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A retrospective study conducted in France indicated
that a large proportion of patients injured by potentially rabid
animals while in North Africa did not seek pretravel advice,
and some had not received proper rabies postexposure
prophylaxis while in North Africa. As a result, imported
human rabies cases are still being reported, and the need
for postexposure prophylaxis after exposure in North
Africa is not declining. Tourists are generally unaware of
the danger of importing potentially rabid animals and of
the rules governing the movement of pets. In France, for
example, rabid dogs have frequently been imported from
Morocco to France through Spain. This situation imposes
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heavy social and economic costs and impedes rabies
control in Europe. Rabies surveillance and control should
therefore be reinforced in North Africa, and travelers to
North Africa should receive appropriate information about
rabies risk and prevention.

mong all human deaths from rabies, >99% occur in

the developing world and result from bites from rabid
dogs (1). Although effective and economic control measures
are available, rabies remains a neglected disease in most of
these countries (2). Animal-associated injuries in travelers
to rabies-endemic countries are not infrequent (3) and pose
a serious health threat to persons visiting such areas (4).
Rabies is a serious public health concern in North Africa
(Morocco, Algeria, Tunisia, Libya, Egypt, and Sudan,
as defined by the United Nations), causing heavy social
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and economic costs. The possibility of its reintroduction
threatens western European countries, where terrestrial
carnivores are presently rabies free (5,6).

Rabies in North Africa

Althoughrabies is endemic to North Africa (7), accurate
data on incidence are scarce (8), and better surveillance
is needed. Initiatives have recently been developed to
share information and experiences, provide reliable rabies
epidemiologic data, raise rabies awareness, improve access
to prevention, and design programs for rabies control.
These initiatives include the Africa Rabies Expert Bureau
(www.afroreb.info), the global multidisciplinary European
Union—funded RABMED CONTROL project (www.
rabmedcontrol.org), and the Global Alliance for Rabies
Control (www.rabiescontrol.net). Some of these initiatives
are expected to provide detailed epidemiologic data about
the rabies situation in North African countries. Although
rabies incidence in North Africa is certainly underestimated
(2,8,9), according to the most recent reports in the World
Health Organization (WHO) RabNet database (www.who.
int/globalatlas/default.asp), RABMED CONTROL data,
and other sources (5,9-12), many human rabies cases are
regularly reported in North Africa. The annual incidence
varies from 0.02 cases/100,000 population in Tunisia to
0.1 cases/100,000 population in Egypt (Table 1). These
disparities may result from differences in the epidemiologic
status of animal rabies. More likely, however, they reflect
the combined effects of variations in the reliability of
epidemiologic data, the implementation of primary
wound care, and the accessibility of rabies postexposure
prophylaxis (PEP). Indeed, rabies PEP accessibility is
subject to large disparities; the lowest rates (0.4 persons
receiving rabies PEP/1,000 population) are reported in
Sudan, and the highest (3.3 persons receiving rabies
PEP/1,000 population) are reported in Tunisia (Table 1).

In Morocco, 90% of human cases of rabies are caused
by dog bites. Cases occur mainly in rural areas in Kenitra,
Casablanca, and El Jadida (10). In Algeria, human deaths
from rabies occur mostly in the coastal and northern part
of the country (11). In Tunisia, human cases are localized

in the northern (Bizerte and Béja), central and eastern rural
(Siliana, Kairouan, Kasserine, Sidi Bouzid, and Gafsa),
and southern coastal (Gabes and Medenine) parts of the
country.

Most reported cases of rabies in animals are in dogs,
which account for >40% of animals confirmed rabid by
laboratory investigations. Rabies cases are also reported
for cats, cattle, goats, sheep, and horses. However, data
collected for animal rabies (Table 1) are only partial and
do not represent the true status of this infection in the field
(8). In Tunisia, mass vaccination campaigns directed at
the canine population, together with the elimination of
free-roaming dogs, has proven somewhat effective (13).
However, rabies in dogs is still prevalent in Algeria,
Morocco, and Tunisia (Table 1) because of ineffective
implementation of rabies control and vaccination programs
for these reservoir animals (5,8,14,15).

The information available from Egypt is clearly
incomplete (16). Elimination of free-roaming cats and dogs
has been conducted in Egypt with little effect (5). In Sudan,
animal rabies is reported mainly in dogs but also in goats
and donkeys (17,18). From Libya, no information about
rabies in humans or animals has been available for many
years; the country has declared itself free of canine rabies,
although rabies is present in all neighboring countries
(19). This description of the current rabies situation in
North Africa is based on reported cases only and does
not necessarily represent the real epidemiologic situation
in the area, given the underreporting that results from
nonexhaustive surveillance.

Risk for Importing Human Rabies
from North Africa to Europe

North Africa is a popular tourist destination; in 2005, it
accounted for 12% of all international travel from France.
The most popular destinations were Morocco, Tunisia, and
Egypt; these countries together accounted for 89% of travel
to North Africa, with 950,000, 920,000, and 590,000 visits,
respectively. Algeria accounted for 5% of travel to North
Africa, with 140,000 visits. No data are available for Sudan
or Libya (20). Persons who emigrated from North Africa to

Table 1. Reported rabies cases in humans and animals, North Africa, 2000-2009*

Annual no. human

Annual no. rabies PEP in

Country deaths/100,000 population humans/100,000 population No. rabies cases in animals (years)
Algeria 0.06t 2.2t 2,206 (2000-2008), 754 (2009)
Egypt 0.1% 1.98 5 (2000, 2006, and 2007)
Morocco 0.07t 1.6t 3,600 (2000-2008, including 343 in 2007)
Sudan 0.04% 0.4% 101 (2000-2007, including 38 in 2007)
Tunisia 0.02t 3.3t 1,253 (2000-2007, including 102 in 2007)

*PEP, postexposure prophylaxis. Data sources include World Health Organization RabNet database (www.who.int/globalatlas/default.asp) and

RABMEDCONTROL (www.rabmedcontrol.org) (5,9-12).
tCalculated for 2000-2007.

fCalculated for 2007.

§Calculated for 2000.

fINo data available for other years.
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France also travel frequently to their countries of origin to
visit friends and relatives. This travel pattern also creates
a pathway for rabies reintroduction to France. During the
first half of the 20th century, canine rabies progressively
disappeared from most countries in western and southern
Europe (21). At the end of the 1940s, the epizootic of
vulpine rabies spread from Poland into the rest of Europe
(22). Today, oral vaccination of foxes has pushed vulpine
rabies back into eastern Europe (23). Maintaining rabies-
free status among terrestrial carnivores, however, incurs
considerable costs. Meanwhile, the legal and illegal
importation of live animals imposes a continual risk for
reimportation, as does the lack of awareness by travelers
visiting rabies-endemic areas (6,24).

In France, primary health care for patients seeking
rabies PEP is delivered through an official network of
antirabies medical centers (ARMCs), which facilitate
the accurate epidemiologic evaluation of animal-related
injuries for which patients require rabies PEP. Since 1970,
a total of 21 human deaths from rabies have been recorded
in France; these cases resulted in a large number of rabies
PEP treatments for contacts (Table 2). Among these fatal
cases, 19 were imported (50% originated in North Africa,
mainly in Algeria and Morocco), 1 was acquired in French
Guiana, and 1 was acquired through a cornea transplant
from a donor infected in Egypt. During the past decade, 2
cases were acquired in Morocco by travelers from Austria
and Germany (26,27). Other cases, imported to the United
Kingdom, Germany, Sweden, and Finland, were acquired

Risk for Rabies Importation from North Africa

from India, Thailand, the Philippines, Nigeria, and South
Africa (28-31). These data reflect the relevance of specific
patterns of international travel between European and
rabies-enzootic countries.

