.3.4.4 highly 
pathogenic avian influenza 
virus genotypes identified 
in this study, United States, 
2014–2015. Reassortant H5N8 
comprises Eurasian PB2, 
PA, HA, NP, M, and NS gene 
segments, and North American 
PB1 and PA gene segments; 
reassortant H5N2 comprises 
Eurasian PB2, PA, HA, M, and 
NS gene segments, and North 
American NA, PB1, and NP 
gene segments; reassortant H5N1 comprises Eurasian HA, NP, M, and PB2 gene segments and North American NA, NS, PA, and PB1 
gene segments. HA, hemagglutinin; LPAI, low-pathogenicity avian influenza; M, matrix; NA, neuraminidase; NP, nucleoprotein; NS, 
nonstructural; PA, polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2.

 

 

 
Table. tMRCA for H5 highly pathogenic avian influenza viruses, by gene, United States, 2014–2015 

Gene 
tMRCA (95% BCI, posterior probability) 

H5N8 H5N8 reassortant H5N1 reassortant H5N2 reassortant 
HA Oct 2014 

(Jul 2014–Nov 2014, 0.81) 
Dec 2014 

(Nov 2014–Jan 2015, 0.67) 
Dec 2014 

(Dec 2014–Dec 2014, 1.00) 
Nov 2014 

(Oct 2014–Nov 2014, 0.99) 
NA Jul 2014 

(Feb 2014–Nov 2014, 0.76) 
Dec 2014 

(Nov 2014–Jan 2015, 1.00) 
Mar 2014 

(Jul 2013–Oct 2014, 1.00) 
Sep 2014 

(Jun 2014– Nov 2014, 1.00) 
PB2 Oct 2014 

(Aug 2014–Nov 2014, 1.00) 
Dec 2014 

(Oct 2014– Jan 2015, 0.48) 
Nov 2014 

(Oct 2014–Dec 2014, 0.95) 
Nov 2014 

(Oct 2014– Nov 2014, 0.99) 
PB1 Oct 2014 

(Jul 2014–Nov 2014, 1.00) 
Dec 2014 

(Nov 2014–Jan 2015, 1.00) 
Dec 2014 

(Nov 2014–Dec 2014, 1.00) 
Oct 2014 

(Aug 2014– Nov 2014, 1.00) 
PA Sep 2014 

(Jul 2014–Nov 2014, 0.38) 
Nov 2014 

(Sep 2014–Jan 2015, 1.00) 
Nov 2014 

(Oct 2014–Dec 2014, 0.98) 
Oct 2014 

(Sep 2014–Nov 2014, 1.00) 
NP Jul 2014 

(Mar 2014–Nov 2014, 0.53) 
Nov 2014 

(Jul 2014–Jan 2015, 0.67) 
Nov 2014 

(Oct 2014–Dec 2014, 1.00) 
Nov 2014 

(Jun 2014–Nov 2014, 1.00) 
M Jul 2014 

(Jan 2014–Dec 2014, 0.95) 
Nov 2014 

(Jun 2014–Jan 2015, 0.38) 
Dec 2014 

(Nov 2014–Dec 2014, 1.00) 
Aug 2014 

(Mar 2014–Nov 2014, 0.34) 
NS May 2014 

(Nov 2013–Nov 2014, 0.08) 
Dec 2014 

(Nov 2014–Jan 2015, 1.00) 
Nov 2014 

(Sep 2014–Dec 2014, 1.00) 
May 2014 

(Oct 2013–Oct 2014, 0.86) 
*BCI, Bayesian credible interval; HA, hemagglutinin; M, membrane; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic; 
PB1, polymerase basic 1; PB2, polymerase basic 2; tMRCA, time to most recent common ancestor. 

 



HPAI Viruses and Reassortants, United States

2014 was the first H5N8 virus reported outside of China. 
Wild migratory birds were suspected to play a key role in the 
introduction of group icA and B viruses from eastern China 
and in the subsequent spread during the 2014 South Korea 
outbreak (15). Previous studies hypothesized that wild bird 
migration might play a role in dispersal of these viruses; the 
H5N8 virus was identified in a long-distance migrant bird 
(Eurasian wigeon, Anas penelope) in eastern Siberia in Sep-
tember 2014 and subsequently in multiple wild bird species 
in Japan, Europe, and the west coast of North America in 
November and December 2014 (8,12). In contrast, group C 
H5N6 HPAI viruses in Laos were most likely transmitted by 
live poultry imports from China (6).

The continued reassortment of H5 clade 2.3.4.4 HPAI 
viruses with co-circulating HPAI and LPAI viruses created 
a diverse genetic pool of H5 clade 2.3.4.4 that has spread 
to various countries. This contrasts with the expansion 
of H5N1 clade 2.2 from Asia to Western Europe during 
2005–2006, when such frequent reassortment was not re-
corded. In eastern China, H5N2 HPAI viruses isolated in 
2011 were generated from reassortment events in which the 
neuraminidase and nonstructural gene segments of H5N1 
HPAI viruses were replaced with those derived from lo-
cally circulating LPAI viruses (4). The H5N8 viruses of 
group B had polymerase basic 2, neuraminidase, and non-
structural genes derived from local LPAI viruses (5). The 
H5N6 viruses of group C identified in Laos were generated 
through reassortment between H5N1 viruses from clade 
2.3.2.1b, clade 2.3.4, and H6N6 LPAI viruses that circulate 
broadly in duck populations in China (6).

H5 clade 2.3.4.4 viruses have spread globally through 
wild bird migration and the poultry trade (6,8,12,13). In 
addition, these viruses generated a variety of reassortant vi-
ruses that shuffled genes with prevailing local viruses. The 
continued circulation of HPAI viruses in wild and domestic 
avian populations contributes to the persistence and diver-
sity of circulating avian influenza viruses. Enhanced active 
surveillance provides the opportunity to monitor the spread 
and reassortment of clade 2.3.4.4 and to fortify the biosecu-
rity of farms in affected regions.
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Emerging fungal diseases can drive amphibian species to 
local extinction. During 2010–2016, we examined 1,921 
urodeles in 3 European countries. Presence of the chy-
trid fungus Batrachochytrium salamandrivorans at new 
locations and in urodeles of different species expands the 
known geographic and host range of the fungus and under-
pins its imminent threat to biodiversity.

Amphibians provide an iconic example of disease-
driven global loss in biodiversity. The recently 

described chytrid fungus Batrachochytrium salamand-
rivorans (Bsal) is an emerging pathogen that is driving 
amphibian populations to local extinction (1,2). This 
highly pathogenic fungus causes a lethal skin disease that 
has so far been restricted to urodele amphibians (newts 

and salamanders); the fungus was most likely introduced 
from East Asia into Europe via the pet trade (2). In Eu-
rope, Bsal infection has led to dramatic declines of fire 
salamander (Salamandra salamandra) populations in 
the Netherlands and Belgium (2). Within 7 years after 
the supposed introduction of the fungus, a population in 
the Netherlands declined by 99.9% (3,4). In the United 
Kingdom and Germany, Bsal has been detected in cap-
tive salamanders and newts (5,6). Infection trials suggest 
that Bsal represents an unprecedented threat to diversity 
of Western Palearctic urodeles (2); nevertheless, reports 
of deaths among salamanders and newts in their natural-
ized ranges have been restricted to a few populations of 
a single salamander species in the southern Netherlands 
and adjacent Belgium (1,3). Using data from field surveil-
lance, we examined the hosts and the geographic range of 
Bsal in Europe.

The Study
During 2010–2016, we collected samples of free-living 
populations of newts and salamanders from 48 sites in 
the Netherlands, Belgium, and adjacent regions of the 
Eifel region in Germany (near the border with the Neth-
erlands and Belgium) (Figure; online Technical Appendix 
Table 1, http://wwwnc.cdc.gov/EID/article/22/7/16-0109-
Techapp1.pdf). Site selection was based on reported am-
phibian deaths, apparent negative amphibian population 
trends, preventive Bsal surveillance in susceptible popu-
lations, or geographic proximity to known outbreak sites. 
Samples were also collected at 6 additional sites in Ger-
many and 1 in the Netherlands, which were located >100 
km from the nearest known outbreak (online Technical 
Appendix Table 2). Sampling was conducted by swabbing 
skin (7,8) of live animals and collecting skin samples from 
dead animals. All samples were kept frozen at -20°C until 
they were analyzed for the presence of Bsal DNA via real-
time PCR, as described (9).

Across all 55 sites, we tested 1,019 fire salamanders 
(43 dead, 976 skin swab samples); at site 14, skin swab 
samples instead of tissue samples were collected from 16 
dead salamanders. We also collected samples from 474 
alpine newts (Ichthyosaura alpestris; 18 dead, 456 skin 
swab samples), 239 smooth newts (Lissotriton vulgaris; 
2 dead, 237 skin swab samples), 80 palmate newts (Lis-
sotriton helveticus; all skin swab samples), 79 crested 
newts (Triturus cristatus; all skin swab samples), and 
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Distribution of Batrachochytrium salamandrivorans 

30 Italian crested newts (Triturus carnifex; all skin swab 
samples). To obtain a Bayesian 95% credible interval for 
prevalence (online Technical Appendix), we used the 
computational methods of Lötters et al. (10). We ran 3 
parallel Markov chains with 20,000 iterations each and 
discarded the first 5,000 iterations as burn-in; chains 
were not thinned. 

Bsal was found at 14 of the 55 sites; infected am-
phibians were fire salamanders, alpine newts, and smooth 
newts. Our results demonstrate that the range of Bsal 
distribution may be up to ≈10,000 km2 (measured as the 
surface of a minimum convex polygon encompassing 
the outermost points) across Germany, Belgium, and the 
Netherlands (Figure). The presence of Bsal in wild alpine 
newts and smooth newts shows distinct expansion of the 
known host range in the wild (online Technical Appendix 
Table 1). Furthermore, we document that Bsal is present 
in natural fire salamander populations in Germany (con-
fined to the Eifel region). At some sites, because of our 

sample sizes, the upper limit of the 95% credible interval 
for Bsal prevalence was as high as 0.7; therefore, we may 
have failed to detect Bsal at these sites (online Technical 
Appendix Table 1). In addition, the fungus may have been 
present at several sites before first detection. For example, 
Bsal was detected at site 4, where population-monitoring 
efforts in the years before detection (2000–2013) showed 
declines in 4 newt species (http://www.ravon.nl/EID_
SI_Spitzen_et_al_2016). However, because no samples 
were collected before 2015, we have no evidence for a 
causal relationship between the presence of Bsal and the 
declines. We have also recorded the presence of Bsal in 
populations with no evidence of population change so 
far, such as the incidental findings of dead Bsal-positive 
newts in fyke nets at sites 5 and 11, and the incidental 
findings of dead Bsal-positive fire salamanders at sites 12 
and 14. Clinical signs of mycosis, such as lethargy and 
skin shedding (1), were observed at some Bsal-positive 
sites (1, 2, 7, 8, 14) but not at others.
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Figure. Study sites for collection of amphibians in Western Europe, 2010–2016. Numbers correspond to field sites at which amphibians 
were collected and examined for Batrachochytrium salamandrivorans (Bsal) (online Technical Appendix, http://wwwnc.cdc.gov/EID/
article/22/7/16-0109-Techapp1.pdf). Solid circles, Bsal detected; open circles, Bsal not detected. Larger cities are indicated in light gray. 
Note that there are additional sites where the fungus remained undetected (not shown).
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Conclusions
Our study provides evidence that Bsal among wild am-
phibians in Europe is more widely distributed and affects a 
wider host range than previously known, which can either 
indicate recent spread of the fungus or point to historically 
infected sites that hitherto remained undetected. The pres-
ence of Bsal in wild populations can easily remain unno-
ticed because the lesions develop only near the final stage 
of the disease (1). This information is crucial for the design 
of field surveys for Bsal surveillance. Our data might be 
used to inform a management strategy and to implement 
the recommendation of the Bern Convention (11) to halt 
the spread of Bsal in Europe. Research to search for molec-
ular evidence that the outbreak locations are connected is 
under way. Chytrid disease dynamics are affected by multi-
ple factors (e.g., temperature regimes [1]), and yet undeter-
mined environmental determinants might be essential for 
disease outbreaks (12). Untangling these factors, as well as 
the modes of Bsal spread and its geographic distribution, 
are points for further research to fully map the problem and 
identify populations and species at risk.
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Two patients with no exposure to gardening compost had 
related Legionella longbeachae infections in Quebec, Can-
ada. Epidemiologic investigation and laboratory results from 
patient and soil samples identified the patients’ workplace, a 
metal recycling plant, as the likely source of infection, indi-
cating a need to suspect occupational exposure for L. long-
beachae infections.

Several Legionella species can cause legionellosis, 
which results in influenza-like illness (Pontiac fever) or 

pneumonia (Legionnaires’ disease) (1,2). L. pneumophila, 
which is mainly transmitted from aerosolized water, has 
been the principal Legionella species reported from Can-
ada (3). Unlike L. pneumophila, L. longbeachae is highly 
adapted to the soil environment and primarily transmitted 
from potting soils and compost (2).

During summer 2015, a regional public health au-
thority in Quebec, Canada, received reports of 2 cases of 
pneumonia attributable to L. longbeachae infection. These 
cases occurred 1 month apart in persons who shared the 
same workplace. We conducted epidemiologic and envi-
ronmental investigations to identify the source of infection 
and propose appropriate control measures.

The Study
On July 3, 2015, the provincial public health laboratory 
(Laboratoire de santé publique du Québec [LSPQ], Sainte-
Anne-de-Bellevue, Quebec, Canada), informed the re-
gional public health authority (Centre intégré de santé et de 
services sociaux de la Montérégie-Centre, Longueuil, Que-
bec) about a case of L. longbeachae serogroup 1 infection. 

The investigation team included members with expertise 
in infectious diseases and in occupational and environmen-
tal health. Public health experts from the Institut national 
de santé publique du Québec (Quebec City, Quebec), the 
Institut de recherche Robert-Sauvé en santé et en sécurité 
du travail (Montreal, Quebec), and the LSPQ joined the 
investigation team of the regional public health authority. 
The investigators questioned the patient by using a stan-
dardized epidemiologic questionnaire and explored poten-
tial relationships between the patient’s illness (i.e., clinical 
manifestations, laboratory results, and diagnosis) and per-
sonal factors (i.e., demographic, behavioral, and medical 
risk factors) and possible exposure sources. During the in-
vestigation, another worker from the same workplace was 
hospitalized with severe pneumonia, and the public health 
team recommended testing for L. longbeachae. On July 20, 
2015, the LSPQ confirmed L. longbeachae serogroup 1 in-
fection for the second patient, and the investigation team 
questioned this patient by using the same standardized epi-
demiologic questionnaire answered by the first patient. No 
other causal organism was identified for either patient.

A lag of 1 month separated onset of symptoms in the 
2 patients. Both had severe pneumonia that required ad-
mission to intensive care. They recovered and returned to 
work a few months later. Both had personal risk factors 
for Legionnaires’ diseases. However, neither had a history 
of travel, gardening, visits to gardening centers, or expo-
sure to hanging plant pots or compost. Both worked at the 
same metal recycling plant for many years and shared no 
nonprofessional activities. One was a shredder operator at 
a fixed work station; the other was responsible for machin-
ery maintenance throughout the plant (3,750 m2 in size); 
the only shared spaces were the locker and lunch rooms. 
Their work shifts overlapped for a few hours. The com-
pany, which employed ≈25 workers, has been in operation 
for >40 years and had no prior case of legionellosis.

On July 8, 2015, the regional public health authority in-
vestigated the workplace and assessed the industrial process-
es. Trucks containing cars and other bulk metal materials 
unload at the site. An industrial grapple clamps the materials 
and feeds them to a shredder. Any overload is stacked until 
it can be processed. Diverse metals are then sorted out and 
sold. The business operates during April–December.

The investigation identified different sources of soil 
exposure. First, most of the site lies on bare ground. A tank-
er truck regularly sprinkles water to control dust. Second, a 

Two Related Occupational Cases of Legionella 
longbeachae Infection, Quebec, Canada
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conveyor belt with foam residue and other debris generates 
aerosols that contain soil particles. However, employees 
are not allowed near the conveyor belt when it is operating. 
Third, some cars are reportedly filled with soil by suppliers 
to increase weight and raise selling value.

On July 31, 2015, multiple soil samples were taken 
from a workplace area where the soil could have been 
at higher risk for L. longbeachae contamination (i.e., be-
cause of greater-than-usual humidity, less exposure to 
wind, and less ultraviolet exposure from the sun). A con-
trol sample was taken from an area of undisturbed soil 
in this workplace. Proper sterilization of equipment was 
ensured between collections of samples. Sixteen random-
ly located sites (each 4 m2) were sampled, including the 
control site.

The Institut de recherche Robert-Sauvé en santé et en 
sécurité du travail obtained an isolate from 1 soil sample 
and used PCR for identification. The LSPQ obtained iso-
lates from bronchoalveolar lavages and, in collaboration 
with Canada’s National Microbiology Laboratory, con-
firmed their identity by using the 16S sequencing method. 
Pulsed-field gel electrophoresis was used to investigate 
concordance of the outbreak strains and to compare the iso-
lates’ patterns with those obtained from previous L. long-
beachae isolates from Quebec. An adaptation of the full 
pulsed-field gel electrophoresis SfiI protocol developed for 
L. pneumophila (4) was also conducted by using AscI for L. 
longbeachae isolates.

All soil samples were positive for Legionella spp., an 
expected outcome because these bacteria are ubiquitous in 
the environment. PCR and cultures conducted on the soil 
sample taken near the truck-unloading station were positive 
for L. longbeachae. By using the 2 enzymes (AscI and SfiI) 
protocol, laboratory findings showed that the strains from 

the 2 patients and from the positive soil sample were con-
cordant (Figure), except for 1 difference, and were closely 
related, according to Tenover’s criteria (5).