Of the 133,852 patients who consulted an ARMC in
France during 1996-2009, a total of 6.7% of exposures
to animals suspected of having rabies occurred while the
patient was traveling outside France (French National
Rabies Reference Centre, unpub. data). Persons who
acquired animal-related injuries abroad accounted for
11.2% of patients who received rabies PEP during the
same period, a figure that rose from 6.8% in 1996 to
17.8% in 2009 (Figure). Among treated patients who were
injured abroad, 29.9% had returned from North Africa.
This figure underscores the role of North Africa in rabies
PEP epidemiology in France (Table 3). Need for rabies
PEP seems to be particularly high after travel to Algeria.
In 2005, only 5% of international tourists from France
visited Algeria, but persons injured in Algeria accounted
for 21.4% of patients seeking care in France after possible
rabies exposure while abroad. Furthermore, 25% of all
human rabies cases observed in mainland France since
1970 resulted from exposure in Algeria. In France,
94.7% of patients injured in North Africa received rabies
PEP (Tables 3, 4), compared with 53% of those injured
elsewhere, and 16.1% of rabies PEP given included
rabies immunoglobulin, compared with only 5.8% given
to persons injured elsewhere. This higher rate of rabies
PEP among travelers injured in North Africa reflects what

Table 2. Cases of rabies in humans, France, 1970-2010*

Year of Patient age, Country of Time between illness No. contacts who
death y/sex exposure Animal species Incubation time onset and death received rabies PEP
1970 3/M Niger Cat 10d 9d Unknown
1973 10/M Gabon Dog 11moori5d 20d Unknown
1976 5/M Gabon Dog 45d 1mo Unknown
1976 18/M Algeria Dog Unknown 23d 1
1976 28/M Morocco Unknown Unknown 1 mo Unknown
1976 10/M Algeria Dog 1 mo 18d Unknown
1977 2/IM Gabon Dog 18d 1d 5
1977 4/M Morocco Dog 1 mo 2d 25
1979 57/F Egypt Dog 2 mo 10d 12
1979 36/M Egypt Human (cornea 1 mo 15d 128
transplant)
1980 4/M Tunisia Dog 2.5mo 3d 66
1982 40/M Senegal Dog 122.d 30d Unknown
1990 28/M Mexico Dog 47d 10d 1
1992 3/M Algeria Dog 1 mo 3wk 143
1994 46/M Mali Dog 3 mo 11d 36
1996 3/M Madagascar Dog 2 mo 6d 290
1996 60/M Algeria Dog 2 mo 5d 45
1996 71M Algeria Dog 40d 3d 35
1997 50/F India Dog 12d 56 d 36
2003 3/M Gabon Dog >2 mo 10d 142
2008 42/M France (French Bat Unknown 16d 90
Guiana)

*Adapted from Peigue-Lafeuille et al. (25). PEP, postexposure prophylaxis.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011
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W PEF after possible exposure in North Africa, %

1 PEP after possible exposure abroad (except in North Africa), %

% Patients

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Figure. Proportion of patients injured in countries in North Africa
compared with those injured in countries in other foreign regions
among all patients who consulted an antirabies medical center and
received rabies postexposure prophylaxis (PEP), France, 1996—
2009.

is understood about rabies epidemiology in the region
and the perception of the risk by physicians, which is
largely influenced by the number of rabies infections that
developed in France in persons exposed while in North
Africa. Children are especially at risk. Since 1970, children
<15 years of age have accounted for 50% of human rabies
cases in mainland France; among these, 8 of 10 cases
have occurred in children <6 years of age. Moreover, the
proportion of children <15 of age years receiving rabies
PEP in France is higher when their rabies exposure occurred
in North Africa (Table 4). Regional variations also exist
within France. In a recent study conducted among ~424
international travelers seeking care for animal-associated
injuries at the ARMC in Marseille, southern France, most
(41.5%) had traveled to North Africa, and most injuries
were from dogs and cats. A correlation was found between
the country of exposure and the implicated species; in
Algeria, the most implicated animals were dogs and in
Tunisia, cats (32). During 2004-2010, among 90 patients
exposed in North Africa and seeking care in Marseille, 53
(59%) had traveled for tourism and 35 (39%) had visited
friends and relatives; however, 26 (69%) travelers injured
in Algeria had visited friends and relatives (Table 5). The

French-speaking North African community is particularly
large in Marseille, where it accounts for one third of the
total immigrant population.

Generally, only a few travelers to North Africa seek
pretravel advice before departing, which is not surprising
because specific vaccination and malaria prophylaxis are
not required before travel to North Africa. In 2009 in the
Paris ARMC, only 1 (1.2%) of 82 travelers from France
who had been injured by animals while in North Africa
had been vaccinated before traveling (Paris ARMC,
unpub. data). Knowledge about rabies risk and preventive
measures among persons traveling from France to rabies-
endemic countries is limited (33).

Importation of Rabid Animals

Rabid animals have been repeatedly imported by
travelers into France; most animals originated in Morocco
and were transported through Spain by car (34-37). During
2000-2009, a total of 8 imported rabies cases were reported.
All infected animals were dogs imported from rabies-
enzootic countries: 7 from Morocco and 1 from Gambia.
Additionally, a dog that died in February 2008 had never
traveled out of France. Epidemiologic investigations and
molecular typing of the virus confirmed that this case was
indirectly linked to an imported dog from Morocco that had
died in late 2007; the imported dog had not been examined
for rabies. No secondary transmissions to humans resulted
from these animal cases. However, the identification of
contacts at risk to ensure that they received appropriate care
is costly and time-consuming (6). The sanitary regulation
regarding rabies vaccination of all carnivores entering
the European Union is essential for rabies control and
must be strictly applied in areas of Europe that have been
declared rabies free (38). This precaution applies to France
in particular because the illegal pet importation route from
Morocco through Spain to France is well known.

Availability of Rabies Vaccine and
Immune Globulin in North Africa

Modern imported cell culture vaccines are available in
Morocco, Egypt, Sudan, and Tunisia. No data are available
from Libya. Algeria has been using mouse brain rabies

Table 3. Patients possibly exposed to rabies while visiting North Africa, 1996—2009*

No. exposed patients

No. patients receiving

Proportion of all foreign

Country of exposure visiting ARMC rabies PEP exposures occurring in country, %
Algeria 649 603 7.6
Egypt 117 103 1.3
Libya 10 9 0.1
Morocco 1,036 992 12.5
Sudan 8 8 0.1
Tunisia 687 659 8.3
Total 2,507 2,374 29.9

*QOriginal data from the French National Reference Centre on rabies. ARMC, antirabies medical center; PEP, postexposure prophylaxis.
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Table 4. Patients receiving rabies PEP among patients consulting an antirabies medical center, France, 1996-2009*

% Patients age % Patients age <6 % Patients who % Patients who Total no. patientst Total no.
Location of <15y among those y among those received rabies received rabies patients who
possible who received who received PEP among those PEP among those <15yof <6y of received
exposure rabies PEPT rabies PEPT age <15yt age <6 yt age age rabies PEP
North Africa 29.4 12.3 94.8 95.1 735 306 2,374
All other 24.2 8.8 44.1 37.9 37,895 16,093 69,145