Conclusions
L. longbeachae infections are rarely reported in Quebec. 
During 2003–2014, the LSPQ identified only 7 sporadic 
cases and no geographic clustering. In 2015, 2 severe L. 
longbeachae pneumonia cases occurred 1 month apart. 
The determination that the only common temporospatial 
exposure for the 2 patients was the workplace constitutes 
a strong epidemiologic link. Furthermore, L. longbeachae 
of the same genotype was isolated in the workplace soil 
samples. Although the diversity and distribution of L. 
longbeachae strains in Quebec soils are unknown, find-
ing the same L. longbeachae genotype in the workplace 
soil suggests a causal link between the 2 case-patients and 
their workplace.

Unlike clusters of L. longbeachae described in the 
literature (6,7), these 2 patients did not come into contact 
with potting soils or compost during the exposure period. 
However, several sources of soil were found in their work 
environment. Although L. longbeachae is usually found in 
highly organic soil (2), the positive soil sample in this inves-
tigation came from poor soil. Until now, no Legionnaires’ 
disease case has been linked to L. longbeachae in this type 
of soil. Possibly, L. longbeachae traveled from the environ-
ment surrounding the plant or from soil trapped in trunks of 
wrecked cars. Also, soil analysis results might not reflect 
the conditions that prevailed during the exposure period.

This outbreak resolved spontaneously. The regional 
public health authority recommended preventive measures, 
such as handwashing, reinforced personal hygiene, avoid-
ance of soil dumping from car trunks, and dust control.
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Figure. Patterns of pulsed-field gel electrophoresis (PFGE) using AscI and SfiI enzymes for specimens from 2 occupational cases of 
Legionella longbeachae infection, a positive soil sample, and various other L. longbeachae strains analyzed during 2003–2015 at the 
Laboratoire de Santé Publique du Québec, Quebec, Canada.
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The small number of cases in this outbreak and a gen-
eral paucity of knowledge about L. longbeachae limited 
this investigation. The precise mechanism leading to infec-
tion has not yet been identified. Whereas hand-to-mouth 
contamination followed by microaspiration (8) seems 
the most probable route of exposure, dust inhalation can-
not be ruled out. Early mobilization of experts and good 
collaboration with the implicated company facilitated the  
outbreak investigation.

These cases highlight the need to search for L. long-
beachae in cases of severe pneumonia by performing 
appropriate cultures and to consider the risk for occupa-
tional exposure when soil is present. Environmental in-
vestigation appears useful to understand L. longbeachae 
transmission and ecology in Canada’s soils. Additional 
research is needed to improve understanding of sources of 
exposure, the pathogenesis of this species, and appropri-
ate control measures.
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Reliable inactivation of specimens before removal from 
high-level biocontainment is crucial for safe operation. To 
evaluate efficacy of methods of chemical inactivation, we 
compared in vitro and in vivo approaches using Ebola  
virus as a surrogate pathogen. Consequently, we have  
established parameters and protocols leading to reliable 
and effective inactivation.

The safe operation of high-level biocontainment labora-
tories throughout the world is of highest importance. 

These laboratories are under stringent national oversight 
and must adhere to international guidelines. Laboratories 
in the United States that handle select agents are further 
regulated by the US Centers for Disease Control and Pre-
vention’s Division of Select Agents and Toxins and the US 
Department of Agriculture’s Animal and Plant Health In-
spection Service.

Proper and reliable inactivation of specimens destined 
for removal from high-level biocontainment is a critical 
aspect for laboratory certification and operation. Standard 
operating procedures (SOPs) are approved by institutional 
biosafety committees in most cases and additionally by 
state and/or national regulatory authorities in other cases. 
In the past, specimens were commonly inactivated on the 
basis of operational experiences rather than well-docu-
mented protocols (1–3).

To evaluate the efficacy of chemical inactivation pro-
cedures for specimen removal, we used the US prime select 
agent and Tier-1 pathogen (4) Zaire ebolavirus (EBOV) as 
a surrogate model for enveloped high-level containment 
viruses with single-strand, negative-sense RNA genomes, 
such as arenaviruses, bunyaviruses, filoviruses, ortho-
myxoviruses, and paramyxoviruses. These viruses share 
certain biologic, biochemical, and structural features, mak-
ing them sensitive to the same chemical inactivation meth-
ods. Furthermore, EBOV is currently a prominent example 
as the causative agent of an unprecedented epidemic in 
West Africa (5,6).

The Study
Standard biologic specimens containing infectious  
EBOV commonly generated in high-level biocontainment 

operations were inactivated by several methods of chemi-
cal treatment (Figure; Table, http://wwwnc.cdc.gov/EID/
article/22/7/16-0233-T1.htm; online Technical Appendix, 
http://wwwnc.cdc.gov/EID/article/22/7/16-0233-Techapp1.
pdf). For in vitro testing, we used wild-type EBOV express-
ing enhanced green fluorescent protein (EBOV-eGFP) (7), 
which allows for cytopathic effect (CPE) and fluorescence 
as simple readout parameters. For in vivo testing, we used 
mouse-adapted EBOV (MA-EBOV) (8) infection of BALB/c 
mice. Virus stocks were grown in Vero E6 cells and titrated 
by using a 50% tissue culture infectious dose (TCID50) assay 
(9). Infected cells were produced by infecting Vero E6 cells 
at a multiplicity of infection of 0.01. Cells were harvested at 
CPE of ≈75%, pelleted, and resuspended in 6 mL Dulbec-
co’s phosphate-buffered saline (DPBS); 1 mL aliquots were 
stored at −80°C. Samples were chemically treated according 
to the specific testing parameters and dialyzed or run over 
detergent-removal columns to remove inactivating reagents. 
In brief, samples were dialyzed by using a 10-kDa molecular 
weight cutoff (Spectrum Laboratories, Lawrenceville, GA, 
USA, or Fisher Scientific, Pittsburgh, PA, USA) and using 
DPBS over a stir plate at 4°C (>500-fold exchange volumes, 
5 changes over 32–48 h); detergent was removed by using 
DetergentOUT GBS10–5000 columns (G-Biosciences, St. 
Louis, MO, USA). 

Negative control samples included DPBS and non-
infected Vero E6 cells and tissue homogenates (mouse); 
positive control samples included untreated virus stocks 
and infected Vero E6 cells and mouse tissues. For in vi-
tro testing, all samples were increased in volume to 3 mL 
and equally divided to infect Vero E6 cells (80% conflu-
ency) in triplicates. Cells were incubated at 37°C for 14 
days and monitored regularly for CPE or fluorescence. 
For in vivo testing, samples were increased in volume 
to 1 mL and equally divided to infect 5 mice intraperi-
toneally. BALB/c mice (female, 6–8 weeks old; Charles 
River Laboratories, Wilmington, MA, USA) were 
housed in microisolator cages and were monitored daily 
for 28 days. Because in vitro and in vivo safety testing 
correlated well, we discontinued mouse infections for  
ethical reasons.

Nucleic acid extraction is often carried out with com-
mercial guanidinium isothiocyanate buffers. We used Buf-
fer AVL and Buffer RLT (QIAGEN, Valencia, CA, USA) 
and TRIzol (Life Technologies, Grand Island, NY, USA) 
according to manufacturers’ recommendations. AVL was 
mixed with stock virus at different ratios, and infected cells 
were resuspended in RLT (Table). Samples were either  

Effective Chemical Inactivation of Ebola Virus
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immediately dialyzed or treated with ethanol (AVL, 100% 
ethanol, 560 μL; RLT, 70% ethanol, 600 μL). Infected liver 
tissue was homogenized in RLT with a stainless steel bead 
(10 min at 30 Hz). A soluble aliquot (≈30 mg) was trans-
ferred to a new tube, and fresh RLT was added, followed 
by 70% ethanol (600 μL). After dialysis, samples were 
used to infect Vero E6 cells and mice. Similar to a results 
in a previous study (10), AVL and RLT treatment alone for 
10 minutes at either ratio did not fully inactivate EBOV; 
however, the addition of ethanol (the next step of the manu-
facturer’s protocol) rendered all samples completely nonin-
fectious. AVL alone resulted in complete inactivation with 
longer contact times (i.e., refrigerated overnight or frozen 
for 7 days) (Table; Figure).

Infected cells were resuspended and treated with 
TRIzol (1:4 vol/vol). Infected liver samples were homog-
enized in 1 mL TRIzol as described in the previous para-
graph. After centrifugation, an aliquot of tissue homog-
enate (≈50 mg) was transferred to a new tube, and fresh 
TRIzol was added. Additionally, blood from infected ani-
mals was mixed (1:4 vol/vol) with TRIzol. After dialysis, 
Vero E6 cells were inoculated and monitored for CPE or 
fluorescence. In all cases, virus growth was not detected 
(Table), indicating complete inactivation.

Formalin, paraformaldehyde, and glutaraldehyde can 
be used to fix cells or tissues for histologic or microscopic 
studies. Infected cells were diluted 1:4 in 10% neutral-
buffered formalin (7.5% fixative) or 1:5 in either 2.5% 
glutaraldehyde or 2.5% paraformaldehyde (2% fixative). 
Samples were dialyzed and used to infect Vero E6 cells 
or mice. Monitoring of cell culture and animals resulted 
in the absence of CPE or fluorescence and clinical signs, 
respectively, indicating complete inactivation of EBOV 
(Table; Figure).

Infected liver segments were incubated in 10% neu-
tral-buffered formalin, 2% glutaraldehyde, or 2% para-
formaldehyde (10 mL) for a period of 7 days (<1-cm3 
piece) or 30 days (>1-cm3 piece) at 4°C. Subsequently, 
a small section of tissue (≈150 mg) was dissected, ho-
mogenized in DPBS with a stainless steel bead (10 min at 
30 Hz), and then dialyzed. After dialysis, samples were 
used to infect Vero E6 cells. All samples were completely 
inactivated (Table).

Samples for protein assays are often inactivated by a 
combination of detergent and heat. We tested the parameters 
of 60°C for 30 min, 65°C for 15 or 30 min, and 70°C for 
15 min in conjunction with a buffer containing 0.5% Tri-
ton X-100 and 0.5% Tween-20 (both from Sigma-Aldrich, 
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Figure. Ebola virus inactivation 
results as tested in BALB/c mouse 
model. A) Survival in animal groups 
tested with samples inactivated 
by guanidinium isothiocyanate 
buffers. AVL140, 140 µL Buffer AVL 
(QIAGEN, Valencia, CA, USA) + 560 
µL sample; AVL100, 100 µL Buffer 
AVL + 600 µL sample; RLT600, 600 
µL Buffer RLT (QIAGEN) treatment 
of cells; RLT800, 800 µL Buffer RLT 
treatment of cells; + ethanol, after a 
Buffer AVL or Buffer RLT inactivation 
contact time of 10 min, addition of 
100% or 70% ethanol, respectively, 
for an additional 20 min of contact 
time. B) Survival in animal groups 
tested with samples inactivated by 
fixative or detergent buffers. For all 
test groups, n = 15; for all control 
groups, n = 5.
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St. Louis, MO, USA); this mixture is commonly used for 
ELISA. Stock virus was diluted 1:25 in this buffer and heat-
ed for the appropriate times before samples were clarified 
of detergent and used to infect Vero E6 cells or mice. All 
samples were completely inactivated as indicated by lack 
of CPE or fluorescence in cells and clinical signs in mice  
(Table; Figure).

Boiling (at 100°C for 10 min or 120°C for 5 min) might 
be sufficient to inactivate EBOV (Table) (11) but is often 
used in conjunction with sodium dodecyl sulfate (SDS)–
containing buffers for protein analysis. Aliquots of infected 
cells were diluted in DPBS and 4× loading buffer (1% SDS 
final). Infected liver tissue (≈150 mg) were placed in DPBS 
and 4× loading buffer (1% SDS final). The samples were 
then homogenized with a stainless steel bead (10 min at 30 
Hz). After detergent removal, samples were used to infect 
Vero E6 cells; all treated cells and tissue homogenates were 
negative for infectious EBOV (Table).

Conclusions
Our study establishes inactivation procedures for EBOV 
that can be safely applied to distinct specimen types and 
research purposes and might also apply to other enveloped, 
single-strand, negative-sense RNA viruses. Our findings 
should help to improve and approve SOPs for inactivation 
without the need for safety testing each individual sample, 
an unfeasible and unwarranted task in current diagnostic 
and research operations in high-level biocontainment set-
tings. However, any changes to inactivation SOPs make 
further safety testing essential. Safety testing for inactiva-
tion, at least for EBOV, can rely on cell culture only be-
cause this seems to be as sensitive as in vivo testing.
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Clinical manifestations of Zika virus, chikungunya virus, and 
dengue virus infections can be similar. To improve virus de-
tection, streamline molecular workflow, and decrease test 
costs, we developed and evaluated a multiplex real-time 
reverse transcription PCR for these viruses.

Zika virus is a mosquitoborne flavivirus that, in 2015, 
spread throughout the tropical and subtropical regions 

of the Western Hemisphere. In January 2016, the first au-
tochthonous cases of Zika fever were confirmed in Nica-
ragua (1). The diagnosis of human Zika virus infections is 
confounded by a nonspecific clinical presentation, which 
overlaps substantially with that of dengue virus (DENV) 
and chikungunya virus (CHIKV) (2,3) and by cross-reac-
tion with DENV IgM and DENV nonstructural protein 1 in 
assays for Zika virus (4–7).

Molecular assays can detect and differentiate these 3 
pathogens during the acute phase of illness. Although a 
number of molecular tests have been published for detect-
ing DENV and CHIKV, only 2 Zika virus real-time reverse 
transcription PCRs (rRT-PCRs) have been reported and 
were characterized by using human specimens (6–8). These 
assays are run as individual reactions, and molecular test-
ing for all 3 viruses, using established protocols, requires 
multiple reactions for a single patient sample (6,9,10). We 
describe a Zika virus rRT-PCR that was designed to be 
run in multiplex with published assays for pan-DENV and 
CHIKV detection (11,12). We then evaluated the single-
reaction multiplex rRT-PCR for Zika virus, CHIKV, and 

DENV (referred to as the ZCD assay) by testing clinical 
samples from persons with suspected cases in Nicaragua.

The Study
The Zika virus primers and probe (online Technical Appen-
dix Table 1 (http://wwwnc.cdc.gov/EID/article/22/7/16-
0326-Techapp1.pdf) were designed by using all complete 
or nearly complete (>10,000 kb) Zika virus genome se-
quences available in GenBank  (n = 21) accessed March 
28, 2014). Target sequences were subsequently confirmed 
to match strains from the Americas. All rRT-PCR reac-
tions were performed on an ABI 7500 instrument (Applied 
Biosystems, Foster City, CA, USA) by using 25-mL reac-
tions of the SuperScript III Platinum One-Step qRT-PCR 
kit (Life Technologies, Carlsbad, CA, USA) and 5 mL of 
RNA template. Cycling conditions for the ZCD assay were 
as follows: 52°C for 15 min; 94°C for 2 min; 45 cycles at 
94°C for 15 sec, 55°C for 20 sec (acquisition), and 68°C for 
20 sec. Each run included a no-template control and posi-
tive controls for Zika virus, CHIKV, and DENV.

Linear range and lower limit of 95% detection (95% 
LLOD) for each target were determined as recommended. 
We determined linear range and 95% LLOD for each target 
as recommended (13; online Technical Appendix). The linear 
range of the ZCD assay extended from 108 to 10 copies/mL 
for Zika virus and DENV-3 and from 108 to 100 copies/mL 
for DENV-1, -2, −4, and CHIKV. The 95% LLOD for each 
target, in copies/mL of eluate (5 mL added to each ZCD reac-
tion), was as follows: Zika virus, 7.8; CHIKV, 13.2; DENV-
1, 11.7; DENV-2, 13.5; DENV-3, 4.1; DENV-4, 10.5.

Assay exclusivity was established by testing genomic 
RNA from the following viruses: West Nile, Japanese en-
cephalitis, tickborne encephalitis, yellow fever, Saint Louis 
encephalitis, o’nyong-nyong, Semliki Forest, Mayaro, 
Ross River, Getah, Barmah Fores, and Unas (12,14). No 
amplification was detected for any of these viruses.

De-identified serum samples, collected from Nicara-
guan patients with suspected Zika virus, CHIKV, and/or 
DENV infections, were tested (online Technical Appen-
dix). We tested 216 samples by using the ZCD assay and 
the pan–DENV-CHIKV rRT-PCR, which is a validated 
duplex assay containing the DENV and CHIKV primers 
and probes used in the ZCD assay (12). Both assays were 
performed on an ABI7500 (Applied Biosystems) (Table 
1). A total of 173 samples were positive for DENV alone 
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DISPATCHES

(n = 25), CHIKV alone (n = 110), or both (n = 38). The 
ZCD assay and pan–DENV-CHIKV rRT-PCR showed 
very good agreement for DENV detection (k  =  0.907). 
Six of 8 discrepant samples were co-infected with DENV 
and CHIKV, and the 2 discrepant samples with DENV 
mono-infections had cycle threshold (Ct) values of 41.34 
and 42.25. The 2 assays demonstrated good agreement 
for CHIKV detection (k = 0.662). Ct for the 35 CHIKV 
discrepant samples were reached significantly later (mean 
39.8, SD ±1.5) than the 113 concordant samples (28.7, 
±SD 9.7; p<0.0001).

The first case of Zika virus infection in Nicaragua was 
detected with the ZCD assay during the assay comparison 
described above. After Zika virus identification, 133 con-
secutive samples were tested by using both the ZCD assay 
and a comparator Zika virus rRT-PCR targeting the capsid 
gene (6) (Table 2). When the comparator rRT-PCR was 
analyzed according to the published validation (Ct <38.5 
defining a positive result), these assays demonstrated only 
moderate agreement (k = 0.47), and Zika virus was detect-
ed in significantly more samples by using the ZCD assay 
(p<0.001). Of the 31 samples positive only for Zika virus 
in the ZCD assay, 22 (71%) produced a Ct (>38.5) that was 
reached later in the comparator Zika virus rRT-PCR. These 
22 samples had mean Ct of 32.06 (SD ±2.45) in the ZCD 
assay and 42.09 (SD ±1.41) in the comparator Zika virus 
rRT-PCR. If all samples in the comparator rRT-PCR with 
Ct >38.5 were considered positive, the assays demonstrated 
very good agreement (k = 0.81; online Technical Appen-
dix Table 2). Of the 56 Zika virus–positive samples in the 
ZCD assay, 39 were positive only for Zika virus, and 17 

showed evidence of mixed infection: Zika virus–DENV (n 
= 3); Zika virus–CHIKV (n = 10 ), or Zika virus–CHIKV–
DENV (n = 4).