*QOriginal data from the French National Reference Centre for Rabies. PEP, postexposure prophylaxis.

tp<107°.
fRegardless of rabies PEP status.

vaccine made in Algeria and is starting to use the cell
culture vaccine; however, according to the Paris ARMC
(in charge of 16.6% of patients receiving rabies PEP in
France and 47.4% of patients exposed abroad in 2009 and
receiving rabies PEP), 14 (53.8%) of the 26 patients who
began their rabies PEP in Algeria still received mouse brain
rabies vaccine in 2009. Equine rabies immunoglobulin is
available in most prevention centers in Algeria, Morocco,
and Tunisia =100 centers in Algeria, 147 in Morocco, and
206 in Tunisia) (9), but human rabies immunoglobulin is
less widely available. Data on the availability of rabies
immunoglobulin in Libya and Sudan are not available.
However, a substantial proportion of travelers injured in
North African countries do not receive adequate rabies
PEP. Thus, in the Paris ARMC in 2009, of 32 patients
requiring rabies immunoglobulin (patients with grade III
exposure who had never previously received preexposure
or postexposure rabies vaccine) and whose PEP was
started in North Africa, 18 (56.3%) neither received rabies
immunoglobulin locally nor consulted with a doctor
when they returned to France in time to receive it. Rabies
immunoglobulin must be administered <7 days after
administration of the first vaccine dose (39). In contrast, of
9 (22.2%) patients with grade II exposure and no exposure
to bats, 2 received rabies immunoglobulin in Algeria,
although this treatment is not recommended by WHO
guidelines (1). Such deviations were not observed among
26 patients returning from Morocco, Tunisia, or Egypt.
Similarly, in the Marseille ARMC during 1987-2005,
among the 34 patients requiring rabies immunoglobulin
whose PEP was started in North Africa, only 2 (5.9%)
travelers received rabies immunoglobulin in the country
of exposure and 23 (67.7%) travelers who received only
vaccination in the country of exposure came to home
clinics >7 days after receiving the first vaccine injection.

After 7 days, administration of rabies immunoglobulin is
useless and might even have a negative influence on active
immune response (40).

Conclusions

We recommend that rabies control measures and, in
particular, rabies control and vaccination programs in
dogs be further implemented in North African countries.
Meanwhile, the persistent risk for rabies in these countries
exists for travelers, as shown for France. A large proportion
of travelers exposed to potentially rabid animals in North
Africa did not seek pretravel advice from travel clinics,
thus missing the opportunity to learn about rabies risks and
preventive measures. Furthermore, many of these patients
did not receive rabies PEP and rabies immunoglobulin in
accordance with WHO recommendations in the country of
exposure. This problem reinforces the need to inform and
train health professionals in these countries with regard to
recommended practice for rabies prevention for humans.

Finally, rabies control in Europe is impeded by lack
of tourist awareness of the threat of importing rabies from
countries where it is enzootic and of the rules governing
movement of pets. The sanitary regulations regarding rabies
vaccination of all carnivores entering the European Union
(38) are essential for rabies control and must be strictly
applied in European areas that have been declared free of
rabies in terrestrial carnivores. These regulations define the
requirements that dogs and cats must meet before entry into
the European Union, with the aim of preventing entry of an
infected but asymptomatic dog or cat from outside Europe.

We suggest that all travelers to North Africa be fully
informed about rabies risk, adequate preventive measures,
and risk of importing animals. For persons traveling to
North Africa to visit relatives and who are at high risk for
exposure to potentially rabid animals, rabies preexposure

Table 5. Reasons for travel among 90 patients injured in North Africa and consulting an antirabies medical center, Marseille, France,

2004-2010

Place of exposure, no. (%) patients
Reason for travel Algeria Morocco Tunisia Egypt Total
Tourism 10 (27.8) 24 (72.7) 17 (89.6) 2 (100) 53 (58.9)
Visit with friends and relatives 26 (72.2) 8 (24.3) 1(5.2) 0 35 (38.9)
Business 0 1(3.0) 1(5.2) 0 2(2.2)
Total 36 33 19 2 90
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vaccination should be discussed; this precaution is
especially wise for those undergoing repeated or long visits
to places with no modern culture cell rabies vaccine and
for groups at risk, such as children <15 years of age. As
long as these measures and information are not properly
implemented, costly capacities for surveillance of rabies
in animals and humans, as well as for monitoring rabies
exposures in humans, should be maintained.

Dr Gautret is a physician, parasitologist, and director of the
Rabies Treatment Centre and of the Travel Clinic at Marseille
University Hospital. He coordinates the Epidemic Intelligence and
Response program for EuroTravNet. His professional interests
include zoonoses, tropical and travel medicine, Hajj medicine,
and medical parasitology.
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To assess the global incidence and clinical effects of
human trichinellosis, we analyzed outbreak report data for
1986—2009. Searches of 6 international databases yielded
494 reports. After applying strict criteria for relevance and
reliability, we selected 261 reports for data extraction. From
1986 through 2009, there were 65,818 cases and 42 deaths
reported from 41 countries. The World Health Organization
European Region accounted for 87% of cases; 50% of
those occurred in Romania, mainly during 1990-1999.
Incidence in the region ranged from 1.1 to 8.5 cases per
100,000 population. Trichinellosis affected primarily adults
(median age 33.1 years) and about equally affected men
(51%) and women. Major clinical effects, according to 5,377
well-described cases, were myalgia, diarrhea, fever, facial

Author affiliations: University of Copenhagen, Copenhagen,
Denmark (K.D. Murrell); and Istituto Superiore di Sanita, Rome,
Italy (E. Pozio)

DOI: http://dx.doi.org/10.3201/eid1712.110896

2194

edema, and headaches. Pork was the major source of
infection; wild game sources were also frequently reported.
These data will be valuable for estimating the illness
worldwide.

Since the mid-19th century, trichinellosis has been
a well-recognized meat-borne zoonosis; however,
despite concerted control efforts, it remains a threat in many
countries. Veterinary control over the slaughter of food
animals to ensure food safety, particularly meat inspection,
was introduced in Germany in 1866 specifically to prevent
trichinellosis from pork infected with the muscle larvae
of Trichinella spiralis (1). In the European Union, the
estimated annual cost incurred from meat inspection of 167
million pigs (2) ranges from €25 million to €400 million
(3). Even in countries without mandatory meat inspection
(e.g., United States), the economic cost of selling pork in
international and national markets is substantial (4).
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The epidemiology and systematics (i.e., the study of
the diversification) of this zoonosis are now recognized
to involve, in addition to T. spiralis, 7 other species in 4
genotypes, all of which are more commonly found in wild
animals than in domestic pigs (5). Trichinella spp. have
been found in domestic and wild animals in 66 countries (6).
Human trichinellosis has been documented in 55 countries,
particularly those with well-established food behavior that
includes consuming meat dishes with raw or undercooked
meat (6). Whether trichinellosis is a low-prevalence disease
or is frequently misdiagnosed is not clearly understood;
its detection can be difficult in low-level infections and
its clinical manifestations overlap those of other diseases,
such as influenza and chronic fatigue syndrome (7). Human
infection is classically characterized by gastroenteritis;
myalgia; malaise; facial edema; headache; subungual or
conjunctival hemorrhages; and increased eosinophils,
leukocytes, and muscle enzymes (7).