Conclusions
The ZCD assay improved detection of Zika virus relative 
to the comparator rRT-PCR, and 31 samples were positive 
only for Zika virus by the ZCD assay when the compara-
tor was interpreted as published (6). Notably, 22 (71%) of 
these 31 samples produced a late signal in the comparator 
Zika virus rRT-PCR (Ct >38.5), indicating that these most 
likely are true, late-positive results. Improved sensitivity 
for Zika virus is needed given the low viremia detected in 
clinical samples and the current lack of accurate alterna-
tive diagnostics, such as serology (6,7,15). Additionally, 
the ZCD assay identified 17 co-infections in Zika virus–
positive patients. Although preliminary, these data provide 
evidence for the utility of a multiplex diagnostic test for 
these pathogens.

The performance of the ZCD assay for DENV detec-
tion was similar to that of the pan–DENV-CHIKV rRT-
PCR, and the analytical sensitivity for CHIKV was similar 
in both assays (12). CHIKV detection in clinical samples in 
the ZCD assay and pan–DENV-CHIKV rRT-PCR demon-
strated good agreement, although both assays contain the 
same CHIKV primers and probes. Discrepant samples all 
had Ct of >37.36, which correspond to 10 copies/mL of elu-
ate and fall below the 95% LLOD. Although ZCD assay 
results for these CHIKV-positive samples were reproduc-
ible, the clinical significance of such low-level viremia in 
patients with suspected chikungunya fever is unclear and 
warrants further study.

A limitation to our study is the use of a single compar-
ator Zika virus rRT-PCR. This assay was 1 of 2 rRT-PCRs 
developed for the 2007 Yap Island Zika virus strain (6). 
The second rRT-PCR, targeting the membrane gene, was 
evaluated for the current study but proved consistently less 
analytically sensitive. Therefore, performance of this sec-
ond Zika virus assay most likely would not have affected 
result interpretation.

In conclusion, the single-reaction multiplex ZCD as-
say detected and differentiated Zika virus, CHIKV, and 
DENV. This assay should streamline molecular workflow 
and decrease test costs while improving detection of these 
3 human arboviruses.
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Table 1. Comparison of DENV and CHIKV detection in the ZCD 
assay and pan–DENV-CHIKV rRT-PCR* 

ZCD assay 
pan–DENV-CHIKV rRT-PCR 

DENV Detection  CHIKV Detection 
 Pos Neg Total  Pos Neg Total 
Pos 55 5 60  113 23 136 
Neg 3 153 156  12 68 80 
Total 58 158 216  125 91 216 
*CHIKV, chikungunya virus; DENV, dengue virus; neg, negative; pos, 
positive; rRT-PCR, real-time reverse transcription PCR; ZCD assay, 
single-reaction multiplex rRT-PCR for Zika virus, CHIKV, and DENV. 

 

 

 

 
Table 2. Comparison of Zika virus detection in the ZCD assay 
and the Zika virus comparator rRT-PCR* 

ZCD assay 
Zika virus rRT-PCR 

Pos Neg Total 
Pos 25 31† 56 
Neg 1‡ 76 77 
Total 26 107 133 
*CHIKV, chikungunya virus; Ct, cycle threshold; DENV, dengue virus; neg, 
negative; pos, positive; rRT-PCR, real-time reverse transcription PCR; 
ZCD assay, single-reaction multiplex rRT-PCR for Zika virus, CHIKV, and 
DENV. 
†22 samples produced a late Ct in the comparator Zika virus rRT-PCR (Ct 
>38.5) 
‡Sample was also pos for a DENV-CHIKV co-infection and tested pos for 
Zika virus when repeated in the ZCD assay. 
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It’s easy to remember Salmonella serotypes names, isn’t 
it? Surely, this is because the naming system of Salmo-
nella serotypes is by far the most scientist friendly. Tra-
ditionally, most Salmonella serotypes have been named 
after geographic locations. We decided to explore the 
geographic locations to which Salmonella serotypes re-
fer and describe some unexpected twists in the naming 
scheme. We found that 93% (n = 1,475) of the 1,585 se-
rotypes could be categorized as geo-serotypes; that is, 
the name refers to a geographic location. The 3 countries 
with the most geo-serotypes are Germany, the United 
Kingdom, and the United States. Other serotype names 
refer to the name of a person, animal, tribe, or food item 
or are a composite of symptoms and host. The Salmo-
nella serotypes naming scheme has had a valuable effect 
on public health microbiology, and in the current era of 
fast development of whole-genome sequencing, it should 
remain a reference. 

What do the cities of Paris, Pisa, and Toronto have in 
common? Yes, all 3 are famous for their towers but 

what else? You don’t know? Let’s see if this will help you: 
what do the states of Colorado, Florida, and Ohio in the 
United States have in common with the 3 cities above? No 
idea? If we tell you Salmonella serotypes…. If you still 
don’t know, by the end of this essay you will, without a 
doubt, be able to answer these questions.

Salmonella was first isolated from a human sample in 
1884 by bacteriologist Georg Gaffky and later identified 
as Salmonella enterica subspecies enterica serotype Typhi. 
The following year, the veterinary surgeon Daniel Elmer 
Salmon (whose name was later given to the Salmonella 
genus) and microbiologist Theobald Smith isolated S. en-
terica ser. Choleraesuis from a swine sample, while search-
ing for the agent causing cholera in hogs (1). Since then, 
a plethora of Salmonella names was given to strains with 

new serotypes; that is, new combinations of flagellar (H) 
and/or somatic (O) antigens. In 1934, a first list of 44 vali-
dated Salmonella serotypes, called the Kauffmann-White 
scheme, was published (2).

The naming scheme of serotypes (also called serovars) 
evolved over time. At the beginning of the 20th century, 
serotype names referred to clinical syndromes either in hu-
mans (e.g., enteritidis, typhi, paratyphi) or in animals (e.g., 
abortus-ovis, abortus-equi, typhi-murium, cholerae-suis). 
The host specificity was correct for some serotypes (e.g., 
abortus-ovis, abortus-equi) but proved to be wrong for 
many others (e.g., typhi-murium, cholerae-suis) (2).

By the mid-1930s, Fritz Kauffmann was heading the 
World Health Organization Collaborating Centre for Ref-
erence and Research on Salmonella at the Statens Serum 
Institut, Copenhagen, Denmark. While there, he began to 
name new serotypes according to the geographic origin of 
the isolated strain. After Kauffmann’s retirement in 1965, 
Léon Le Minor became director of the World Health Orga-
nization Collaborating Centre at the Institut Pasteur, Paris, 
France (3), and he perpetuated the serotype naming scheme 
established by Kauffmann.

Kauffmann considered each serotype as a species and, 
consequently, in the old literature, the serotype names were 
italicized (e.g., typhi). DNA-DNA hybridization, which ar-
rived in the 1980s, showed otherwise: only 2 species (S. 
enterica and S. bongori) were found to be in the genus Sal-
monella. This discovery led to a long-standing debate until, 
in 2005, the Judicial Commission of the International Com-
mittee for Systematics of Prokaryotes made the decision to 
recognize the new nomenclature (4). Consequently, the se-
rotype names must no longer be italicized and the first letter 
must be capitalized (e.g., Typhi). Names are only given to 
subspecies enterica serotypes, which represent 99.5% of all 
Salmonella strains. The remaining Salmonella strains are 
named after their antigenic formula (2).

Currently, >2,500 Salmonella serotypes have been de-
scribed and listed in the “bible” of Salmonella serovars: 
the White-Kauffmann-Le Minor (WKL) scheme (2). Last 
revised in January 2007, WKL has since been completed, 
with 1 supplement published in 2010 (5) and another in 
2014 (6). Listed in the WKL scheme are 1,585 serotypes of 
S. enterica subsp. enterica. 
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Salmonella Geo-serotypes

We decided to assess the geographic locations for 
which subspecies enterica serotypes are named and de-
scribe some unexpected twists in the naming scheme. First, 
we searched for published articles and books that recorded 
the first isolation of specific Salmonella serotypes (7–12). 
A large part of this exploration relied on the extensive 
work of the microbiologist Eckehart Kelterborn, who cata-
loged the history of Salmonella serotypes first isolations in 
2 books: Salmonella-species: First Isolations, Names and 
Occurrence (7) and Catalogue of Salmonella First Isola-
tions 1965–1984 (8). Then, we used the open GeoNames 
database (13) and Google Maps (14) to find the geographic 
locations corresponding with the serotype names.

Of the 1,585 serotypes of S. enterica subsp. enterica 
that we considered, 1,475 (93%) are geo-serotypes (i.e.,the 
name is associated with a geographic location); 95 (6%) 
have names related to a nongeographic origin (e.g., person, 
animal); and 15 (1%) have names of unknown origin. Geo-
serotypes include serotypes for which there is a clear refer-
ence in the literature of the first isolation and link to a geo-
graphic location and for which there is no clear reference 
in the literature but the name is most likely associated with 
a geographic location with the same name. For instance, a 
serotype that was first described in a patient returning from 
France and to which was given the name of a French city 
was considered as a possible geo-serotype (unless contra-
dictory information was found). The geo-serotypes were 
named after continents, countries, regions, islands, cities, 
neighborhoods, streets, gardens, rivers, lakes, and hills but 
also after university auditoriums, laboratories, hospitals, 
kibbutzim, markets, and mines.

Four geo-serotypes are linked to a broad region or 
continent: Africana, Antarctica, Orientalis, and Westafrica. 
Remarkably, serotype Antarctica was first isolated from 
an Emperor penguin in 1977 in the South Pole continent. 
The remaining 1,471 geo-serotypes can be directly associ-
ated with 1 country. The 10 countries with the most geo-
serotypes are Germany (n = 181; e.g., Berlin, Brandenburg, 
Heidelberg); the United Kingdom (n = 167; e.g., Chester, 
Derby, Stanley); the United States (n = 148; e.g., Brooklyn, 
Chicago, Saintpaul); Nigeria (n = 74; e.g., Abuja, Ibadan, 
Lagos, Nigeria); France (n = 70; e.g., Avignon, Lyon, 
Marseille); Togo (n = 58; e.g., Adime, Lome, Djame); the 
Democratic Republic of the Congo (n = 58; e.g., Leopold-
ville, Mbandaka, Zaire); Senegal (n = 55; e.g., Dakar, Ke-
dougou, Saboya); Sweden (n = 39; e.g., Goeteborg, Lund, 
Stockholm); and Ghana (n = 39; e.g., Accra, Ashanti, Vic-
toriaborg, Goldcoast) (Figures 1, 2).

Among the 1,474 Salmonella geo-serotypes that could 
be attached to a continent (Orientalis was excluded), the 
names of 43% are related to Europe and the names of 34% 
are related to Africa (Figure 2). A total of 41 geo-serotypes 
(3%) were named after a country, which includes current 

and former names of countries. Among the geo-serotypes 
with country names are Australia, Brazil, Bulgaria, Ma-
laysia, and Tanzania. Singapore is represented twice, with 
Singapore and Sinchew, the Chinese name for Singapore. 
Cubana and Papuana also count as country names because 
they derive from Cuba and Papua New Guinea.

Fifty geo-serotypes (3%) were named after a capi-
tal city (current capital names, former capital names, and 
former capitals). Let’s revise our knowledge of capitals!  
Bangkok, Thailand; Brazzaville, Republic of Congo; Ca-
racas, Venezuela; and Stockholm, Sweden, are current 
capitals. Bonn was the capital of West Germany from 1949 
to 1990; Berlin is the current capital of Germany. In ad-
dition, Tananarive is the previous name of Antananarivo, 
the capital of Madagascar. The capital of France is named 
in different ways: Paris, Lutetia (the Latin name of Paris), 
Picpus, Vaugirard, Miromesnil, and Portedeslilas (4 metro 
stations), and Morillons (a street where the food safety lab-
oratory was located). The serotype London was isolated in 
the city of Reading in the United Kingdom from a patient 
whose last name began with the letter “L.” Because the se-
rotype Reading already existed, this serotype was named 
London by extension of the patient’s name.

Twenty-four states of the United States gave their 
names to serotypes, among which are Alabama, California, 
Colorado, Florida, Kentucky, Michigan, Ohio, Texas, and 
Utah. The states/regions of Ontario and Quebec in Canada, 
Nordrhein in Germany, Ashanti in Ghana, and Demerara-
Mahaica in Guiana also gave their names to serotypes.

Through the years, ≈300 serotypes have been removed 
from the WKL scheme because they were shown to belong 
to other subspecies or the variant was no longer recognized. 
Among them, 11 referred to names of capital cities (Bern, 
Cairo, Buenosaires, Helsinki, Khartoum, Nairobi, Sofia, 
Windhoek, Zagreb, Manila, Kinshasa); 4 referred to names 
of countries (Angola, Argentina, Congo, Rhodesiense); and 
3 referred to states of the United States (Oregon, Arkansas, 
Illinois). Although the serotype Buenosaires was removed 
from the WKL scheme, Bonariensis, the Latin name of 
Buenos Aires, was entered (2,15).

Instead of a location, some serotypes take their name 
from the name of the patient (e.g., Agbeni, Ayinde); a labo-
ratory employee (e.g., Bamboye, Souza); an animal owner 
(e.g., Sarajane); the patient’s tribe (e.g., Azteca, Lokomo, 
Yoruba); a ship (e.g., Maron); the animal type or the food 
item in which the strain was isolated (e.g., Agama [lizards], 
Epicrates [boa], Djinten [cumin spice], Egusi [seeds]); a 
combination of symptoms and host (e.g., Abortusovis, Ty-
phimurium, Typhisuis); and the Latin name of the vehicle 
(e.g., Aqua [water], Carno [meat], Os [bone]) . Would you 
think that the serotype Heron is called after the bird? That 
would be too easy. The strain was isolated in 1962 from a 
turtle by a biologist called Madam Heron (7).
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Who says that biologists have no sense of humor? 
The serotype Hiduddify is named after a fictional island 
(8). The story goes as follows: In 1941, a Swede named 
Einar Pettersson-Skämtkvist escaped from a Japanese pris-
oner of war camp to arrive to the yet undiscovered island 
of Hiduddify, which was home of a unique ecosystem. The 
island was inhabited by the Rhinogradentia, mammals of a 
new order that were using their nose as mean of locomo-
tion (16). This unique discovery was described in 1961 in a 
book by German zoologist Gerolf Steiner under the pseud-
onym Harald Stümpke. The entire story remains today a 
major hoax in the field of biology (17).

Serotype Grumpensis refers to grumpy, the name giv-
en to the owner of the guinea pig from which the strain was 
isolated (7). Ironically, the serotype Fortune refers to luck 
(7), which is certainly not the emotion felt by the person 
with a diagnosis of Salmonella infection!

In 1961, the laboratory of Colindale in the United 
Kingdom isolated, for the first time, serotype Egusi in egu-
si seeds. The same year, Colindale identified another new 
serotype in egusi seeds and, consequently, it was named 

Egusitoo (7). Serotype Jukestown was named by a doc-
tor who was passionate about the juke box who lived in 
Georgetown, Guiana (7). Isolated in Chicago, the serotype 
Mjordan refers to the famous basketball player of the Chi-
cago Bulls, Michael Jordan (unpub. data). Finally, other 
serotypes are portmanteaus or acronyms: Anfo (animal 
food), Ank (address not known), Ceyco (Ceylonese coco-
nut), Chincol (Chinese egg, Colindale), Echa (egron and 
chamoiseau [family names of scientists who discovered 
this serotype]), and Inpraw (Indian prawns) (8).

Most of the 1,585 Salmonella serotypes are named af-
ter a geographic location. The list of countries that have 
named the most geo-serotypes correlates well with coun-
tries with strong laboratory capacities in Europe and the 
Americas and with countries in Africa (generally former 
European colonies) where some laboratory capacities (e.g., 
an Institut Pasteur) or close links with a laboratory in Eu-
rope had been established.

A naming scheme based on tangible names (e.g., cit-
ies, countries) has obvious advantages, such as making it 
easier to communicate about and pinpoint outbreaks. It is 
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Figure 1. Top 30 countries with 
the highest number of associated 
Salmonella geo-serotypes (n = 1,259). 
DRC, Democratic Republic of  
the Congo.



Salmonella Geo-serotypes

much easier to remember a label like “Agona” than the for-
mula 1,4,[5],12:f,g,s:[1,2]. Using a naming system based 
on locations may, however, raise some sensitivity. National 
or local authorities may not appreciate the association of 
their area with a pathogen, especially when large foodborne 
outbreaks are highly publicized by the media. The same 
applies for serotype names based on the name of a food 
product. For instance, outbreaks of S. enterica ser. Djint-
en (cumin spice) are certainly not a good selling pitch for 
cumin producers/distributors. Therefore, serotype names 
should be interpreted with caution, and consumers should 
be reminded that no direct relationship exists between the 
serotype name and the prevalence of cases in the specific 
location or by the consumption of a specific product. The 
likelihood of acquiring S. enterica ser. Heidelberg infection 
in the city of Heidelberg, Germany, is probably no higher 
than the chance of acquiring the same infection in Miami, 
Florida, USA. Studying the correlation between serotypes’ 
names and places of infection could be intriguing.

The affiliation of a new variant to a previously rec-
ognized serotype may have more implications than a 
simple name attribution. Although the monophasic vari-
ant 1,4,[5],12:i:- emerged in the 2000s, only in 2010 was 
it officially recognized as part of serotype Typhimurium 
by the European Union (18). Because of its atypical anti-
genic formula, this variant avoided for years all European 
Union laws applying to S. enterica ser. Typhimurium. It 
is certainly a proof of natural selection against European 
Union legislation.

The introduction of DNA-based methods targeting 
neutral markers such as multilocus sequence typing dem-
onstrated that most of Salmonella serotypes span multiple, 
genetically unrelated clusters (19). Therefore, as multilocus 
sequence typing and, ultimately, sequence-based typing 
methods based on entire genomes are more discriminatory 
than serotyping, the serotype-based nomenclature will ide-
ally be complemented by a genome sequence-based typing 
scheme (19). A genome type/serotype dictionary should be 
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developed to maintain the link with the serotyping nomen-
clature, to continue building on >80 years of accumulated 
data, and to ensure a smooth transition for countries or re-
gions in the world that will not switch to whole-genome 
sequencing as fast as others.

To answer the question posed at the beginning of this 
article—indeed, Paris, Pisa, Toronto, Colorado, Florida, 
and Ohio have all given their name to Salmonella serotypes. 
As promised, the material provided in this short review on 
the Salmonella naming scheme will help you interpret and 
decipher Salmonella names.

Dr. Gossner is a doctor of veterinary medicine who works as an 
epidemiologist at the European Centre for Disease Prevention 
and Control in Stockholm, Sweden. Her research focuses on 
foodborne and zoonotic infections.
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To the Editor: We report an outbreak of Legion-
naires’ disease in southwestern Germany. On July 31, 
2012, the State Health Agency of Rhineland-Palatinate 
was informed by the local health department of the city of 
Zweibrücken that 10 patients tested positive for Legionel-
la pneumophila, the bacterium that causes Legionnaires’ 
disease. The onset of disease for all case-patients was 
from June 26 through July 25, which exceeded the yearly 
average of 1–4 patients a month. By August 23, we had 
received notifications of 19 patients with pneumonia and 
notification of 1 patient who did not exhibit pneumonia. 
We set 3 parameters for reporting a patient as a Legion-
naires’ disease case-patient. First, the patient had to either 
live in or have been visiting the city of Zweibrücken in 
June 2012 before onset of disease. Second, the respiratory 
samples from the patient had to contain L. pneumophila 
or the results of patient’s serogroup 1 urinary antigen test 
had to be positive for the bacterium (1). Finally, clinical 
or radiologic confirmation of the disease was required. Of 
20 patients who fit the case definition, 14 were male and 
6 were female. Nine smoked and 2 were immunocompro-
mised; none died.

All case-patients were positive for L. pneumophila 
serogroup 1 urinary antigen. From clinical samples of 2 
patients, legionellae were cultured, and the infecting strain 
was confirmed as L. pneumophila serogroup 1, monoclonal 
subgroup Allentown-France, sequence type (ST) 82 (2,3). 
Currently, 118 strains of this ST are found in the European 
database for sequence-based typing of L. pneumophila (2). 
Most ST82 strains were isolated from clinical samples; 
thus, this ST appears more likely than other strains to 
infect humans. Further, 3 respiratory samples from case-
patients were positive in a PCR for L. pneumophila sero-
group 1 (4) but were negative by culture. These samples 
were investigated with the nested sequence-based typing 

protocol, which allows typing data to be obtained directly 
from clinical samples (2). Of the 3 samples, 2 were con-
firmed as ST82.

The local health authority did not initially identify 
likely sources of transmission such as cooling towers, pub-
lic spas, or warm water supply systems in the vicinity of the 
patients (5). Environmental samples were taken from the 
homes of 15 of the 20 patients; all samples tested negative 
for Legionella (6).

To find the source of the outbreak, we plotted 20 home 
and 7 work addresses of patients using Quantum-GIS soft-
ware (7) and found that 18 addresses were within a 2-km 
radius of each other, including 2 patients who had limited 
mobility and had not left their homes during their incuba-
tion period (Figure). We conducted a site visit on August 
22 to inspect a sewage plant and 2 large manufacturing 
plants (A and B) that were within the same 2-km radius. 
Neither the sewage plant nor plant A had a potential Le-
gionella source. Plant B had a cooling tower mounted on 
a rooftop that was described by the company as a closed 
circuit cooling system, indicating that no aerosols would 
be released, and thus was missed by the initial local health 
department inquiry. However, closed circuit referred only 
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Figure. Geographic distribution of cooling tower and home and 
work addresses (n = 23) of patients; 1 patient may be represented 
twice with home and work address, because place of infection is 
unknown. The addresses marked “immobile” belong to 2 patients 
who had not left their homes. Two samples had undergone core 
genome multilocus sequence typing (cgMLST), and sequence type 
(ST) 82 was typed (represented by 2 home addresses and 1 work 
address). For 2 samples, only ST82 was typed. Two dots in the 1-km 
radius are overlapping each other. Four addresses (9 km, 10 km, 
19 km, and 26 km from the cooling tower) are outside the scale of 
the map. Circle radii are from 1 km to 4 km, centered on the cooling 
tower. Shapefiles for mapping by OpenStreetMap contributors.



to the primary cooling circuitry, whereas excess heat was 
exchanged through wet surface cooling, allowing release of 
aerosols into the atmosphere. The local health department 
immediately shut down the cooling tower, and plant B used 
shot-dose chlorine to disinfect it. Before disinfection, we 
obtained 3 swab specimens and 250-mL samples of water 
from the reservoir and plated them in dilutions with and 
without acid wash (6,8). Samples without acid wash were 
completely overgrown, whereas a single 1-mL sample with 
acid wash showed 20 Legionella colonies after 7 days. 
Three colonies were typed and found to belong to the epi-
demic strain. Of the 27 work and home addresses, 6 were 
within a 1-km radius of the cooling tower, and 18 were 
within a 4-km radius (Figure). No further cases occurred 
within the incubation period (up to 14 days after closure of 
the cooling tower).

To further confirm this cooling tower as the source of 
the outbreak, we applied core genome multilocus sequence 
typing (cgMLST) (3). We analyzed allelic differences of 
1,521 gene targets of the core genome of L. pneumophila 
using the pairwise ignore missing values option in Seq-
Sphere+ software (Ridom GmbH, Münster, Germany). Re-
sults showed that the strains from 2 patients with culture-
positive test results and the 3 environmental ST82 strains 
were identical in their cgMLST profile, which covers 47% 
of the Philadelphia-1 reference genome.

Currently, no German law requires a registry for 
cooling towers; such a registry would accelerate iden-
tification of potential L. pneumophila emission during 
outbreaks (9). In January 2015, a code of conduct for 
maintenance of cooling towers went into effect (10). 
Modern typing methods such as cgMLST can serve as 
supporting tools in confirming infection origin. How-
ever, this method must be validated on a larger scale, 
and its discriminatory power compared with that of cur-
rent typing methods. Further cgMLST studies with other 
ST82 strains are underway.
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To the Editor: Crimean-Congo hemorrhagic fever 
(CCHF) was first described in Crimea in 1944 and in the 
Congo in 1969. Since then, many cases in humans have 
been reported from different regions (1–3). The disease is 
transmitted to humans through the bite of an infected tick 
or by direct contact with blood or tissue from infected hu-
mans and livestock. We report an unusual case of acute 
subdural hematoma secondary to CCHF.

A 58-year-old man, a shepherd, was admitted to Cen-
tre Hospitalier National (Nouakchott, Mauritania) on July 2, 
2012, with fever and epistaxis. One week earlier, he had fe-
ver, nausea, and vomiting. Without biologic confirmation of 
the infection, his doctors treated him for malaria. His leuko-
cyte count was 3,200 cells/mm3 (reference range [RR] 4,000–
10,000 cells/mm3), hemoglobin level was 10.6 g/dL (RR 
14.0–17.5 g/dL), and platelet count was 22,000/mm3 (RR 
200,000–400,000 cells/mm3). His aspartate aminotransfer-
ase level was elevated to 162 IU/L (RR 8–30 IU/L), and his 
alanine aminotransferase level was elevated to 200 IU/L (RR 
8–35 IU/L). Glasgow Coma Scale score was 15. Results were 
positive from tests for CCHF virus-specific IgM by ELISA 
and CCHF virus by real-time reverse transcription PCR.

Treatment with platelet transfusions and supportive 
therapy was initiated. Fever and epistaxis improved on the 
third day of admission. On hospitalization day 6, headache 
and acute encephalopathy developed in the patient. Glasgow 
Coma Scale score was 13 (Figure, panel A). A computed to-
mography (CT) scan of his head without contrast showed 
acute subdural hematoma on the left side. On day 16 of 
admission, the patient’s general condition worsened; he be-
came more obtunded (experienced reduced consciousness), 
and right-sided upper limb hemiparesis developed. A repeat 
CT scan of his head showed a subdural hematoma with sur-
rounding edema and midline shift (Figure, panel B).

Our care team considered a conservative management 
approach. We gave the patient corticosteroids and saline. 
After 4 weeks, his symptoms had improved markedly and 

he was discharged in stable condition. A 1-month follow-
up CT scan of his head without contrast showed com-
plete resolution of the subdural hematoma (Figure, panel 
C). Thrombocytopenia could be considered a risk fac-
tor for the development of a spontaneous acute subdural  
hematoma of arterial origin with more rapid and aggres-
sive evolution (4).

The main vector for CCHF virus transmission appears 
to be ticks from the genus Hyalomma (2). CCHF that af-
fects multiple organs is characterized by fever, myalgia, 
headache, shock, disseminated intravascular coagulation, 
recurrent extensive bleeding, and thrombocytopenia. After 
5–6 days of illness, petechial rash, signs of bleeding (e.g., 
hematemesis and melena), and liver failure occur. CCHF 
can be diagnosed by using serologic tests to detect IgM and 
IgG against the virus and by using molecular-based tech-
niques, such as conventional and real-time reverse tran-
scription PCRs, to detect the genome of the virus (5,6).

Brain hemorrhage in persons with CCHF is rare. We 
report a case of acute subdural hematoma secondary to 
CCHF, where thrombocytopenia was the main cause of ce-
rebral hemorrhage. Management of this case was challeng-
ing due to the underlying bleeding tendency of the patient 
and risk for nosocomial infection. We provided conserva-
tive treatment and the patient showed total remission. The 
patient improved due to the use of corticosteroids and the 
natural progressive resorption of blood.

Alavi-Naini et al. reported a case of CCHF in a per-
son with a bilateral frontal parasagittal hematoma that was 
managed with oral ribavirin and intravenous ceftriaxone, 
platelet transfusions, and supportive therapy (5). The pa-
tient recovered. Kumar et al. reported 5 case-patients with 
dengue hemorrhagic fever and intracranial bleeding. Two 
of these patients underwent surgery after platelet transfu-
sion and recovered (7). A high case-fatality rate has been 
reported in many countries among persons who became 
infected with CCHF after having contact with a hospital-
ized CCHF patient (2). Swanepoel et al. reported a case of 
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Figure. Computed tomography scan image of the brain of 
a 58-year-old man with Crimean-Congo hemorrhagic fever, 
Mauritania, 2012. A) Acute subdural hematoma, on the left side. 
B) Subdural hematoma with perihematomal edema and midline 
shift. C) Complete resorption of the subdural hematoma with 
residual edema, 1 month later.



CCHF in which the patient died of complications following 
surgical intervention for cerebral hemorrhage (8).

Death from CCHF usually occurs after 5–14 days of 
illness (1,8,9). The basic pathogenesis of CCHF virus at 
the molecular level is complex and not well defined. En-
dothelial cells, immune response, virus load, and coagula-
tion cascade play major roles in the disease pathogenesis. 
Blood and endothelium appear to be the target tissues of 
the disease (9). The coagulation cascade becomes activated 
over 24–48 hours; however, thrombin becomes activated 
and promotes edema formation and further disruption of 
the integrity of the blood–brain barrier. The edema forma-
tion starts when erythrocytes in the hematoma begin to lyse 
and its degradation products are deposited into the brain 
parenchyma, initiating a potent inflammatory reaction (10).

Although surgery remains the first choice for the treat-
ment of acute subdural hematoma, some patients may ben-
efit from conservative management with careful monitor-
ing. This report highlights the value of an early diagnosis 
of CCHF and neuroimaging for severe cases when brain 
hemorrhage is suspected.
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To the Editor: The central nervous system (CNS) 
manifestations of severe fever with thrombocytopenia syn-
drome (SFTS) include apathy, seizure, muscular tremor, 
and coma (1,2); however, the mechanism underlying CNS 
manifestations in SFTS is not clear. Deng et al. reported 
that illness of 15 (13%) of 115 patients with SFTS met the 
case definition for suspected encephalitis (1). However, 
they did not present any straightforward evidence of CNS 
invasion by STFS virus (SFTSV). Cui et al. similarly re-
ported that encephalitis developed in one fifth of 538 pa-
tients with SFTS (2). They found evidence of SFTSV by 
isolating the virus from the cerebrospinal fluid (CSF) in 1 
of 2 patients with SFTS whose CSF was obtained, but they 
did not mention CSF pleocytosis (2). We report a case of 
SFTS-associated encephalopathy, without pleocytosis and 
with normal CSF protein and glucose levels, that was con-
firmed by real-time reverse transcription PCR of the CSF. 
The patient was treated with experimental plasma exchange 
followed by convalescent plasma therapy.

During 2015, a 62-year-old woman who had a history 
of treated tuberculous meningitis 10 years earlier was ad-
mitted to a tertiary hospital in Seoul, South Korea (Republic 
of Korea), with a 5-day fever, myalgia, and headache. On 
hospital day (HD) 2, CSF examination revealed 1 leukocyte/
mm3, protein 35 mg/dL (reference 9–58 mg/dL), glucose 74 
mg/dL (reference 45–80 mg/dL), and CSF/blood glucose 
ratio 0.66 (reference 0.50–0.80). No bacteria or fungi were 
isolated from CSF. On HD 4, her headache worsened, and 
she displayed confused verbal responses and lacked orienta-
tion of time and place. No focal neurologic signs were ob-
served. On HD 5, magnetic resonance imaging of the brain 
indicated no additional abnormalities of the parenchyma 
and extra-axial structures except for a focal parenchymal 
defect in the right midbrain that had been discovered as a  
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sequelae of tuberculous meningitis 10 years earlier. On HD 
7, follow-up CSF examination revealed no leukocytes, pro-
tein 57 mg/dL, glucose 209 mg/dL, and CSF/blood glucose 
ratio 0.62. SFTSV was detected by real-time reverse tran-
scription PCR (online Technical Appendix, http://wwwnc.
cdc.gov/EID/article/22/7/15-1791-Techapp1.pdf) in plasma 
and CSF (Figure). On HD 8, the patient became comatose 
and had no eye, verbal, and motor responses to noxious stim-
uli (Glasgow coma scale 3). Bilateral exotropia was noted 
with spared light and corneal reflexes and oculocephalic 
responses. Experimental plasma exchange was performed, 
and her viral load declined slightly; however, conscious-
ness and platelet count did not change. An ABO-identical 
nurse who had recovered from SFTS in September 2014 
agreed to donate plasma; her indirect immunofluorescence 
antibody assay (IFA) for SFTSV IgG had been 1:1,024 in 
October 2014. On HD 17, the patient’s titer of SFTSV IgG 
was 1:64 before the plasma therapy. We obtained ≈400 mL 
of convalescent plasma (IFA assay for SFTSV IgG 1:256 at 
the time of donation) from the donor and transfused it into 
the patient on HD 17. The viral load in the blood decreased 
steeply by a factor of 10 (6 × 102 to 6 × 101 copies/mL) dur-
ing the first 7 hours (4–11 pm on HD 17); it then gradually 
decreased from 3 × 101 at 7 am on HD 18 to 6 × 100 copies/
mL on HD 20, by which time the patient’s mental status had 
fully recovered (Figure).

This case is unique in that SFTS was detected in CSF 
in the absence of pleocytosis and with normal CSF pro-
tein and glucose levels, as in previous reports on influenza-
associated acute encephalopathy (3). Although headache 
and encephalitis can occur in patients with SFTS (1,2), 
the pathophysiology of CNS manifestations in SFTS is 
unknown. As with influenza-associated acute encepha-
lopathy, a possible hypothesis is direct invasion of SFTSV 
into the CNS; another hypothesis is that elevated cytokine 
levels or renal and hepatic dysfunction are associated with  
SFTS encephalopathy.

We are aware of 1 report of a favorable outcome of 
plasma exchange and ribavirin in 2 patients with SFTS and 
multiorgan failure in South Korea (4). However, the pa-
tients’ clinical condition did not substantially improve de-
spite the 5-day plasma exchange therapy and viral load only 
slightly decreased. Use of convalescent plasma therapy in 
severe acute respiratory syndrome, influenza A(H1N1) and 
A(H5N1), and Ebola virus disease has been reported (5–7), 
but little evidence exists to support its use. However, given 
the lack of conclusive data, these potential experimental 
treatments for emerging infectious diseases warrant further 
study in a clinical trial. Response was favorable in a mouse 
model of SFTS treated postexposure with antiserum from a 
patient who had recovered from SFTS (8). 

We do not know whether the convalescent plasma 
therapy given to the patient described here actually had a 
positive effect because her IFA titer was already increas-
ing around the time she received the plasma therapy. At the 
time of this writing, 2 patients with SFTS who were treated 
with intravenous immunoglobulin and corticosteroid had 
been reported (9). Cautious interpretation of these experi-
mental therapies is necessary because these therapies may 
not have had anything to do with the patients’ recovery.
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To the Editor: Hepatitis A (HAV; family Picorna-
viridae; genus Hepatovirus) is an ≈7.5-kb single-stranded 
positive-sense RNA virus that causes acute inflammation 
of the liver in humans and nonhuman primates. Although 
HAV is most commonly transmitted by food and water 
contaminated with feces, humans have acquired HAV from 
handling infected nonhuman primates in captivity (1). 

HAV has been detected in recently imported captive 
primates after spontaneous outbreaks of acute hepatitis in 
animal facilities, but the definitive hosts of this virus have 
remained obscure (2,3). We identified by next-generation 
sequencing HAV in the blood of a free-living olive baboon 
(Papio anubis) from Kibale National Park, Uganda, sam-
pled in September 2010. Subsequent testing of a separate 
Kibale olive baboon troop in 2014 indicated the virus was 
prevalent and shed in feces.

As part of a long-term study of nonhuman primate 
health and ecology, 23 animals were immobilized and sam-
pled in 2010 as previously described (4). All animal pro-
tocols received prior approval from the Uganda National 
Council for Science and Technology (Kampala, Uganda), 
the Uganda Wildlife Authority (Kampala, Uganda), and the 
University of Wisconsin–Madison Animal Care and Use 
Committee (Madison, WI, USA). All samples were shipped 
in accordance with international laws under Convention on 
International Trade in Endangered Species of Wild Fauna 
and Flora Ugandan permit no. 002290.