Reliable estimates of the incidence of trichinellosis
among humans and its effect on health are not available;
these estimates are necessary for setting priorities. In
the 1990s, the global prevalence of trichinellosis was
~10 million, and a recent incidence estimate suggested
~10,000 infections per year (6). However, because of
problems related to incomplete data from some regions
and to the quality of diagnostic criteria for infection, the
Foodborne Disease Burden Epidemiology Reference
Group of the World Health Organization (WHO) requested
a systematic review of the global incidence, burden of
disease, and major sources of infection that used strict
criteria for data selection and extraction. Our analyses and
summaries of the epidemiologic and clinical data selected
provide a basis for an assessment of trichinellosis as a
public health problem.

Data Sources and Selection Criteria

We retrospectively reviewed trichinellosis outbreak
investigations conducted worldwide during 1986-2009.
The data analysis focused on incidence, age and sex of
patients, infection rates, major clinical aspects including
sequelae, and meat sources of infection. The database
we developed was geographically organized according
to the WHO regions (www.who.int/choice/demography/
regions/en): African Region, 46 countries; Region of the
Americas, 12 countries; Eastern Mediterranean Region,
22 north African and Middle Eastern countries; European
Region, 44 European and 6 Asian countries; South-East
Asian Region, 11 east Asian countries; and Western Pacific
Region, 27 countries. Data searches of literature included
PubMed, Centres for Agricultural Bioscience International
(CABI) abstracts, WHO library, System for Information on
Gray Literature, Pan America Health Organization Virtual
Library, and Index Medicus for South-East Asian Region.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011
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The search terms used were trichinosis, trichinellosis,
trichinelliasis, and trichinella. These were combined with
the terms prevalence, outbreaks, epidemiology, clinical
symptoms, and duration. The search terms were also
combined with pork, pig, wild boar, wild pig, warthog,
horse, badger, jackal, cougar, walrus, armadillo, turtle, and
bear meat. Published abstracts were screened for retention
by using the criteria of relevance to human outbreaks or
single cases occurring from 1986 through 2009 and by
determining whether the report was based on original data
(primary source or unpublished data managed by national
government agencies). The full paper versions of selected
abstracts were then obtained where possible and further
screened and evaluated. Outbreak reports published >1
time were occasionally encountered, and care was taken to
prevent duplication of data in the database; preference was
given to published international, peer-reviewed versions.
In some instances, data were obtained through contact
with scientists in countries of interest who had access to
unpublished and detailed information about outbreaks;
these sources are indicated in the reference lists in the
online Technical Appendix (wwwnc.cdc.gov/EID/pdfs/11-
0896-Techapp.pdf). In addition, information about isolated
outbreaks maintained by a national health system was
obtained for some countries through personal contacts (see
Acknowledgments). For reports in which English versions
were not available, translations were obtained through the
generous help of colleagues (see Acknowledgments).

Definitions

Reports, published or unpublished, were excluded from
the database if the diagnosis of Trichinella spp. infection
was not based on a diagnostic procedure that we defined
as confirmatory. Although direct demonstration of muscle
larvae infection in biopsy samples is now infrequent,
reliance solely on serologic testing to confirm infection
can be problematic (8). Therefore, a serologically positive
case was included in the database only if the sample was
confirmed by a Western blot test or if the patient’s illness
could be classified as highly probable according to the
clinical diagnostic algorithm published by Dupouy-Camet
and Bruschi (7), in which a patient with a positive serologic
test result must also exhibit >1 classical trichinellosis signs
and symptoms (e.g., myalgia, facial edema, headaches,
diarrhea, eosinophilia).

We took a conservative approach in extracting
clinical data for the analysis of frequency of major signs
and symptoms in patients with Trichinella spp. infections
and excluded report data if there was lack of clarity and
reliability of clinical procedures and laboratory tests
used to confirm infection. However, in some instances of
inadequate clinical descriptions, the report was retained
if it otherwise presented useful epidemiologic data.
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Consequently, the total number of human infections (Tables
1-3) exceeds the number of cases used to summarize the
frequency of major signs and symptoms (Table 4). Except
in rare cases, clinical data were extracted from outbreak
reports only if the data were from multiple cases that met
these criteria; exceptions were reports of single cases from
countries with rare occurrences of trichinellosis but that
had good clinical and laboratory confirmation data (e.g.,
Korea, Japan, India).

From the original 494 abstracts identified from
literature searches, 378 were judged to potentially meet the
criteria for data extraction, and full articles were obtained
for most abstracts. From these, 261 reports were retained for
data extraction and inclusion. A major reason for rejection
of articles was failure to meet the criteria for confirmation
of infection, especially interpretation of serologic results.

Incidence

In Table 2, the incidence (100,000 person-years) is
reported for specific periods because the data were obtained
over a shorter period than the formal study interval (1986—
2009). For some countries, when incidence figures were not
reported in published papers or national health reports, we
calculated incidence from data available in the referenced
reports by using the WHO World Population Prospects
(the 2008 revision) (http://esa.un.org/wpp/unpp/p2k0data.
asp). Overall, from 1986 through 2009, there were 65,818
cases and 42 deaths from trichinellosis reported from 41
countries (Tables 1-3). The European Region accounted
for 86% of cases (56,912), of which 28,564 (50%) occurred
in Romania, mainly during 1990-1999. The full references
for specific country reports summarized in Tables 2—5 are
available in the online Technical Appendix.

Of 46 countries in the African Region, trichinellosis
has been documented only among soldiers in the Gojjam
region and policemen in the Arsi region of Ethiopia, a
country where the Christian population accounts for ~60%
of the total population. In the Eastern Mediterranean
Region, trichinellosis was documented only in the Christian
population of Lebanon and in Iran from the consumption of
wild boar meat (Table 2). In Algeria and Senegal, where
most of the population is Muslim, trichinellosis has been
documented only in Europeans (6).

In the European Region, 4 epidemiologic patterns are
discernable: 1) countries of eastern Europe where incidence
rates are >1 case/100,000 inhabitants (Bosnia-Herzegovina,
4.1; Bulgaria, 2.4-2.9; Croatia, 1.7-4.8; Latvia, 1.1-1.3;
Lithuania, 1.2-6.6; Romania, 2.9-8.5; and Serbia, 5.0);
2) countries with a low number of inhabitants where the
occurrence of a large outbreak results in a high incidence
rate (e.g., Israel, 3.0; Slovakia, 6.2; and Slovenia, 10.5);
3) 19 countries with a low incidence rate caused either by
sporadic infections or by a large general population that
reduces the incidence per 100,000 inhabitants even when
a large outbreak occurs; and 4) 21 countries where no
autochthonous infections were reported during the period.
Incidence in eastern Europe spiked during the late 1980s
and early 1990s and then decreased over the past decade.
This pattern may be linked to the political, social, and
economic changes that occurred with the breakup of the
former Soviet Union as described by Djordjevic et al. (9).
The gradual restoration of infrastructure related to food
safety (e.g., meat inspection, pig production management,
veterinary services) probably contributed substantially to
the decrease in incidence in these countries.