During May 2012, we subjected total RNA from 1 mL 
of blood plasma of each animal to next-generation sequenc-
ing as previously described (4); results showed HAV-like 
sequences in 1 of 23 baboons. De novo assembly of these 
reads yielded a nearly complete HAV genome, which we 
term KibOB-1. KibOB-1 is most similar (94.2% nt iden-
tity; Figure) to AGM-27, an HAV originally detected in an 
African green monkey (Chlorocebus aethiops) imported to 
a Russian primate facility from Kenya (3).

For 11 baboons, we also collected a paired fecal sam-
ple, which we analyzed for evidence of viral shedding. 
Samples were preserved in RNAlater (Ambion Inc., Aus-
tin, TX, USA) at –20°C, and viral RNA was isolated by us-
ing the ZR Soil/Fecal RNA Microprep kit (Zymo Research, 
Irvine, CA, USA) following manufacturer’s protocols. 
Reverse transcription PCR (RT-PCR) of RNA was primed 
with random hexamers by using the RNA to cDNA Ecodry 
Premix (Random Hexamers) (Clontech Laboratories, Inc., 
Mountain View, CA, USA), and diagnostic PCR was con-
ducted with primers flanking the C-terminal extension of 
the HAV viral protein (VP) 1 gene (pX) by using the High 
Fidelity PCR Master Mix-Ecodry Premix (Clontech Labo-
ratories, Inc.). Five of 11 paired fecal samples tested posi-
tive for HAV by RT-PCR, indicating a higher prevalence of 
the virus in feces than in blood.

We then surveyed a second troop of habituated olive ba-
boons at the same field site during February–April 2014 (5). 
From these baboons, 7 of 19 fecal samples tested positive by 
RT-PCR. Confirmatory Sanger sequencing of RT-PCR am-
plicons was successful for 3 of these 7 animals (GenBank ac-
cession nos. KT819576–KT819578). Phylogenetic analyses 
of these sequences demonstrate monophyly and a low degree 
of interhost variability (>94% nt identity).
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The risk to humans posed by KibOb-1 remains un-
known. Although human infection with HAV genotype V 
has not been reported, evidence suggests that HAV variants 
might be capable of infecting a diversity of primate hosts 
(6). Although it is not known whether the closely related 
AGM-27 strain was discovered infecting its natural host, 
the similarity of KibOB-1 and AGM-27 raises the possi-
bility of a recent host transfer. Major host shifts charac-
terize the evolutionary histories of recently discovered bat 
and rodent hepatoviruses (7). Host fidelity of KibOB-1 is 
similarly unknown, but experimental infection of several 
nonhuman primate species with the similar AGM-27 vi-
rus found varying pathogenicity in different species (6). 
In particular, the AGM-27 caused productive infection in 
chimpanzees, with stimulation of a broadly reactive HAV 
immunoglobulin response (6).

Human and simian HAVs are considered a single sero-
type (6); thus, serosurveillance for HAV in humans might 

be unable to distinguish between human and zoonotic sim-
ian HAV infection, enabling the possibility of cryptic zoo-
notic transmission. Similarly, detection of HAV antibodies 
in wild primates, such as in a recent study of baboons in 
South Africa living in close proximity to humans (8), might 
not indicate anthroponotic transmission of human viruses 
but rather infection with an endemic HAV.

Prior studies have documented cross-species trans-
mission between the primates of Kibale National Park and 
neighboring human populations, especially of gastrointes-
tinal pathogens (9). A study tracking food-crop–raiding 
events on 97 farms within 0.5 km of Kibale’s forest edge 
found that 72% of households faced baboon raids over a 
23-month period, including 228 discrete baboon raids (10). 
This finding suggests that a major portion of the local com-
munity remains at risk for exposure to potentially infectious 
baboon excreta. Such exposure, in addition to the evidence 
presented here that HAV is prevalent in wild baboons of 
Uganda and is shed into the environment, merits increased 
attention to the zoonotic risk for simian hepatoviruses.
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Figure. Whole-genome phylogenetic reconstruction of 
representative HAVs. HAVs are grouped into 6 genotypes based 
on 168 bp of the C-terminal extension of the viral protein 1 gene. 
Baboon HAV detected in Kibale National Park, Uganda, in 2010 
and 2014 (GenBank accession number KT819575) clusters with 
AGM-27 (3), previously the sole member of genotype V. jModeltest 
2 (http://jmodeltest.org) was used to find the best-fit evolutionary 
model for the data, after which the maximum-likelihood tree was 
estimated using the heuristic search method in PAUP*  
(http://paup.csit.fsu.edu), with starting trees obtained by neighbor-
joining, random stepwise addition, and branch swapping by tree-
bisection reconnection and starting branch lengths obtained using 
Rogers-Swofford approximation. Bootstrap values were derived 
from 1,000 replicates of the heuristic search; only values >50% 
are shown. GenBank accession nos.: IA, EF207320; IB, M14707; 
II, AY644676; IIIA, FJ227135; IIIB, AB258387; V, D00924). HAV, 
hepatitis A virus. Scale bar indicates substitutions per site.
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To the Editor: In 2013, a 6-week-old female piglet 
kept in a flatdeck cage had coughing, growth retardation, 
and diarrhea and was taken to a local veterinarian in Han-
nover, Germany; the piglet was euthanized. After necropsy 
at the University of Veterinary Medicine in Hannover, his-
tologic investigation found interstitial pneumonia; a mild, 
multifocal, lymphohistiocytic panencephalitis that affected 
the cerebrum and cerebellum, including brain stem and  

medulla oblongata; and a mild, multifocal, lymphohistio-
cytic panmyelitis. Results from screening for typical neuro-
tropic viruses (classical swine fever virus, suid herpesvirus 
1, rabies virus, teschovirus, porcine enterovirus 8, 9, and 
10) were negative; Mycoplasma hyorhinis was detected by 
multiplex PCR (Institute of Virology, University of Veteri-
nary Medicine Hannover) within the lung and pulmonary 
lymph nodes. Cerebral tissue from the pig was processed 
for viral metagenomics by random RNA and DNA virus 
screening and next-generation sequencing (NGS) with 
the 454 sequencing platform (GS Junior; Roche, Basel, 
Switzerland), as described (1), and 21,359 reads were ob-
tained. Analysis by using blastn and blastx (2) showed 10 
reads had >97% nt identity with porcine bocavirus (PBoV) 
KU14. No other viral sequences were detected.

By using primers based on sequence data of the PBoV, 
partially overlapping PCR amplicons were obtained to 
confirm and extend the NGS data of the isolate, which 
was named PBoV S1142/13 (1; GenBank accession no. 
KU311698). A total of 2,176 nt of PBoV S1142/13 were 
obtained, consisting of the partial nucleoprotein (NP) 1 and 
the nearly complete viral protein (VP) 1 gene. By using 
MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/),  
we aligned the nearly complete VP1 gene of PBoV 
S1142/13 with various closely related members of the 
genus Bocaparvovirus and built a maximum-likelihood 
tree by using the general time reversible plus invariable 
sites plus gamma distribution method, as determined by  
jModelTest 2.0 (3) and default parameters in MEGA6.06 
(4). Results confirmed that PBoV S1142/13 was most 
closely related to PBoV KU14 (Figure, panel A). The par-
tial genome of PBoV S1142/13 differed at 8 nt positions 
from PBoV KU14, resulting in 99.6% nt identity. Of these 
nucleotide differences, 4 resulted in an amino acid differ-
ence, including position 2733 (T→C on the basis of PBoV 
KU14 as a reference genome), which is part of the NP1 
stopcodon of PBoV KU14. These results indicate that the 
stopcodon was located 39 nt farther downstream than for 
PBoV KU14. The other 3 aa differences were present in the 
VP1 protein; each of these differences was within the same 
group of amino acids as those detected in PBoV KU14.

For further substantiation of a potential cause-effect 
relationship of histologic (Figure, panel B) and NGS 
results, we performed fluorescent in situ hybridization 
(FISH) on formalin-fixed, paraffin-embedded central ner-
vous system (CNS) sections of the diseased animal and of 
a control pig with no CNS lesions. We used an RNA probe 
specific for the obtained NP1 and VP1 sequences cover-
ing 1,153 nt (Affymetrix, Santa Clara, CA, USA) accord-
ing to the manufacturer’s protocol, with minor variations 
(ViewRNA ISH Tissue 1-Plex Assay Kit and ViewRNA 
Chromogenic Signal Amplification Kit, Affymetrix). A 
probe specific for porcine ubiquitin (Sus scrofa ubiquitin  
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C; GenBank accession no. XM_005657305; nt 2–890) 
served as a positive control.

The spinal cord of the diseased pig showed diffuse 
intracytoplasmic and intranuclear PBoV-specific signals 
within scattered neurons adjacent to the histologically de-
tected inflammatory lesions (Figure, panel C). The negative 
control and the nonprobe incubation lacked PBoV-specific 
signals. The porcine ubiquitin probe provided a strong 
intracellular and extracellular staining within the CNS of 
both pigs.

PBoV (genus Bocaparvovirus, family Parvoviridae) 
was first described in 2009 as porcine boca-like virus in 
pigs in Sweden with postweaning multisystemic wasting 
syndrome (5). PBoV is usually involved in respiratory and 
intestinal diseases in pigs (5) but has not been detected in 
the CNS. In the pig in our study, the lack of detection of 
other viral sequences by using NGS indicates the poten-
tial role of PBoV as a pathogen that triggers encephalo-
myelitis. FISH substantiated the NGS results and revealed 
neuronal intracytoplasmic and intranuclear PBoV-specific 
signals adjacent to the lesion, indicating intraneuronal tran-
scription and replication (6). Nevertheless, a potential syn-
ergistic effect of M. hyorhinis on the PBoV pathogenesis 
cannot be ruled out. Similarly, co-infection of M. hyorhinis 
and porcine circovirus type 2 has been associated with en-
hanced inflammatory lesions in the lungs of pigs (7).

The CNS tropism of PBoV S1142/13 could result from 
various factors, including specific amino acid changes that 

enable the virus to pass the blood–brain barrier and infect 
neurons. Additional studies are necessary to elucidate a 
possible role of the amino acid differences between PBoV 
S1142/13 and PBoV KU14 in the tropism of these viruses.

Human bocavirus has recently been found in the cere-
brospinal fluid of patients having encephalitis (8), and relat-
ed human parvovirus 4 (9) and human parvovirus B19 (10) 
have been reported in human encephalitis. The correlation 
of PBoV-specific signals by using FISH for histologic de-
tection of encephalomyelitis assigns PBoV a potential role 
in provoking CNS lesions. PBoV should be considered as a 
cause of encephalomyelitis but needs further investigation.
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Figure. Phylogenetic analysis 
and staining of porcine 
bocavirus (PBoV) from the 
spinal cord of a diseased pig, 
Hannover, Germany.  
A) Phylogenetic relationship of 
PBoV isolate S1142/13 (bold) 
with other bocaviruses. The 
nucleotide sequence of the 
nearly complete viral protein 
1 of PBoV S1142/13 was 
aligned with other members 
of the genus Bocaparvovirus, 
and a maximum-likelihood 
phylogenetic tree was prepared 
by using the general time 
reversible plus invariable sites 
plus gamma distribution model 
and 500 bootstrap replicates. 
Only bootstrap values >70 are 
shown. Scale bar indicates 
nucleotide substitutions per 
site. B) Spinal cord of the 
diseased pig showing perivascular accentuated mild, focal, nonsuppurative inflammation (arrow). Hematoxylin and eosin stain. 
Scale bar indicates 100 µm. C) Intracytoplasmic and intranuclear PBoV-specific positive signals in neurons of the spinal cord of 
the diseased pig (arrowheads), determined by using fluorescent in situ hybridization (Fast Red; ViewRNA Chromogenic Signal 
Amplification Kit; Affymetrix, Santa Clara, CA, USA). Phase contrast and fluorescent microscopy. Scale bar indicates 100 µm.
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To the Editor: The family Flaviviridae includes many 
human and animal virus pathogens. Recently, in addition to 
the genera Flavivirus, Hepacivirus, and Pestivirus, a fourth 
genus, Pegivirus, has been identified (1). In addition to hu-
man pegiviruses, a range of phylogenetic, highly divergent 
pegiviral sequences have been identified in various animal 
species, including primates, bats, rodents, and horses (2). 
We report the detection of a porcine pegivirus (PPgV) in 
serum samples from pigs.

Initially, we investigated pooled serum samples by us-
ing high-throughput sequencing methods and isolated RNA 
from individual porcine serum samples by using the QI-
Amp Viral RNA Mini Kit (QIAGEN, Hilden, Germany). 
We prepared libraries compatible with Illumina (San Diego, 
CA, USA) sequencing from pooled samples and individual 
serum samples by using the ScriptSeq version 2 RNA-Seq 
Library Preparation Kit (Epicenter, Madison, WI, USA) 
and sequenced them by using a HiSeq 2500 (2 × 150 cycles 
paired-end; Illumina) for pooled samples and MiSeq (2 × 
250 cycles paired-end; Illumina) for individual samples (3).

We conducted quantitative reverse transcription PCR (RT-
PCR) by using a Quantitect-SYBR Green Assay (QIAGEN) 
and primers PPgV_fwd: 5′-CTGTCTATGCTGGTCAC-
GGA-3′ and PPgV_rev: 5′-GCCATAGAACGGGAAGTC-
GC-3′. By using high-throughput sequencing of the pooled 
serum sample library (23,167,090 reads), we identified 1 
contig (4,582 bp) that had distant nucleotide sequence simi-
larity to bat pegivirus (69% and 4% sequence coverage) 
and 2 contigs (2,683 bp and 665 bp) that had 73% sequence 
coverage, thereby covering 8% and 37% of the identified 
sequence. RT-PCR with primers designed on basis of recov-
ered sequences identified the sample containing pegivirus 
sequences. Subsequent MiSeq analysis (7,085,595 reads) 
of an RNA library prepared from a sample from 1 animal 
identified 1 contig (9,145 nt) with sequence similarity to pe-
givirus sequences.

We performed 3′ end completion of the viral genome by 
rapid amplification of cDNA ends and identified the entire 
open reading frame of PPgV_903 encoding 2,972 aa (Gen-
Bank accession no. KU351669). Analysis of the pegivirus 
5′ untranslated region identified a highly structured inter-
nal ribosome entry site motif (online Technical Appendix,  
http://wwwnc.cdc.gov/EID/article/22/7/16-0024- Techapp1.
pdf), which was similar in structure to previously described 
5′ untranslated region structures of other pegiviruses (4,5).

Pegiviruses do not encode a protein homologous to the 
capsid protein of other viruses of the family Flaviviridae, 
another common feature of pegiviruses (6). The presence 
of cleavage sites for cellular signal peptidases and viral 
proteases indicates that, similar to polyproteins of other pe-
giviruses and members of the genus Hepacivirus, the pegi-
virus polyprotein NH2-E1- E2-Px-NS2-NS3-NS4A-NS4B-
NS5A-NS5B-COOH (E [envelope], NS [nonstructural],  
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and Px [protein X]) is cleaved co-translationally and  
posttranslationally.

We tested 3 additional animals from the same breeding 
cohort for virus RNA at irregular intervals for 22 months. 
One animal was positive for pegivirus RNA for 7 months, 
and the other 2 animals had pegivirus RNA in serum for 
16 and 22 months. None of these animals showed obvi-
ous clinical signs attributable to virus infection. Follow-up 
investigation of 455 serum samples from 37 swine hold-
ings from Germany identified 10 (2.2%) samples from 6 
pig holdings that contained pegivirus RNA. We obtained 2 
additional near full-length genomic sequences (PPgV_80F 
and PPgV_S8-7) from 2 animals in different herds by high-
throughput sequencing, RT-PCR, and Sanger sequencing 
(GenBank accession nos. KU351670 and KU351671).

Phylogenetic analyses of complete coding regions 
showed the close relationship of the 3 pegivirus sequences 
from Germany. These 3 sequences formed a separate clade 
within the genus Pegivirus (Figure). Pairwise comparison 
between PPgV_903 and the other 2 pegivirus sequences 
showed strong nucleotide identities (96.0%–98.4%). A dis-
tance scan over the entire polyprotein showed genetic dis-
tance to other pegiviruses and demonstrated that NS3 and 

NS5B contain the most conserved regions among pegivirus 
polyproteins (online Technical Appendix).

In horses, 2 distinct pegiviruses that had different po-
tentials to cause clinical disease in infected animals have 
been described (4,7). No obvious clinical effects were 
observed in pegivirus-infected animals during our study. 
However, potential consequences of viral infection for ani-
mal health and food production need to be explored more 
closely under field and experimental conditions. Pegivi-
ruses can interact with the immune system of the host. Co-
infection with human pegivirus and HIV can have benefi-
cial effects, which result in decreased retroviral loads and 
delayed disease progression (8).

It will be useful to investigate whether co-infections 
with pegiviruses can influence clinical manifestations 
of infectious diseases of swine, including multifactorial 
diseases such as postweaning multisystemic wasting syn-
drome, in which unknown immune modulating virus in-
fections have been suggested to influence the degree of 
clinical illness (9). RNA viruses have considerable poten-
tial to adapt to new environmental conditions and to over-
come host restrictions (10). Until now, the host tropism 
of PPgV has not been investigated in detail. Therefore, 
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Figure. Phylogenetic analysis of 
human and animal pegiviruses. 
We constructed a maximum-
likelihood tree on the basis of 
the complete coding region and 
used the general time reversible 
model for modeling of substitu-
tions. Bootstrap analysis was 
performed with 200  
replicates. Numbers along 
branches are percentage boot-
strap values. GenBank accession 
numbers are in parentheses. 
Arrow indicates viruses isolated 
in this study. Scale bar indicates 
nucleotide substitutions per 
site. BPgV, bat pegivirus, SPgV, 
simian pegivirus; SPgVCPZ, 
simian pegivirus (chimpanzee); 
HPgV, human pegivirus; PPgV, 
porcine pegivirus; EPgV, equine 
pegivirus; RPgV, rodent pegivirus. 
GB viruses have recently been 
reclassified as pegiviruses.



additional studies will be required to elucidate whether 
the spectrum of potential hosts might include other farm 
or companion animals, and whether the virus might be 
able to infect humans.
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To the Editor: Porcine epidemic diarrhea virus 
(PEDV) and transmissible gastroenteritis virus (TGEV) 
can cause severe enteritis in pigs accompanied by diarrhea, 
vomiting, and dehydration. Clinical signs are most promi-
nent in young suckling pigs, in which high mortality rates 
are common. As seen in recent porcine epidemic diarrhea 
outbreaks in the United States and Asia, the effect on the 
pig industry can be tremendous.

Recently, Boniotti et al. (1) reported detection and 
genetic characterization of swine enteric coronaviruses 
(CoVs) circulating in Italy during 2007–2014. Character-
ization was based on sequencing and phylogenetic analyses 
of spike genes of TGEV and PEDV isolates. This study also 
reported a new recombinant CoV strain with a TGEV back-
bone and a PEDV spike gene (SeCoV/Italy/213306/2009; 
KR061459), which was identified as a swine enteric CoV 
(SeCoV). This chimeric virus presumably resulted from a 
recombination event.

Accompanying a study of recent porcine epidemic 
diarrhea cases in Germany caused by a new PEDV Indel 
strain (2), we retrospectively analyzed fecal samples from 
pigs that showed typical clinical symptoms of a PEDV in-
fection. The sample set included fecal material collected 
from a farm in southern Germany on which an episode of 
diarrhea among pigs occurred in 2012. This material was 
shown by electron microscopy to contain CoV-like parti-
cles (Figure), but showed negative results by reverse tran-
scription PCRs specific for the PEDV nucleocapsid gene.

Subsequent metagenomic analyses resulted in the 
full-genome sequence of a swine enteric CoV (SeCoV/
GER/L00930/2012). We found a sequence showing high 
similarity (99.5% identity) with the TGEV/PEDV recom-
binant reported by Boniotti et al. (1). Network analysis of 
complete genome sequences of similar CoVs underline the 
chimeric nature of the genome between TGEV and PEDV 
genome sequences (online Technical Appendix Figure, 
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panel A, http://wwwnc.cdc.gov/EID/article/22/7/16-0179-
Techapp1.pdf). The chimeric nature of the virus strain was 
confirmed by RT-PCR with primers spanning possible re-
combination sites and analysis of overlapping reads from 
next-generation sequencing.

Annotation of the sequence of SeCoV/GER/
L00930/2012 performed on the basis of SeCoV/ 
Italy/213306/2009 identified a similar putative coding 
sequence with a TGEV backbone and a spike coding se-
quence similar to that for PEDV (online Technical Ap-
pendix panel B). Downstream of the spike protein–coding 
open reading frame (ORF), an additional hypothetical ORF 
was identified in both SeCoV sequences. The coded amino 
acid sequences (27 aa in the virus from Germany and 30 aa 
in the virus from Italy) resembled an N- and C-terminally 
truncated TGEV nonstructural protein 3a. The difference of 
3 aa between the 2 strains is the result of a 10-bp deletion at 
the 3′-end of the hypothetical ORF, which shifted the stop 
3 codons to the 5′- end (online Technical Appendix Figure, 
panel B) in SeCoV/GER/L00930/2012. This deletion is ap-
parently located within the potential 3′ recombination site 
(online Technical Appendix Figure, panel B).

It is tempting to speculate that SeCoV/Ita-
ly/213306/2009 is a precursor of SeCoV/GER/L00930/ 
2012, and that other members of this novel genotype are 
still undetected. These viruses might be targets of second-
ary mutation and recombination events. Therefore, more 
chimeric CoVs should be identified to determine the poten-
tial origin of the recombination event.

In conclusion, we detected an enteric CoV that resem-
bled the TGEV/PEDV chimeric virus reported by Boniotti 
et al. (1). Although these findings support the notion that 
CoV genomes are subject to mutations and recombination 

events, problems in disease diagnosis can be foreseen. In 
countries where porcine epidemic diarrhea, transmissible 
gastroenteritis, or both of these diseases are reportable, 
correct diagnosis and reporting might be difficult. Thus, 
diagnosticians should be aware of possible recombinants 
of swine CoVs. Diagnostic problems can be prevented by 
use of a double-check strategy with techniques specific for 
different genome regions. Apart from diagnostic obstacles, 
the effect of virus recombinations in terms of virulence and 
organ tropism is unknown and needs further investigations.
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To the Editor: Colistin is an old-generation antimicro-
bial agent; however, because it is one of the few agents that 
remain effective against multidrug-resistant gram-negative 
bacteria (e.g., carbapenem-resistant Pseudomonas aeru-
ginosa and Enterobacteriaceae), its clinical usefulness is 
being increasingly recognized (1). Previous reports have 
described the mechanisms of colistin resistance (2) as be-
ing chromosomally mediated and not associated with hori-
zontal gene transfer. However, from 2011 through 2014, 
a plasmid-encoded colistin-resistance gene, mcr-1, was 
identified in colistin-resistant Escherichia coli isolated in 
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Figure. Electron micrograph of a new chimeric swine enteric 
coronavirus (SeCoV/GER/L00930/2012), Germany, 2012. Scale 
bar indicates 100 nm.



China, particularly from animals. Specifically, mcr-1–posi-
tive isolates were found in 21% of healthy swine at slaugh-
ter, 15% of marketed pork and chicken meat, and 1% of 
hospitalized human patients (3). A study of E. coli isolated 
from healthy cattle, swine, and chickens in Japan during 
2000–2014 found only 2 (0.02%) of 9,308 isolates posi-
tive for mcr-1 (4). We report the rates at which mcr-1 was 
detected in our stored collection of E. coli isolates from 
diseased swine (swine with diarrhea or edema disease), 
hereafter referred to as swine-pathogenic E. coli.

We recently analyzed swine-pathogenic E. coli strains 
isolated from diseased swine throughout Japan during 
1991–2014 (5). We analyzed all swine disease-associated 
E. coli strains isolated from the 23 Livestock Hygiene Ser-
vice Centers in Japan (including prefectures that covered 
75% of total swine production in Japan in 2014) and sent 
to the National Institute of Animal Health for diagnostic 
purposes during 1991–2014. Among the 967 strains exam-
ined, 684 (71%) belonged to E. coli serogroup O139, O149, 
O116, or OSB9. 

In the study reported here, we investigated these 684 
strains for susceptibility to colistin and for mcr-1 carriage. 
The strains from the 4 predominant serogroups (online 
Technical Appendix Table, http://wwwnc.cdc.gov/EID/
article/22/7/16-0234-Techapp1.pdf) can be considered 
representative of swine-pathogenic E. coli strains isolated 
from farm animals, but not food products, in Japan. MICs 
were determined by using the agar dilution method accord-
ing to the recommendations of the Clinical and Laboratory 
Standards Institute (6). The presence of mcr-1 was detected 
by PCR (3).

Among the 684 strains examined, colistin MICs exhib-
ited a bimodal distribution of 0.25–128 µg/mL and peaked 
at 0.5 and 16 µg/mL (online Technical Appendix Figure). 
According to the European Committee on Antimicrobial 
Susceptibility Testing criterion (7), in which isolates with 
an MIC of >4 µg/mL are considered colistin resistant, 309 
(45%) of the 684 strains were classified as colistin resis-
tant. The gene mcr-1 was detected in 90 (13%) strains, and 
the MICs for these mcr-1–positive strains ranged from 8 
to 128 µg/mL (online Technical Appendix Figure). Among 
the 309 colistin-resistant strains, mcr-1–positive and mcr-
1–negative isolates had the same 50% and 90% MICs, 16 
and 32 µg/mL, respectively. These results indicate that a 
high proportion of swine-pathogenic E. coli in Japan are 
resistant to colistin, that mcr-1 has already been widely dis-
seminated among these strains, and that the level of colistin 
resistance mediated by mcr-1 is similar to that mediated by 
mcr-1–independent mechanisms.

In 2004, colistin-resistant E. coli already represented 
77% of the isolates, and the positivity rates varied from 
year to year (26%–82%) (Figure). First detection of mcr-
1–positive strains was in 2007, and the proportion of mcr-1 

positivity has risen, especially since 2009 (Figure). During 
2013–2014, approximately half of the strains isolated were 
mcr-1 positive (Figure), and most colistin-resistant strains 
isolated during these 2 years carried mcr-1 (85% and 62% 
in 2013 and 2014, respectively). Of note, the rates of mcr-
1–positive strains among the 4 serogroups isolated from 
2010 through 2014 did not differ significantly (χ2 test): 22 
(20%) of 110 in O139, 38 (38%) of 100 in O149, 19 (26%) 
of 73 in O116, and 6 (32%) of 19 in OSB9. This finding 
suggests that the sharp rise in the proportion of mcr-1–posi-
tive strains has been driven by plasmid-mediated horizontal 
gene transfer, not by the expansion of a specific clone. 

In Japan, rates of isolation of colistin-resistant and 
mcr-1–positive E. coli strains from healthy animals are low, 
1.00% and 0.02% of 9,308 strains examined, respectively 
(4). These low rates may be the result of the prudent use 
of colistin in Japan. During 2000–2007 in Japan, colistin 
use in swine did not increase significantly (8). However, 
our data show that mcr-1 has recently been disseminated 
among swine-pathogenic E. coli in Japan, which might be 
associated with the use of colistin to treat disease in swine. 
Although mcr-1–positive bacteria have not yet been isolat-
ed from humans in Japan (4), the sharp increase in swine-
pathogenic E. coli in animal strains implies a risk for trans-
mission of mcr-1 from these strains to human-pathogenic 
bacteria, a serious concern for human medicine. More ac-
tive surveillance of mcr-1–positive colistin-resistant bacte-
ria in human and animal environments is needed.
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Figure. Changes in the numbers of colistin-susceptible and 
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changes in proportion of mcr-1–positive isolates among the total 
isolates for each year.
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To the Editor: Yellow fever is disease caused by a 
flavivirus that is transmitted to humans and nonhuman pri-
mates through the bites of infected mosquitoes. In 2013, 
an estimated 130,000 persons in Africa experienced fever 
with jaundice or hemorrhage associated with yellow fever; 
≈78,000 of these infections were fatal (1).

Recently, an outbreak of yellow fever was reported in 
Angola (2). This serious viral disease affects persons liv-
ing in and visiting tropical regions of Africa and Central 
and South America (3). No case of yellow fever had been 
confirmed in China until this year (3). With the increased 
population movement between Africa and China, the risk 
for yellow fever in China is increasing.

In March 2016, a 34-year-old man who had recently 
returned to China from Angola sought medical treatment 
at the Shanghai Public Health Clinical Center in Shanghai, 
China. He reported a 4-day history of malaise, myalgia, 
weakness, nausea, vomiting, and fever reaching 38.8°C. 
The patient had been treated with several antimicrobial 
drugs when he was in Angola, but symptoms did not re-
solve. He had no history of immunodeficiency or immune-
inhibitory drug use. No endocrine, metabolic, or autoim-
mune abnormalities were found.

Nine years earlier, the patient had undergone cardiac 
valve replacement for rheumatoid heart disease and was 
currently receiving warfarin therapy. Because his treating 
physicians were concerned about the potential effect of yel-
low fever vaccine on the patient’s international normalized 
ratio (ratio of reference to measured prothrombin times), 
the patient traveled to Africa for work without receiving 
vaccination for yellow fever.

Physical examination revealed a temperature of 37°C. 
Neither rash nor jaundice were evident. Blood examination 
revealed a low leukocyte count (1.66 × 109 cells/L [refer-
ence range 3.50–9.50 × 109 cells/L]), a low absolute lym-
phocyte count (0.92 × 109 cells/L [1.1–3.2 × 109 cells/L), a 
normal erythrocyte count (4.60 × 1012 cells/L [4.30–5.80 × 
1012 cells/L]), and a low platelet count (43 × 109 platelets/L 
[125–350 × 109 platelets/L). The patient had low levels 
of circulating CD3+ cells (540/mL [690–2,540/mL) and 
CD8+ cells (97/mL [190–1,140/mL]) and normal levels of 
CD4+ T-cells.

C-reactive protein level was 4.31 mg/L (reference 
range 0–3.0 mg/L), lactate dehydrogenase was 1,086 
U/L (109–245 U/L), alanine aminotransferase was 882 
U/L (7–40 U/L), total bilirubin was 13.5 µmol/L (0–17 
µmol/L), and direct bilirubin was 7.4 µmol/L (0–5.4 
µmol/L). The patient had normal levels of thyroid-stim-
ulating hormone, and no DNA, nuclear, or thyroglobulin 
antibodies were detected.

Test results for HIV, malaria, and dengue virus infec-
tion were negative. Serum and urine samples were posi-
tive for yellow fever virus and negative for dengue and 
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Zika viruses by PCR. These results were confirmed by 
the Shanghai Center for Disease Control and Prevention 
and the China Center for Disease Control and Prevention. 
Yellow fever virus RNA remained detectable 9 days after 
symptom onset in serum and for an additional 3 days in 
urine and feces. 

A person from China traveling to a yellow fever–en-
demic area would usually receive vaccination against yel-
low fever (4). Persons such as our patient, who cannot or 
should not receive vaccination for yellow fever, should be 
monitored closely. As of April 2, 2016, a total of 9 imported 
cases of yellow fever were reported in China: 4 cases in 
Fujian Province, 4 cases in Beijing, and 1 case in Shanghai. 
All 9 cases occurred in travelers returning to China from 
Angola; no local cases have been reported.

The mosquito density is low in Shanghai, and the 
temperature typically is low in March, suggesting that the 
imported case we describe will probably not result in mos-
quito-borne transmission. However, in the upcoming sum-
mer, the risk for onward transmission of travel-associated 
yellow fever in China will warrant increased vigilance. To 
help prevent the importation and potential spread of yellow 
fever in China, the Chinese government now requests proof 
of vaccination for yellow fever from persons traveling to 
China from Angola.
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To the Editor: Zika virus infection, which has been as-
sociated with microcephaly and other neurologic disorders, 
has reached the level of public health emergency of inter-
national concern (1). Zika virus (family Flaviviridae, genus 
Flavivirus) is transmitted by mosquitos of the genus Ae-
des (2). The virus was first isolated from a serum specimen 
from a rhesus monkey in the Zika Forest of Uganda in 1947 
(3). After 2007, a rapid geographic expansion of the virus 
was observed, including outbreaks in the Pacific region (4) 
and, more recently, in South America. Brazil reported the 
first autochthonous case of Zika virus disease in April 2015 
(5), and subsequently, increasing numbers of cases have 
been reported, especially in northeastern Brazil (6). 

Studies on the natural history of Zika virus infection 
are scarce. Previous research defined Zika virus infection 
as a dengue-like illness, typically characterized by fever, 
maculopapular rash, arthralgia, and conjunctivitis (4). Al-
though some patients have all of these symptoms during 
early onset, fever is not an early symptom for all. Here we 
describe the frequency of signs and symptoms from a sam-
ple of clinic patients in Rio de Janeiro, Brazil, who were 
later confirmed to have Zika virus disease by using real-
time reverse transcription PCR (rRT-PCR).

We retrospectively collected clinical data on a conve-
nience sample of 57 patients found to be Zika virus–posi-
tive by rRT-PCR who had medical attention at the 24-hour 
acute care clinic of Manguinhos in Rio de Janeiro during 
April 28–June 8, 2015. Data were collected from elec-
tronic medical records and surveillance reports. Data were 
anonymized and included age, sex, and signs and symp-
toms documented on the first clinic visit of patients who 
reported acute rash, dengue-like illness, or both. Fever 
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was documented either through direct measurement in the 
clinic or by patient self-report. Pregnancy status was not 
assessed. We collected blood samples for serum sample 
testing during each patient’s initial visit to the clinic and 
tested for Zika virus using rRT-PCR as described by Lan-
ciotti et al. (7); all samples were collected within 7 days of 
illness onset. Patients were not tested for dengue or chi-
kungunya viruses. We did not measure the duration of any 
sign or symptom.

Of the 57 Zika virus disease case-patients, median age 
was 34 years; 63% were women (Table). The most com-
mon sign or symptom was exanthema (98%), followed by 
headache (67%), fever (67%), arthralgias (58%), myal-
gias (49%), and joint swelling (23%) (Table). Conjuncti-
vitis was observed in 39% case-patients and retro-orbital 
eye pain was reported by 40%. Among 30 patients who 
had fever assessed by clinic staff, median temperature was 
38°C (range 37.5°C –38.5°C). One patient had no rash or 
joint swelling but did have all other symptoms. One pa-
tient’s sole symptom was rash. No patients were referred 
for hospitalization.

Our clinic-based study of 57 rRT-PCR–confirmed 
cases of Zika virus disease found rash to be the most com-
mon symptom for which patients sought care (98%); fever, 
generally low-grade, was reported or observed in 67%. Be-
cause our study design was retrospective in nature, wherein 
we reviewed records for selected patients in whom Zika 
was subsequently found to be laboratory-confirmed by us-
ing rRT-PCR, we may have introduced selection bias to our 
sample, limiting the generalizability and comparability of 
our results. For example, clinic staff may have seen patients 
with mild symptoms but decided not to test for the virus, 
leading to a bias toward testing patients with more severe 
rash. It is also possible, considering the retrospective nature 
of our data collection, that some data points were not ac-
curately recorded and could not be validated. Despite these 
limitations, our data suggest the term “Zika fever” is not a 

helpful substitute term for Zika virus disease. Furthermore, 
referring to the illness caused by this virus as “Zika fever” 
(8) may be misleading and should probably be avoided un-
til further more systematic studies clarify the frequency of 
fever as a symptom.