The number of cases in the Region of the Americas was
comparatively low (Table 1), except in Argentina (Table
2). National incidence estimates are limited for Region of
the Americas countries and published only for the United
States, Chile, and Argentina; data from Canada, Mexico,
and Argentina pertain only to selected states, provinces,
or districts that had large outbreaks. In Canada during the
period, a few large outbreaks in northern communities
among native people who consumed wild game accounted
for most of the outbreaks in the country. As an example of
the problem of informal or clandestine meat transportation,
2 outbreaks occurred among foreign hunters; in 1 outbreak,
the hunters transported infected bear home (France) and
unknowingly exposed friends and family (17 total cases).
For Canada and Greenland, trichinellosis was caused by
consumption of wild game harboring T. nativa, which does
not infect swine; no pork-transmitted Trichinella spp. have
been recorded in Canada for many years.

The risk for trichinellosis has decreased markedly
in the United States and Chile since the 1990s. The large
number of cases associated with Argentina contrasts with

Table 1. Clinically confirmed cases of trichinellosis in humans documented in World Health Organization regions, 1986—-2009

Region (no. countries)

No. (%) countries with trichinellosis

No. (%) documented human infections  No. (%) deaths

African Region (46) 1(2.17) 28 (0.04) 1(3.57)
Region of the Americas (12) 5 (42.67) 7,179 (10.90) 10 (0.10)
Eastern Mediterranean Region (22) 2(9.09) 50 (0.07) 0

European Region (50) 29 (58.00) 56,912 (86.47) 24 (0.04)
South-East Asian Region (11) 1(9.69) 219 (0.33) 1 (0.50)
Western Pacific Region (27) 3(11.11) 1,344 (2.04) 6 (0.40)
Other* NA 86 (0.13) 0

Total (168) 41 (24) 65,818 (100.00) 42 (0.40)

*Infections acquired in countries other than the one in which diagnosis occurred. NA, not applicable
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the situation among other countries in South America. The they brought with them (10). Although incidence data from
cases in Argentina may be related to the European origins Mexico and Argentina are limited, trichinellosis outbreaks
of persons immigrating there and the risky food behavior are reported frequently in Argentina from domestic pork,

Table 2. Total cases and incidence of Trichinella spp. infections, by World Health Organization region and country, 1986—2009*

Region/country Years No. cases Average incidencet
African Region, Ethiopia 1986 8 0.02
1990 20 0.04
Region of the Americas 7,179
Argentina 1990-2005 5,221 1.48
Canada 1987-2009 257 0.03
Chile 1991-2004 698 0.36
Mexico 1986-2001 351 0.02
United States 1987-2007 652 0.016-0.004
Eastern Mediterranean Region 50
Iran 2007 6 0.008
Lebanon 1995 44 1.25
European Region 56,912
Belarus 1988, 1989 16 0.08, 0.55
Bosnia and Herzegovina 1993-2003 1,600 0.1-8.0
Bulgaria 1990-2006 4,108 2.9
Croatia 1994-2009 2,110 0.02-12.3
Czech Republic 1986-2009 31 0.01
Estonia 1986-2009 91 0.0-2.9
France 1986-2009 1,203 0.00-0.95
Georgia 1988 3 0.05
Germany 1986—-2009 185 0.00-0.01
Greece 2009 1 0.008
Hungary 1986-2009 158 0.18-0.057
Ireland 2007 2 0.04
Israel 2002, 2004 230 0.5, 3.0
Italy 1986-2009 1,181 0.0-0.9
Kyrgyzstan 1996 10 0.2
Latvia 1986—-2009 636 0.07-3.8
Lithuania 1989-2009 3,979 0.4-21.8
Macedonia 1992 6 0.3
Poland 1986-2007 3,084 0.05-1.5
Romania 1986-2007 28,564 1.7-16.1
Russia 1996-2002 971 0.3-0.6
Serbia 1994-2003 5,210 1.8-7.8
Slovakia 1986-2008 440 0.0-6.2
Slovenia 1989-2006 203 0.00-10.5
Spain 1986-2009 1,244 0.0-0.4
Switzerland 1994, 2009 4 0.01, 0.04
Turkey 2003, 2004 425 0.01, 0.59
United Kingdom 1999 7 0.01
Ukraine 1986-2009 1,210 0.00-0.30
South-East Asian Region 219
India 1996-2002 3 0.0003
Thailand 1993-2007 216 0.35
Western Pacific Region 1,344
Japan 1999-2005 4 NA
South Korea 1999-2003 8 0.016
Laos 2004-2006 123 2.09
People’s Republic of China 1995-2009 1,137 NA
Singapore 1998 25 0.64
Vietham 2001-2004 47 0.058

*The detailed data and references for each country are available in the online Technical Appendix (wwwnc.cdc.gov/EID/pdfs/11-0896-Techapp.pdf),
section A. NA, insufficient data for incidence calculation.
TIncidence/100,000 person-years. For some countries, incidence was not reported and was calculated from data available in the report referenced.
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Table 3. Trichinellosis acquired in locations different from those
where the disease developed and was diagnosed, 1986—-2009*
Country where infection
developed and was

Country where infection was

diagnosed acquired (no. clinical cases)
Austria Yugoslavia (10)
Belgium Canada (1)
Czech Republic Poland (2), Ukraine (2), France (1)
Denmark Poland (12)
France Algeria (6), Cameroon (1), Canada
(13), Croatia (1), Greenland (2),
Kenya (2), Laos (5), Senegal (5),
Spain (1), Thailand (1), Turkey (3),
Yugoslavia (1)
Germany Canada (1), Poland (3)
Italy Romania (4)
The Netherlands Yugoslavia (3), Montenegro (5)
Hong Kong Canada (1)

*Complete data and references are available in the online Technical
Appendix (wwwnc.cdc.gov/EID/pdfs/11-0896-Techapp.pdf), section B.

indicating that a substantial pig husbandry risk persists in
that country.

The Asian countries of the Western Pacific Region
and the South-East Asian Region reported few outbreaks
during the period (Tables 1, 2). Although large outbreaks
in the People’s Republic of China have been reported (11),
the criteria for selection of reports and data extraction
eliminated some reports because of insufficient diagnostic
detail to meet the confirmation criteria. Most of the
outbreaks reported from Thailand, Laos, and Vietnam,
occurred in the northern mountainous regions among
the indigenous people who practice free-roaming pig
husbandry (12-14). After a 30-year period of no reports
of trichinellosis cases, Laos recently experienced several
outbreaks (12). The estimated incidence in rural areas of
that country is high, which suggests a possible emerging
problem there.

Globally, reporting of trichinellosis varies greatly. A
major factor affecting the collection of epidemiologic and
clinical data is an absent or inadequate national reporting
system. For example, in some countries of eastern Europe
(e.g., Bosnia-Herzegovina, Byelorussia, Georgia, Moldavia,

Romania, Russia, Ukraine) trichinellosis occurs frequently
in villages during the winter, and infection might not be
diagnosed and subsequently reported unless infection is
sufficiently severe to require hospitalization or the cases are
part of a larger outbreak that requires attention from public
health authorities (A. Marinculic, M.C. Cretu, W. Kociecka,
N. lashvili, N. Bogatko, pers. comm.). For example, in
Romania, most of the 20,059 cases documented during
1990-1999 pertain to hospitalized persons only. However,
for each hospitalized person, there are probably others in
whom a moderate or mild infection developed that did not
justify the travel and costs that would be incurred in seeking
attention for diagnosis and treatment. Consequently, they
are not usually officially recorded as having trichinellosis
(M.C. Cretu, pers. comm.). In countries where most of the
population is Muslim, Trichinella spp. infection is rare and
may not be reported at all because of a scarcity of physicians,
lack of good diagnostic tools, and occurrence in remote
arcas. In contrast, in industrialized countries such as those
of Western Europe, United States, and Canada, nearly all
cases are more likely to be detected and recorded, including
asymptomatic cases associated with large outbreaks. For
these reasons, the data we present may underrepresent the
incidence of trichinellosis in lesser developed countries in
comparison to that in industrialized and affluent countries.