Although patient sampling and laboratory testing 
methods are not directly comparable to our study, a 2015–
2016 assessment in Puerto Rico detected Zika virus in 30 of 
155 case-patients in whom Zika virus disease was suspect-
ed. In that study, laboratory-confirmed disease was defined 
as detection of Zika virus RNA by using rRT-PCR or IgM 
by using ELISA. Among the 30 confirmed cases, the most 
frequently reported signs and symptoms were rash (77%), 
myalgia (77%), arthralgia (73%), and fever (73%) (9). The 
February 12, 2015, interim case definition published by the 
World Health Organization describes a suspected case-pa-
tient as a person with rash, fever, or both, in addition to 1 of 
3 other listed symptoms (10). Like the Puerto Rico report, 
our report supports the established World Health Organi-
zation case definition indicating that the presence of rash, 
fever, or both should be emphasized as primary character-
istics of Zika virus disease.

Dr. Cerbino-Neto is an infectious diseases specialist and 
epidemiologist, a researcher at Oswaldo Cruz Foundation in 
Brazil, and Deputy Director of Clinical Care at the National 
Institute of Infectious Diseases. His primary research interests 
are immunization, health surveillance systems, and emerging 
infectious diseases.

References
  1.	 World Health Organization. Zika situation report. 2016 March 31 

[cited 2016 Apr 1]. http://www.who.int/emergencies/zika-virus/
situation-report/31-march-2016/en/ 

  2.	 Grard G, Caron M, Mombo IM, Nkoghe D, Mboui Ondo S,  
Jiolle D, et al. Zika virus in Gabon (Central Africa)—2007: a new 
threat from Aedes albopictus? Charrel R, editor. PLoS Negl Trop 
Dis. 2014;8(2):e2681. http://dx.doi.org/10.1371/ 
journal.pntd.0002681 

  3.	 Dick GWA, Kitchen SF, Haddow AJ. Zika virus. I. Isolations and 
serological specificity. Trans R Soc Trop Med Hyg. 1952;46:509–
20. http://dx.doi.org/10.1016/0035-9203(52)90042-4

  4.	 Duffy MR, Chen T-H, Hancock WT, Powers AM, Kool JL,  
Lanciotti RS, et al. Zika virus outbreak on Yap Island, Federated 
States of Micronesia. N Engl J Med. 2009;360:2536–43.  
http://dx.doi.org/10.1056/NEJMoa0805715

  5.	 Zanluca C, de Melo VCA, Mosimann ALP, dos Santos GIV, dos 
Santos CND, Luz K. First report of autochthonous transmission of 
Zika virus in Brazil. Mem Inst Oswaldo Cruz. 2015;110:569–72. 
http://dx.doi.org/10.1590/0074-02760150192

  6.	 Campos GS, Bandeira AC, Sardi SI. Zika virus outbreak, Bahia, 
Brazil. Emerg Infect Dis. 2015;21:1885–6. http://dx.doi.org/ 
10.3201/eid2110.150847

  7.	 Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ,  
Johnson AJ, et al. Genetic and serologic properties of Zika 
virus associated with an epidemic, Yap State, Micronesia, 2007. 
Emerg Infect Dis. 2008;14:1232–9. http://dx.doi.org/10.3201/
eid1408.080287

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July  2016	 1319

LETTERS

 

 

 
Table. Characteristics of Zika virus disease patients seeking  
care in an acute care clinic, Rio de Janeiro, Brazil, April 28– 
June 8, 2015 
Characteristic Value* 
Cohort, no. patients 57 
 Age, y 34 (25–40) 
 Female sex 36 (63) 
Symptoms  
 Exanthema 56 (98) 
 Fever† 38 (67) 
 Days from symptom onset to exanthema 1 (0–2) 
 Arthralgia 33 (58) 
 Itching 32 (56) 
 Headache 38 (67) 
 Myalgia 28 (49) 
 Retro-orbital pain 23 (40) 
 Conjunctivitis 22 (39) 
 Joint swelling 13 (23) 
*Median (interquartile range) or no. (%) case-patients. 
†Measured in medical office (n = 30) or self-reported (n = 8). 
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To the Editor: News coverage of emerging infectious 
diseases tends to be episodic and ephemeral rather than 
thematic, comprehensive, and consistent over time, in part 
because of newsroom constraints (1–3). Public health au-
thority announcements may help drive peaks in coverage 
and warrant attention, in particular given the importance 

of trust and credibility for information acceptance (4,5). 
Moreover, online search behavior and social media interac-
tion tend to respond to news coverage, especially for novel 
health issues (6,7).

The nature of Zika virus transmission as a novel phe-
nomenon not completely understood by researchers could 
encourage anxiety and fear among the public (8,9). Pat-
terns of social interaction and search behavior regarding 
Zika virus can point to opportunities and constraints for 
education efforts.

To assess relationships between news coverage, so-
cial media mentions, and online search behavior regarding 
Zika virus, we studied data available for January 1–Febru-
ary 29, 2016. Although news outlets occasionally covered 
Zika virus before 2016, our selected period included prom-
inent announcements. For example, on January 28, the 
World Health Organization declared that Zika virus was 
“spreading explosively” (10), and the Centers for Disease 
Control and Prevention issued a travel alert. On February 
3, authorities reported the first case that appeared in the 
United States.

Across 3 data sources, we searched for mentions of 
“Zika” or “El Zika.” We used Google Trends (Google Inc., 
Mountain View, CA, USA) to assess the number of total 
searches that originated in the United States, Guatemala, 
or Brazil for these terms, relative to total Google searches 
for any topic for the same period. We used a scale of 0–100 
(as an indicator of relative volume), with 50 representing 
half the volume as 100 but not a specific absolute number. 
Zika virus has been detected in >25 countries since 2015; 
the countries selected were places where transmission has 
been relatively widespread or where Zika virus had not yet 
been but was anticipated to be. We used a monitoring tool, 
Crimson Hexagon (http://www.crimsonhexagon.com/), to 
capture the total number of daily Twitter posts (tweets) and 
focused on tweets geotagged as originating from the United 
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Figure. Comparison of number of tweets by individual persons, Google searches by individual persons, and Associated Press news 
stories about Zika virus in the United States, Guatemala, and Brazil, January 1–February 29, 2016. 



States, Guatemala, or Brazil. Last, we counted Associated 
Press news wire stories as a proxy for daily volume of Zika 
news coverage in the Western Hemisphere (online Techni-
cal Appendix, http://wwwnc.cdc.gov/EID/article/22/7/16-
0415-Techapp1.pdf).

Using a day as our unit of analysis (i.e., n = 60 in the 
analysis), we first assessed Pearson product-moment corre-
lations between news coverage, social media mentions, and 
online search behavior and then fit a time series model. Re-
sults suggested prominent but ephemeral peaks in salience 
and attention, with some variation over time in searches 
by country (Figure). We found strong positive correlations 
between news (daily volume) and tweets for all 3 countries 
(United States, r  =  0.86, p<0.001; Guatemala, r  =  0.78, 
p<0.001; Brazil, r = 0.60, p<0.001). We also found strong 
positive correlations between news and Google searches 
for all 3 countries (United States, r = 0.86, p<0.001; Gua-
temala, r = 0.74, p<0.001; Brazil, r = 0.48, p<0.001). Be-
cause time series data can reflect autocorrelation that makes 
observed relationships spurious, interpretation of bivariate 
correlations alone to link time series data is inadvisable. To 
assess the relationship between news coverage and online 
searching related to Zika virus, we used time series analysis 
to predict US Google searches as a function of other ob-
served trends and date. We fit an autoregressive integrated 
moving average (0, 1, 3) model to address dependence be-
tween residuals, resulting in a Ljung-Box statistic that was 
not significant (p>0.05). This finding indicated that we suf-
ficiently reduced the time series to white noise to assume 
no autocorrelation in residuals. Our model achieved an R2 
value of 0.90 and stationary R2 value of 0.53. Associated 
Press wire stories emerged as a significant and positive pre-
dictor (coefficient = 1.52, t = 3.24, p<0.01). No other pre-
dictor predicted variance greater than that of news stories 
(p>0.05). Daily news story volume predicted departures 
from the expected trend in US search behavior related to 
Zika virus.

Our results suggest that news coverage of public health 
authority announcements opens brief windows of informa-
tion sharing, engagement, and searching that offer oppor-
tunities to address perceptions and provide preparation and 
vector control recommendations through education. Shar-
ing and searching are less apparent outside these windows, 
especially in contexts in which an emerging infectious dis-
ease is not yet prevalent. Our findings may not generalize 
beyond the initial stages of Zika virus transmission in the 
United States, and future work could obtain appropriate data 
for investigating the tone of news coverage and online com-
munication in various countries. Nevertheless, recent trends 
in online information-seeking about Zika virus has been 
sensitive to official announcements, suggesting the useful-
ness of pairing announcements with provision of informa-
tion resources that can be found through search engines.
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To the Editor: Senecavirus A (SVA), formerly Sen-
eca Valley virus, is a single-stranded positive-sense, non-
enveloped RNA virus (1). The RNA genome of SVA is 
7.2 kb long and is translated into a polyprotein in a host 
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cell. The polyprotein is then posttranslationally cleaved 
into mature proteins, including 4 structural viral capsid 
proteins (VP 1–4) in the N terminus and 7 nonstructural 
proteins (2A, 2B, 2C, 3A, 3B, 3Cpro, and 3Dpol) in the C 
terminus (1). SVA was discovered as a contaminant of 
PER.C6 cells and is closely related to viruses in the ge-
nus Cardiovirus (1). Genomic characterization has led to 
classification of SVA in a new genus, Senecavirus, fam-
ily Picornaviridae. A retrospective study conducted in the 
United States showed that the samples collected during 
1988–2001 were SVA positive, and genetic analysis re-
vealed that the sequences of all 7 SVA isolates are con-
siderably similar to the first US SVA strain (SVV-001), 
suggesting that SVA may have been circulating in the US 
pig population for a long time (2).

Idiopathic vesicular disease (IVD) is a vesicular dis-
ease of pigs, and etiology is unknown (3). The clinical 
signs of IVD are fever, lameness, and vesicular lesions 
on various body parts including the oral cavity, snout, and 
coronary bands (3). Despite not being a debilitating dis-
ease, IVD is noteworthy because it causes lesions clinically 
indistinguishable from those of other vesicular animal dis-
eases, including foot-and-mouth disease (FMD), vesicular 
stomatitis, swine vesicular disease, and vesicular exanthe-
ma of swine. IVD has been reported in several countries, 
including the United States (4–7), and has been recognized 

in several US states, including Florida, Indiana, and Iowa 
(4,8,9). Several lines of evidence show that SVA may be as-
sociated with IVD outbreaks in Canada, the United States, 
and Brazil (3,7,10). We describe the detection and genomic 
characterization of SVA isolated from pigs with vesicular 
lesions in Ohio.

In October 2015, the Animal Disease Diagnostic Lab-
oratory of the Ohio Department of Agriculture received 
vesicle tissue, a vesicle swab sample, and whole blood 
from a sow with vesicular disease for rule-out testing for 
FMD virus (FMDV). The sow was lame on both front feet 
and had ruptured vesicular lesions on the snout and coro-
nary bands of both front feet (online Technical Appendix 
Figure, http://wwwnc.cdc.gov/EID/article/22/7/15-1897-
Techapp1.pdf). FMDV-specific real-time reverse tran-
scription PCR was applied to the nucleic acid samples ex-
tracted from the 3 samples by using a MagMAX Pathogen 
RNA/DNA kit (Life Technologies, Carlsbad, CA, USA). 
All samples were negative for FMDV. We then performed 
2 conventional reverse transcription PCRs with primers 
targeting 2 regions of the SVA genome (VP3/VP1, 3D/3′ 
untranslated region) on the same set of samples; the ves-
icle tissue and swab samples were SVA positive. Subse-
quently, we determined the whole-genome sequence of 
SVA by using 7 pairs of SVA-specific primers (online 
Technical Appendix Table 1).
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Figure. Phylogenetic trees 
constructed on the basis of 
the whole-genome sequences 
of isolates from the genera 
Senecavirus (SVA), Cardiovirus, 
Teschovirus, and Enterovirus 
of the family Picornaviridae, 
including the SVA-OH1 and 
-OH2 isolates (black squares) 
from pigs in Ohio, USA. 
Dendrograms were  
constructed by using the 
neighbor-joining method in 
MEGA version 6.05 (http://www.
megasoftware.net). Bootstrap 
resampling (1,000 replications) 
was performed, and bootstrap 
values are indicated for each 
node. Reference sequences 
obtained from GenBank are 
indicated by strain name and 
accession number. Scale  
bars indicate nucleotide 
substitutions per site.



We completed sequencing the whole genomes for the 
vesicle tissue (SVA-OH1) and vesicle swab sample (SVA-
OH2). On the basis of BLAST (http:blast.ncbi.nlm.nih.gov/
Blast.cgi) searches, the SVA-OH1 and -OH2 isolates had 
99% nt identity to 3 new US strains (USA/IA40380/2015, 
USA/SD41901/2015, USA/IA46008/2015) and 98% nt 
identity to 3 Brazil strains (SVV/BRA/MG1/2015, SVV/
BRA/MG2/2015, SVV/BRA/GO3/2015) from GenBank. 
The Ohio isolates also shared 96% and 94% nt identity with 
Canada strain (11-55910-3) and the first US SVA strain 
(SVV-001), respectively. Further analysis showed that, in 
comparison with these 8 strains with complete genome se-
quences available in GenBank, the 2 Ohio SVA isolates had 
22 unique nucleotide mutations in the genome: 1 in the VP4 
gene, 5 in VP2, 2 in VP3, 1 in VP1, 4 in 2B, 3 in 2C, 3 in 
3A, 1 in 3B, and 2 in 3D (online Technical Appendix Table 
2). Among the 22 unique mutations, there were 2 nonsyn-
onymous mutations at position 2082 in the VP3 gene of both 
isolates and position 5037 in the 3A gene of SVA-OH1 and 1 
unique synonymous mutation only in SVA-OH2.

Phylogenetic analysis of the complete genome further 
supports that the 2 Ohio SVA isolates are closely related to 
each other and clustered together with the 3 recently iso-
lated US strains, were less closely related to the isolates 
of the Brazil cluster, and were more distantly related to the 
isolate from Canada and the original SVA strain reported 
from United States (Figure). Consistent with the previous 
findings (1), all SVA isolates from different countries clus-
tered together under the genus Senecavirus, which is most 
closely related to the genus Cardiovirus of the family Pi-
cornaviridae (Figure).

Our findings that a pig with clinical signs of IVD was 
infected with SVA and our genetic analysis demonstrating 
that the 2 Ohio SVA isolates are closely related to the other 
SVA strains from different countries provide further support 
for SVA involvement in IVD in pigs. More support could be 
provided by future studies, including continued surveillance 
of SVA and confirmation of the Koch postulates.
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To the Editor: Senecavirus A (SVA) has been spo-
radically identified in pigs with idiopathic vesicular 
disease in the United States and Canada (1–3). Clinical 
symptoms observed include ruptured vesicles and ero-
sions on the snout and lameness associated with broken 
vesicles along the coronary band. A recent report char-
acterized SVA in pigs in Brazil with similar clinical 
symptoms in addition to a higher proportion of deaths 
than would be expected in pigs 1–4 days of age (4,5). 
Several outbreaks of this infection in pigs were reported 
in the summer of 2015 in the United States; the more se-
vere clinical features resembled those seen in outbreaks 
in Brazil (6). Subsequent testing by PCR of 2,033 oral 
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fluid samples from material submitted during 441 routine 
diagnostic testing procedures (from 25 states) identified 
5 SVA-positive cases (1%) (7). Besides affecting animal 
health, SVA infection is notable because its clinical symp-
toms resemble those caused by foot-and-mouth disease 
and vesicular stomatitis viruses. When vesicular disease 
is observed in US swine, mandatory reporting and testing 
of animals for foreign animal diseases are required.

In June 2015, we collected 25 nasal and 25 rectal swab 
specimens from healthy pigs at 5 pig markets in North Car-
olina (250 total samples), representing pigs from 5 produc-
ers per market; the pigs were commingled for <12 hours. 
Primary markets 1 and 2 were slaughterhouses that pur-
chased top quality pigs. Secondary market 3 was a slaugh-
terhouse that purchased lower quality pigs (primarily un-
derweight or herniated pigs). Market 4 was a broker that 
purchased pigs for culling and resold them for slaughter. 
Market 5 was a culled pig slaughterhouse. At markets 1–4, 
animals were ≈20 weeks of age; at market 5, animals were 
>10 weeks of age. 

We sampled the same sites a second time in August 
2015. Again, we performed metagenomic sequencing on 
swab specimens pooled by producer (5 specimens per 
pool, 50 total pools per sampling) (8). Reads most simi-
lar to SVA were identified in numerous pools from sam-
plings and at 4 different markets. Quantitative reverse 
transcription PCR (qRT-PCR) was performed at the 
Kansas State Veterinary Diagnostic Laboratory (Man-
hattan, KS, USA) on the original pooled samples and 
was positive for SVA (cycle threshold [Ct] <37) for 26 
(52%) pools from June and 18 (36%) pools from August. 
Sites 2 (n = 1 pool positive), 3 (n = 10), 4 (n = 5), and 5 

(n = 10) had positive results in June, and sites 3 (n = 10), 
4 (n = 1) and 5 (n = 7) had positive results in August. 
Both specimen types had an approximately equal num-
ber of positive results. We carried out virus isolation on 
swine testicle cells (positive samples from the second 
sampling), and 100% cytopathic effects were observed 
for 5 samples that tested positive for SVA by qRT-PCR 
with Ct values 16–21.

Templated assembly of the metagenomic sequenc-
ing reads with the SVA prototype strain SVV-001 genome 
(GenBank accession no. DQ641257) yielded near com-
plete genomes from 5 pools (GenBank nos. KT827249–
KT827253). The polyprotein-encoding region of the ge-
nomes showed >99% pairwise identity to each other and 
were most similar to sequences determined from recent 
outbreaks in Brazil (97%–98% nucleotide and >99% ami-
no acid identity). Analysis of the P1 region of the genome 
found >99% nucleotide identity between 2015 US SVA 
sequences and 97% identity to SVA from Brazil. The con-
temporary US SVA sequences were more distantly related 
to SVA from an outbreak in Canada in 2011 (95% iden-
tity) and to historical US sequences (87%–92% identity). 
To investigate SVA phylogeny, we performed ClustalW 
(http://www.genome.jp/tools/clustalw/) alignment of P1 
nucleotide sequences, followed by maximum-likelihood 
analysis using the best-fitting Kimura 2-parameter plus 
gamma distribution model of evolution. The 2015 US SVA 
sequences were most closely related to SVA sequences 
from Brazil; these sequences shared a common ancestor in 
Canada/11-55910-2011 (Figure).

Our results suggest that SVA commonly circulates in 
secondary and culled swine markets in North Carolina and 

1324	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 22, No. 7, July  2016

LETTERS

Figure. Phylogenetic tree of 
Senecavirus A P1 sequences. 
Maximum-likelihood analysis  
in combination with 1,000 
bootstrap replicates as 
implemented in MEGA 6.06  
(http://www.megasoftware.
net) was used to derive the 
tree on the basis of nucleotide 
sequences. GenBank 
accession numbers are shown 
in parentheses. SVV in some 
isolate names indicates Seneca 
Valley virus, the original name 
for Senecavirus A. Scale bar 
indicates number of nucleotide 
changes per site.



that these strains are most similar to strains characterized in 
2014–2015 in Brazil, which were associated with idiopath-
ic vesicular disease and neonatal death. Little diagnostic 
testing is performed on culled animals, which may in part 
explain the discrepancy between 1% of oral fluids submit-
ted for diagnostic testing being positive for SVA (7), com-
pared with 72% of culled swine swab specimen pools in 
this study . The sole sample from primary markets that was 
positive for SVA by qRT-PCR had a Ct of 36.9, just below 
the negative cutoff of 37. 

Further research is needed to address possible cor-
relation between SVA and health status of animals sold at 
lower value to cull markets. A notable distinction between 
contemporary SVA in the United States and Brazil, how-
ever, is that all the US samples originated from healthy 
animals that showed no clinical symptoms. Given the 
high genetic similarity between contemporary US SVA 
sequences and those from Brazil, additional cofactors 
likely affect clinical disease.
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To the Editor: Senecavirus A (SVA; formerly known 
as Seneca Valley virus [SVV] belongs to the genus Sen-
ecavirus, family Picornaviridae (1,2). SVA was first iso-
lated in 2001 as a contaminant of the PER.C6 cell line and 
designated as SVV-001 (1,3). Since its discovery, SVA 
has been infrequently detected in swine with idiopathic 
vesicular disease (IVD) (4–6), which clinically resembles 
foot-and-mouth disease, swine vesicular disease, vesicular 
exanthema of swine, and vesicular stomatitis. The virus 
has also been retrospectively detected in previous cases 
with various clinical conditions in the United States during 
1988–2001 (7). However, the clinical significance of SVA 
in swine could not be determined (7,8).

In late July 2015, the Iowa State University Veteri-
nary Diagnostic Laboratory (ISUVDL) received reports 
of 4 apparently unrelated cases of IVD affecting exhibi-
tion and commercial swine. The first 3 cases originated 
from unrelated farms located in southwest and central 
Iowa and were observed at 2 county fair exhibitions. 
The fourth case was observed in a commercial finisher 
farm in South Dakota. Affected animals exhibited acute 
lameness, anorexia, lethargy, and transient fever without 
associated mortality; they also exhibited coronary band 
hyperemia and vesicles, which occasionally progressed 
to cutaneous ulcers, as previously reported (5,6). Small 
vesicles were also evident on the snout, within the oral 
cavity, or both; these vesicles variably progressed to 
ulceration. No specific microscopic lesions beyond the 
ulcerative changes were present in specimens submitted 
to ISUVDL.

We collected vesicular lesion swab specimens and 
blood samples from all affected animals, and all tested 
negative for the viruses causing vesicular diseases men-
tioned previously (foot-and-mouth disease, swine vesicu-
lar disease, vesicular exanthema of swine, and vesicular 
stomatitis). No other common swine pathogens except 
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SVA were detected at ISUVDL. By using a quantitative 
real-time reverse transcription PCR assay, we targeted a 
conserved region between the 5′ untranslated region and 
protein L (602–710 bp) and detected SVA RNA in vesicu-
lar fluids, epithelial scrapings of the snout, coronary band 
lesions, and/or hoof lesions with quantities ranging from 
2 × 107 to 1.2 × 1011 genomic copies/mL. We also identi-
fied the virus in serum and fecal samples, indicating SVA 
viremia and shedding. In a follow-up submission from 
the South Dakota premise, we detected SVA in nearly all 
of the tissues tested; inguinal lymph nodes and tonsils 
contained the highest SVA loads. Seroconversion to SVA 
in all affected swine was evident by indirect fluorescent 
antibody test titers ranging from 1:160 to 1:1,280 at 2–3 
weeks after the clinical outbreak.

Our attempts to isolate the virus by using ST cells 
(ATCC CRL-1746; ATCC, Manassas, VA, USA) and NCI-
H1299 (ATCC CRL-5803) (8) yielded cytopathic SVA 

isolates with titers up to 1 × 109 PFU/mL from multiple 
vesicular lesion swabs or scrapings. We designated a repre-
sentative isolate from each Iowa case as SVA15-39812IA, 
SVA15-40380IA, and SVA15-40381IA and the South Da-
kota case as SVA15-41901SD. Sequencing of viral protein 
(VP) 1 as previously described (7) demonstrated that each 
SVA isolate had a VP1 sequence identical to that of the vi-
rus in clinical specimens.

We obtained almost full-length genomic sequences 
(7,116–7,221 nt) of the 4 SVA isolates by using next-gen-
eration sequencing technology (9) and through de novo 
assembly (GenBank accession nos. KU051391–4). Se-
quence alignments showed that the isolates shared 98.9%–
100% nucleotide identity with each other but diverged 
by 2.1%–2.2% from SVA isolate SVV-BRA-MG1-2015 
(GenBank accession no. KR063107.1), by 3.9%–4.0% 
from SVA isolate 11-55910-3 (accession no. KC667560.1), 
and by 6.1%–6.4% from SVA isolate SVV-001  

Figure. Phylogenetic 
relationships of 2015 US 
Senecavirus A (SVA) isolates 
(SVA15-39812IA, SVA15-
40380IA, SVA15-40381IA, 
and SVA15-41901SD) with the 
prototype SVA isolate (SVV-
001), a 2011 Canada swine 
SVA isolate (11-55910-3), and 
2015 Brazil swine SVA isolates 
(SVV-BRA-G03-2015, SVV-
BRA-MG1-2015, and SVV-
BRA-MG2-2015). A) Full-length 
genomic sequences of 4 isolates 
from Iowa and South Dakota 
(bold) compared with reference 
isolates. B) Viral protein 1 
sequences of 4 isolates from 
Iowa and South Dakota and 
6 additional sequences from 
Iowa, Illinois, and South Dakota 
(2015044256SD, 2015044662IA, 
2015046008IA, 2015046494IL, 
2015047169IA, and 
2015047271IL) (bold) compared 
with reference isolates. Trees 
were determined by using the 
neighbor-joining method with 
1,000 bootstrap replicates. 
GenBank accession numbers for 
reference isolates are provided 
in parentheses. Scale bars 
indicate nucleotide  
substitutions per site.



(accession no. DQ641257.1). Phylogenetically, the new 
US SVA isolates formed their own clade separated from 
all other SVA isolates (Figure, panel A). Such a branch-
ing out remained even when VP1 sequences, which are 
typically used for picornavirus phylogenetic analyses, 
were compared (Figure, panel B). All 4 isolates, along 
with VP1 sequences of SVA from 6 additional submis-
sions from commercial farms in Iowa, Illinois, and South 
Dakota (2015044256SD, 2015046008IA, 2015046494IL, 
2015047169IA, and 2015047271IL) and the Iowa State 
Fair (2015044662IA), were clustered (98.7%–100% iden-
tity) and separated from recent SVA isolates from Brazil 
(6) with 97.8%–98.0% identity. The viruses were fur-
ther distant from other historical SVA isolates, showing 
86.2%–95.7% identity.

Laboratory findings suggest that SVA infection was 
the etiology of these cases because no other common 
pathogen was detected across the cases examined; index 
swine were viremic, shed SVA in feces and nasal secre-
tions, and seroconverted to the virus; a high level of SVA 
was present in areas with vesicular lesion; and evidence 
of disease spread among pen mates. SVA detected in these 
cases were genetically distinct from previously reported 
SVA, suggesting that the virus has evolved, possibly lead-
ing to higher adaption to swine and change in pathogenic-
ity. Although SVA is not a new virus, numerous unrelated 
cases of vesicular disease at exhibitions and commercial 
farms within such a short period is unusual. The fact that 
swine producers in Brazil have experienced an epidemic 
of vesicular diseases, in which SVA similar to the recent 
US SVA was implicated, warrants further studies to char-
acterize the pathogenesis and associated risk factors of 
this novel SVA in swine.
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Hercules1 has endured as perhaps the most popular fig-
ure from Greek mythology for nearly 3 millennia. 

Central to his myth is the story cycle about the 12 pre-
sumably impossible labors he carried out for the loathed 
King Eurystheus. Sometimes overlooked is that Hercules 

performed those tasks as penance for having murdered his 
own wife and children during a fit of madness.

For the fourth labor, Eurystheus ordered Hercules to 
capture the vicious Erymanthian Boar, a menacing beast 
that would descend from its lair on the mountain of Ery-
manthus each day, trampling the farmlands and attacking 
man and beast. Surprising the boar in its lair, Hercules 
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Artist Unknown. Hercules and the Erymanthian Boar, mid-17th century. Bronze, with red-brown lacquer patina, Height: 17½ in / 44.5 
cm. Metropolitan Museum of Art, New York, New York, USA; The Jack and Belle Linsky Collection, 1982.
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drove his quarry into the deep snow, where he subdued the 
exhausted boar and then carried it to the king’s court. Ac-
cording to the myth, when the cowardly King Eurystheus 
heard the snorting, grunting beast and realized that Hercu-
les had succeeded, the king hastily hid in a buried pithos 
jar, imploring Hercules to remove the boar.

Hercules’ capture of the Erymanthian Boar, a tempt-
ing subject for artists, has been immortalized on coins and 
amphora; on a Roman sarcophagus; in paintings, films, 
and sketches; and through myriad sculptures. The identity 
of the sculptor who created the elegant bronze statue re-
produced for his month’s cover is not known. This work 
is thought to be modeled on earlier works by an imitator 
or student of the Flemish sculptor Giambologna (1529–
1608), the court sculptor to the Medici grand dukes in 
Florence. He had produced a set of bronze statuettes of 
the 12 labors and supervised the work and training of nu-
merous assistants.

This bronze portrays the aftermath of the chase. The 
figure of Hercules resolutely strides toward the court, 
clasping the huge boar over his shoulder with his left arm, 
balancing it with the club he holds aloft in his right hand. 
The textures of the bronze offer visual and tactile contrasts. 
Hercules’ body is cast in smooth bronze, which height-
ens his physical prowess and musculature. The struggling 
boar’s bristly hide, Hercules’ hair and beard, and the pat-
terns in his wooden club reveal the artist’s nimble touch in 
working with bronze. A Metropolitan Museum of Art com-
mentary notes that “The present statuette is extremely light 
in weight, with a dark but warm brown patina and richly 
variegated tool marks, such as the punch marks that articu-
late the club.”

Although his strength and vigor are realized through this 
statue, Hercules would not have redeemed himself through 
his struggles and suffering alone, and ultimately become im-
mortal, without also using his cunning and skill. He frequent-
ly sought the counsel of others in the course of his undertak-
ings. During this labor, it was the centaur Chiron (though 
some versions say it was a different centaur named Pholus) 
who advised Hercules to drive the boar into the snow.

While completing his fourth labor, Hercules was po-
tentially exposed to dangers that also threatened mortal 
men of his time and ours: possible exposure to zoonotic 

diseases. Zoonotic diseases are caused by any of more than 
200 pathogenic agents, including bacteria, viruses, para-
sites, and fungi, transmitted directly or indirectly from ani-
mals to humans. For instance, the Erymanthian Boar could 
have felled Hercules via microbiology instead of muscle 
and tusk.

Hercules’ risks did not stop with the Boar. In slaying 
and then skinning the formidable Nemean Lion and stalk-
ing and capturing the sacred Hind of Ceryneia, Hercules 
was at risk for various zoonotic diseases. Cleaning the Au-
gean stables exposed him to enteric pathogens from the vast 
quantities of manure generated by teeming herds of cows, 
sheep, horses, and goats. Additional exposures occurred 
when he wrestled the Cretan Bull and stole the Cattle of 
Geryon. Hercules’ efforts to dispel the Stymphalian Birds 
and capture the Mares of Diomedes may have exposed him 
to zoonoses acquired from birds and equids. And finally, 
why was the great 3-headed dog Cerberus so furious and 
out of control—rabies perhaps?

The human web of daily activities crosses many eco-
systems. Animals provide food, transportation, companion-
ship, and if you are Hercules, occasionally a wrestling ad-
versary. Managing and limiting infectious risks associated 
with the intricate connections among humans, animals, 
and our environments prove to be challenging, complex 
endeavors. It’s not hyperbole to label this undertaking a 
Herculean task.
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cal education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests completed 
on paper, although you may use the worksheet below to keep a record of your answers. You must be a registered user on 
Medscape.org. If you are not registered on Medscape.org, please click on the “Register” link on the right hand side of the 
website to register. Only one answer is correct for each question. Once you successfully answer all post-test questions you 
will be able to view and/or print your certificate. For questions regarding the content of this activity, contact the accredited 
provider, CME@medscape.net. For technical assistance, contact CME@webmd.net. American Medical Association’s Physi-
cian’s Recognition Award (AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further 
information on this award, please refer to http://www.ama-assn.org/ama/pub/about-ama/awards/ama-physicians-recognition-
award.page. The AMA has determined that physicians not licensed in the US who participate in this CME activity are eligible 
for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies in some countries, AMA PRA 
credit may be acceptable as evidence of participation in CME activities. If you are not licensed in the US, please complete the 
questions online, print the certificate and present it to your national medical association for review.

Article Title
Pregnancy, Labor, and Delivery after Ebola Virus Disease and  

Implications for Infection Control in Obstetric Services, United States

CME Questions
Activity Evaluation

1. You are evaluating a 26-year-old woman at 8 weeks' 
estimated gestational age of her first pregnancy. 
She has no complaints, and the only significant risk 
factor she has for her pregnancy is a history of Ebola 
virus disease (EVD) 6 months ago. She has been 
asymptomatic and free of the virus for the past 4 
months. What should you consider regarding special 
considerations for the maternity care of this patient?
A.	 Ebola virus is rarely transmitted vertically among 

women with active infection
B.	 Ebola virus is not shed into breast milk
C.	 Ebola virus may persist in amniotic fluid after the 

period of active infection
D.	 Good evidence exists that the Ebola virus persists 

in the female genital tract for months after acute 
symptoms have resolved

2. According to the current report on Ebola virus, which 
of the following statements about the labor and delivery 
of the patient with a history of EVD is most accurate?
A.	 The infant was delivered at a normal weight for 

gestational age and had normal Apgar scores
B.	 Her first detailed anatomy ultrasound in the United 

States demonstrated microcephaly
C.	 She underwent induction of labor because of early 

signs of fetal distress

D.	 Epidural anesthesia was contraindicated because 
of the potential for Ebola virus retained in the 
cerebrospinal fluid

3. Which of the following statements regarding 
precautions taken during the patient's labor and 
delivery is most accurate?
A.	 The care team neglected to call public health officials
B.	 No additional precautions were recommended beyond 

routine standards for delivery
C.	 The number of care providers attending the delivery 

was limited to 3
D.	 One member of the environmental staff team had 

contact with the patient's room once daily

4. Which of the following laboratory assessments 
yielded a positive result in the current case of  
this patient?
A.	 Cord blood for immunoglobulin G (IgG) against  

Ebola virus
B.	 Amniotic fluid for IgG against Ebola virus
C.	 Amniotic fluid for immunoglobulin M (IgM) against 

Ebola virus
D.	 Neonatal ear swabs for Ebola virus by real-time 

reverse transcription polymerase chain reaction

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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Article Title
Current Guidelines, Common Clinical Pitfalls, and Future  

Directions for Laboratory Diagnosis of Lyme Disease, United States

CME Questions
Activity Evaluation

1. You are advising a large health maintenance 
organization regarding Lyme disease diagnostics. 
According to the review by Moore and colleagues, 
which of the following statements about current US 
testing guidelines for Lyme disease is correct? 
A. 	 Patients with an erythema migrans lesion and 

epidemiologic risk who live in or have traveled to 
Lyme-endemic areas require laboratory testing to 
confirm the diagnosis

B. 	 The diagnostic test of choice for all patients presenting 
with signs of extracutaneous Lyme disease is a 
3-tiered serologic test

C. 	 Recommended diagnostic testing is an enzyme-linked 
immunoassay (EIA or ELISA) or immunofluorescence 
assay (IFA) followed by a reflex Western immunoblot

D. 	 The US Food and Drug Administration (FDA) has 
approved IFA, but not EIA, for first-tier serologic 
testing for Lyme disease

2. According to the review by Moore and colleagues, 
which of the following statements about appropriate use 
and interpretation of tests for Lyme disease is correct?
A. 	 To accurately order and interpret tests for Lyme 

disease, clinicians must consider the patient's history, 
timeline of symptoms, and pretest probability

B. 	 Sensitivity of 2-tiered testing is high during early 
infection

C.	 Sensitivity of 2-tiered testing is 30% to 40% for 
disseminated Lyme disease

D. 	 Specificity of 2-tiered testing is low during early 
infection, so clinicians should use alternative 
laboratory tests

3. According to the review by Moore and colleagues, 
which of the following statements about recent 
developments in Lyme disease diagnostics would 
most likely be correct?
A. 	 Used as a standalone test, C6 EIA is more prone to 

false-negative results than the current 2-tiered test in 
patients with early Lyme disease

B. 	 Novel 2-tiered approaches still require Western 
immunoblotting for the second-tier

C. 	 Proteomics and metabolomics are useful only  
for diagnosis

D. 	 The Centers for Disease Control and Prevention/
National Institutes of Health repository of sera from 
patients with Lyme disease, potentially cross-reactive 
conditions, and healthy control participants allows 
validation of novel diagnostic tests

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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