Sex- and Age-specific Infection

Data from clinical reports (Table 5) demonstrate that
trichinellosis is a disease primarily of adults, occurring
about equally among both sexes (2,631 [51%] of 5,154
infections occurred in male patients). Infection in male
patients did occur more frequently, however, in Ethiopia
(100%), Vietnam (91%), Japan and South Korea (75%),
Thailand (64%), and China (57%). Age-specific infection
data (Table 5) show the highest proportion of cases,
for both sexes, was among persons 2050 years of age
(median 33.1 years). Data on age-specific prevalence rates
were rarely reported; however, recent improvements in
diagnosis of trichinellosis, particularly immunodiagnostic
methods, may encourage more human prevalence surveys

Table 4. Frequency of major clinical signs associated with trichinellosis among World Health Organization regions, 1986—2009*

Clinical sign, no. cases

Total no. Facial and/or

Region casest Diarrhea Myalgia Fever eyelid edema Headache Eosinophilia Deaths
African Region 28 28 8 11 8 6 6 0
Region of the Americas 1,229 400 969 821 790 410 606 10
Eastern Mediterranean 45 43 42 41 Not reported 30 0 4
Region

European Region 3,118 798 1,971 1,387 1,617 351 1,850 24
South-East Asian Region 210 82 206 103 102 71 97 1
Western Pacific Region 747 79 409 474 429 104 180 8

Total no. (%)

5,377 (100.0) 1,430 (27.0) 3,605 (67.0) 2,837 (53.0) 2,946 (55.0)

972 (18.0) 2,739 (51.0) 35 (1.0)

*Report references are available in the online Technical Appendix (wwwnc.cdc.gov/EID/pdfs/11-0896-Techapp.pdf), section C.
TCases included in this table were selected from all reports on the basis of detailed descriptions of clinical data in the reports.
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Table 5. Demographic data on trichinellosis patients, by World Health Organization region and country, 1986—2009*

% Male patients
(total no. cases)t

Region/country

Age, y, of infected persons (no. cases)

African Region: Ethiopia 100 (28) Range 23-25 (3); mean 24 (3)
Region of the Americas

Canada 62.1 (150) Range 21-67 (85); mean 34.4 (65)

Chile 60 (667) Range 5-70 (667)

Mexico 35 (59) Range 25-44 (59)

United States 57.5 (632) Range 1-87 (412); mean 42.0 (126); median 37.1 (232)
Eastern Mediterranean Region: Lebanon 54 (44) Range 10-70 (44); mean 33 (44)
European Region

Bulgaria 49 (228) Range 1-70 (228)

Croatia 57 (200) Range 3-67 (200); mean 35 (200)

Czech Republic 41.9 (31) Range 9-68 (31); mean 35.9 (31)

France 51.4 (586) Range 1-84 (581); mean 43.8 (581)

Germany 51.9 (104) Range 1-73 (101); mean 34.8 (101)

Israel 100 (26) Mean 32 (26)

Italy 50.3 (382) Range 1-90 (368); mean 36.7 (368)

Romania 53.2 (521) Range 1- >60 (521); mean 31.4 (521)

Slovakia 63.6 (11) Range 16-80 (21); mean 40.5 (21)

Spain 57.5 (237) Range 2-86 (140); mean 40.7 (177)

Turkey 52.6 (418) Range 1.5-73 (418); mean 31.1 (418)
South-East Asian Region: Thailand 71 (165) Range 7-70 (210); mean 35.6 (208); median 34.5 (140)
Western Pacific Region

Laos 47 (111) Range 5-69 (111); mean 30.4 (90); median 34 (21)

People’s Republic of China 58.2 (802) Range 1-90 (482)

Vietnam 92 (42) Range 20-60 (42); mean 45.4 (42)

Singapore 56 (25) Mean 22.5 (25)

*Clinical details and report references are available in the online Technical Appendix (wwwnc.cdc.gov/EID/pdfs/11-0896-Techapp.pdf), section D.
tData are from reports that presented adequate sex and age data on >10 cases during 1986—2009.

and surveillance for trichinellosis that could yield better
information about sex- and age-specific rates.

Although infections also occur in children and teenagers,
the predominance of infection in adults probably results from
culture-driven food behavior. Improperly cooked or prepared
meat dishes may be more commonly eaten at adult-oriented
events, particularly if alcohol is consumed. There are only a
few published studies on the link between food behavior and
trichinellosis (15,16), but this potential behavioral risk factor
is similar to that that occurs in other foodborne parasites,
such as fish-borne parasites (17).

Clinical Signs and Sequelae

For 5,377 cases, the chief clinical signs of trichinellosis
were compatible in type and frequency with the classical
trichinellosis syndrome (7), i.e., myalgia, diarrhea,
fever, facial edema, and headaches that, after treatment,
disappeared within 2-8 weeks (Table 4). Their rapid
recovery reflects improvements in diagnostic methods,
drug therapy, and public health education. The more rapid
diagnosis and treatment in recent decades may also account
for the low death rate; 42 deaths occurred worldwide
during the 24-year period. Determining the disease burden
of trichinellosis, however, is hampered by lack of data on
the long-term sequelae of infection; few clinical reports
included posttreatment follow-up evaluations, particularly

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011

beyond 1 month. The few studies that included follow-up
over a longer time span indicate that myalgia and fatigue
can persist for 4 months and, in a substantial proportion
of cases, for up to 2 years (18-20). There is a need for
internationally recognized epidemiologic and clinical
protocols for trichinellosis outbreaks that include follow-
up investigations that would facilitate reliable calculations
of disease estimates.

Sources of Infection

Domestic pigs and wild boars were the major sources
of Trichinella spp. infection for humans, but in recent
years new infection sources, particularly from exotic
hosts, have emerged (Table 6). An example is the cause of
outbreaks in France, where in addition to wild boar sources,
most trichinellosis cases for the past 2 decades have
resulted from consumption of raw horse meat, a strong
food preference in French culture (21). In Italy, human
infections from consumption of horse meat have also been
documented in 2 areas (Emilia Romagna and Lombardy
regions in northern Italy and the Apulia region in southern
Italy), where the French fondness for raw horse meat was
introduced centuries ago (16). In China and the Slovak
Republic, dog meat was the source of infection in several
outbreaks (22,23). Although Judaic and Muslim religions
forbid the consumption of pork, in Israel, Lebanon, and
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Table 6. Types of meat linked to trichinellosis cases and outbreaks in the world, by World Health Organization region and country,

1986-2009*
Meat source, % cases or outbreaks
Region/country Domestic pig Wild game Other
African Region: Ethiopia 0 100 0
Region of the Americas
Argentina, Chile 100 0 0
Canada 0 100 0
United States 57 43 0
Mexico 86 0 14 (horse)
Eastern Mediterranean Region: Iran and Lebanon 0 100 0
European Region
Belarus, Croatia, Georgia, Macedonia, Serbia, United Kingdom 100 0 0
Estonia, Turkey, Ukraine 50 50 0
France 0 65 35 (horse)
Germany 83 17 0
Greece, Israel 0 100 0
Hungary 52 48 0
Italy 38 38 24 (horse)
Lithuania 48 52 0
Poland 41 59 0
Romania 95 5 0
Slovakia 50 25 25 (dog)
Spain 60 40 0
South-East Asian Region: Thailand 50 50 0
Western Pacific Region
People’s Republic of China 86 13 1 (dog and others)
Japan 25 75 0
South Korea 0 100 0
India, Laos, Papua New Guinea 50 50 0
Singapore, Vietnam 100 0 0

*Data for each country aggregated from our database of studies. Data are from reports cited in the online Technical Appendix

(wwwnc.cdc.gov/EID/pdfs/11-0896-Techapp.pdf), section A.

Syria human outbreaks of trichinellosis have occurred after
consumption of meat from wild boars among the Christian
Arab population and immigrant laborers (24-27). Muslim
populations are not entirely protected from acquiring
trichinellosis, however, as demonstrated by a large outbreak
in Turkey from the consumption of minced beef illegally
mixed with pork of unknown origin (Table 2) (28).

The demographic movements of humans with culturally
unique food practices, the illegal importation of uncontrolled
meat from trichinellosis-endemic to -nonendemic countries,
and the introduction of risky new food practices have resulted
in cases in Denmark, Germany, Italy, Spain, Sweden, and
the United Kingdom (Tables 2, 3) (29-33). Many cases of
trichinellosis have occurred among international travelers
who acquired Trichinella spp. infections while visiting or
hunting in disease-endemic areas and the disease developed
after they returned to their home countries (Table 3) (34-38).

Issues Affecting the Effective
Control of Trichinellosis

Human behavior is the biggest determinant in the
persistence of trichinellosis in the face of increasing
regulations directed at ensuring the safety of meat and the
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enhancement of good management practices in farming,
especially in areas in which trichinellosis is highly endemic,
such as the European and the Americas regions. Of
particular concern is an increase in the association of wild
animals with domestic pigs. For example, in the United
States, the expansion of the range of feral pigs (wild boars)
into major areas of pig production, including free-range
systems, may increase the risk for incursion of Trichinella
spp. into the human food chain (39). The increased
frequency of outbreaks from eating pork from wild boars in
Europe is believed to be related to the great increase in wild
boar populations (40). As with other foodborne zoonoses,
cultural traditions in food behavior and practices in the use
of domestic and wild animals are not easily altered, and
trichinellosis can be expected to remain a food-safety risk
in many areas of the world for the foreseeable future.

Acknowledgments

We thank the following persons for their willingness to
provide articles, national data on human trichinellosis incidence,
or translations for key articles and abstracts: N. Akkoc, H.
Auer, R. Beck, S. Boutsini, J.Y. Chai, G. Deksne, Do Dung, P.
Dubinsky, J. Dupouy-Camet, J. Epshtein, T. Garate, E. Golab,

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011



M.A. Goémez Morales, B. Gottstein, L. Kolarova, T. Kortbeek,
A. Malakauskas, Y. Nawa, Nguyen De, K. Nockler, Ming-Bao
Quiang, M. Ribicich, and J. Waikagul.

Dr Murrell is honorary professor at the Faculty of Life

Sciences, University of Copenhagen, Denmark, and primarily

associated with the WHO/Food and Agricultural Organization of

the United Nations Collaborating Centre for Parasitic Zoonoses.

His primary research interests are meat-borne and fish-borne

parasitic zoonoses.

Dr Pozio is a parasitologist in the Department of Infectious,

Parasitic and Immunomediated Diseases at Istituto Superiore di
Sanita, Rome, Italy. His research interests include foodborne
parasitic zoonoses, particularly trichinellosis, echinococcosis,
opisthorchiasis, cryptosporidiosis, and giardiasis.

References

10.

11.

12.

Campbell WC. Historical introduction. In: Campbell WC, editor.
Trichinella and trichinosis. New York: Plenum Press; 1983. p. 1-30.
Alban L, Pozio E, Boes J, Boircau P, Boué F, Claes M, et al. To-
wards a standardised surveillance for Trichinella in the European
Union. Prev Vet Med. 2011;99:148-60. doi:10.1016/j.prevetmed.
2011.02.008

Kapel CM. Changes in the EU legislation on Trichinella in-
spection—new challenges in the epidemiology. Vet Parasitol.
2005;132:189-94. doi:10.1016/j.vetpar.2005.05.055

Pyburn DG, Gamble HR, Wagstrom EA, Anderson LA, Miller LE.
Trichinae certification in the United States pork industry. Vet Parasi-
tol. 2005;132:179-83. doi:10.1016/j.vetpar.2005.05.051

Pozio E, Hoberg E, La Rosa G, Zarlenga DS. Molecular taxono-
my, phylogeny and biogeography of nematodes belonging to the
Trichinella genus. Infect Genet Evol. 2009;9:606-16. doi:10.1016/j.
meegid.2009.03.003

Pozio E. World distribution of Trichinella spp. infections in ani-
mals and humans. Vet Parasitol. 2007;149:3-21. doi:10.1016/j.
vetpar.2007.07.002

Dupouy-Camet J, Bruschi F. Management and diagnosis of hu-
man trichinellosis. In: Dupouy-Camet J, Murrell KD, editors. FAO/
WHO/OIE guidelines for the surveillance, management, prevention
and control of trichinellosis. Paris: World Organisation for Animal
Health; 2007. p. 37-68.

Gomez-Morales MA, Ludovisi A, Amati M, Cherchi S, Pezzotti P,
Pozio E. Validation of an ELISA for the diagnosis of human trichi-
nellosis. Clin Vaccine Immunol. 2008;15:1723-9. doi:10.1128/
CVI.00257-08

Djordjevic M, Bacic M, Petricevic M, Cuperlovic K, Malakauskas A,
Kapel CM, et al. Social, political, and economic factors responsible
for the reemergence of trichinellosis in Serbia: a case study. J Para-
sitol. 2003;89:226-31. doi:10.1645/0022-3395(2003)089[0226:SPA
EFR]2.0.CO;2

Pozio E, Murrell KD. Systematics and epidemiology of Trichi-
nella. Adv Parasitol. 2006;63:367-439. doi:10.1016/S0065-
308X(06)63005-4

Cui J, Wang ZQ, Xu BL. The epidemiology of human trichinellosis
in China during 2004-2009. Acta Trop. 2011;118:1-5. doi:10.1016/j.
actatropica.2011.02.005

Barennes H, Sayasone S, Odermatt P, De Bruyne A, Hongsakhone
S, Newton PN, et al. A major trichinellosis outbreak suggesting a
high endemicity of Trichinella infection in northern Laos. Am J Trop
Med Hyg. 2008;78:40-4.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Human Trichinellosis

Kaewpitoon N, Kaewpitoon SJ, Pengsaa P. Food-borne parasitic
zoonosis: distribution of trichinosis in Thailand. World J Gastroen-
terol. 2008;14:3471-5. doi:10.3748/wjg.14.3471

Vu Thi N, Dorny P, La Rosa G, To Long T, Nguyen Van C, Pozio
E. High prevalence of anti-Trichinella IgG in domestic pigs of
the Son La province, Vietnam. Vet Parasitol. 2010;168:136—40.
doi:10.1016/j.vetpar.2009.10.024

Blaga R, Durand B, Antoniu S, Gherman C, Cretu CM, Cozma V,
et al. A dramatic increase in the incidence of human trichinellosis
in Romania over the past 25 years: impact of political changes and
regional food habits. Am J Trop Med Hyg. 2007;76:983—6.
Gottstein B, Pozio E, Nockler K. Epidemiology, diagnosis, treatment,
and control of trichinellosis. Clin Microbiol Rev. 2009;22:127-45.
doi:10.1128/CMR.00026-08

Chai JY, Murrell KD, Lymbery AJ. Fish-borne parasitic zoonoses:
status and issues. Int J Parasitol. 2005;35:1233-54. doi:10.1016/
j-ijpara.2005.07.013

Jongwutiwes S, Chantachum N, Kraivichian P, Siriyasatien P, Puta-
porntip C, Tamburrini A, et al. First outbreak of human trichinellosis
caused by Trichinella pseudospiralis. Clin Infect Dis. 1998;26:111—
5. doi:10.1086/516278

Watt G, Saisorn S, Jongsakul K, Sakolvaree Y, Chaicumpa W. Blind-
ed, placebo-controlled trial of antiparasitic drugs for trichinosis my-
ositis. J Infect Dis. 2000;182:371-4. doi:10.1086/315645

Calcagno MA, Teixeira C, Forastiero MA, Costantino SN, Ventu-
riello SM. Clinical, serological and parasitological aspects of an
outbreak of human trichinellosis in Villa Mercedes, San Luis, Ar-
gentina. The acute and chronic phases of the infection [in Spanish].
Medicina (B Aires). 2005;65:302—6.

Boireau P, Vallée I, Roman T, Perret C, Mingyuan L, Gamble HR,
et al. Trichinella in horses: a low frequency infection with high
human risk. Vet Parasitol. 2000;93:309-20. doi:10.1016/S0304-
4017(00)00348-4

Dubinsky P, Stefancikova A, Kincekova J, Ondriska F, Reiterova
K, Medvedova M. Trichinellosis in the Slovak Republic. Parasite.
2001;8(2 Suppl):S100-2.

Liu M, Boireau P. Trichinellosis in China: epidemiology and
control. Trends Parasitol. 2002;18:553-6. doi:10.1016/S1471-
4922(02)02401-7

Haim M, Efrat M, Wilson M, Schantz PM, Cohen D, Shemer J. An
outbreak of Trichinella spiralis infection in southern Lebanon. Epi-
demiol Infect. 1997;119:357-62. doi:10.1017/S0950268897007875
Hefer E, Rishpon S, Volovik I. Trichinosis outbreak among Thai im-
migrant workers in the Hadera sub-district [in Hebrew]. Harefuah.
2004;143:656-60, 694.

Marva E, Markovics A, Gdalevich M, Asor N, Sadik C, Leventhal A.
Trichinellosis outbreak. Emerg Infect Dis. 2005;11:1979-81.
Olaison L, Ljungstrom I. An outbreak of trichinosis in Lebanon.
Trans R Soc Trop Med Hyg. 1992;86:658—60. doi:10.1016/0035-
9203(92)90178-F

Akkoc N, Kuruuzum Z, Akar S, Yuce A, Onen F, Yapar N, et al. A
large-scale outbreak of trichinellosis caused by Trichinella britovi
in Turkey. Zoonoses Public Health. 2009;56:65-70. doi:10.1111/
j-1863-2378.2008.01158.x

Milne LM, Bhagani S, Bannister BA, Laitner SM, Moore P, Eza
D, et al. Trichinellosis acquired in the United Kingdom. Epidemiol
Infect. 2001;127:359-63. doi:10.1017/S0950268801005994

Pozio E, Marucci G. Trichinella-infected pork products: a dan-
gerous gift. Trends Parasitol. 2003;19:338. doi:10.1016/S1471-
4922(03)00138-7

Gallardo MT, Mateos L, Artieda J, Wesslen L, Ruiz C, Garcia MA,
et al. Outbreak of trichinellosis in Spain and Sweden due to con-
sumption of wild boar meat contaminated with Trichinella britovi.
Euro Surveill. 2007;12:E070315.1.

2201



SYNOPSIS

32. Nockler K, Wichmann-Schauer H, Hiller P, Miiller A, Bogner K.  37. Ancelle T, De Bruyne A, Niang M, Poisson D-M, Prazuck T, Fur
Trichinellosis outbreak in Bavaria caused by cured sausage from A, et al. Outbreak of trichinellosis caused by Trichinella nativa due
Romania, January 2007. Euro Surveill. 2007;12:E070823.2. to consumption of bear meat [in French]. Bulletin Epidémiologique

33. Stensvold CR, Nielsen HV, Mglbak K. A case of trichinellosis Hebdomadaire. 2006;14:96-8.
in Denmark, imported from Poland, June 2007. Euro Surveill.  38. Houzé S, Ancelle T, Matra R, Boceno C, Carlier Y, Gajadhar AA, et
2007;12:E070809.3. al. Trichinellosis acquired in Nunavut, Canada in September 2009:

34. Dupouy-Camet J, Allegretti S, Truong TP. Enquete sur I’incidence meat from grizzly bear suspected. Euro Surveill. 2009;14:pii=19383.
de la trichinellose en France (1994-1995). Bulletin Epidémiologique ~ 39. Burke R, Masuoka P, Murrell KD. Swine Trichinella infec-
Hebdomadaire. 1998;28:122-3. tion and geographic information system tools. Emerg Infect Dis.

35. McAuley JB, Michelson MK, Schantz PM. Trichinellosis surveil- 2008;14:1109-11. doi:10.3201/eid14.07.071538
lance, United States, 1987-1990. MMWR CDC Surveill Summ. 40. Saaez-Royuela C, Telleriia JL. The increased population of the wild
1991;40:35-42. boar (Sus scrofa L.) in Europe. Mammal Rev. 1986;16:97-101.

36. Shiota T, Arizono N, Yoshioka T, Ishikawa Y, Fujitake J, Fujii H, et doi:10.1111/1.1365-2907.1986.tb00027.x
al. Imported trichinellosis with severe myositis—report of a case [in
Japanese]. Kansenshogaku Zasshi. 1999;73:76-82. Address for correspondence: K. Darwin Murrell, 5126 Russett Rd,

Rockville, MD 20853, USA; email: kdmurrell@comcast.net
past issues
1 .
www.cdc.gov/eid
2202 Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 17, No. 12, December 2011



Sealpox Virus in Marine Mammal
Rehabilitation Facilities,
North America, 2007-2009

Amira A. Roess,! Rebecca S. Levine, Laura Barth, Benjamin P. Monroe, Darin S. Carroll,
Inger K. Damon, and Mary G. Reynolds

Sealpox, a zoonotic disease affecting pinnipeds (seals
and sea lions), can occur among captive and convalescing
animals. We surveyed 1 worker each from 11 marine
mammal centers and interviewed 31 other marine mammal
workers to ascertain their knowledge of and experience with
sealpox virus and to identify factors associated with sealpox
virus outbreaks among pinnipeds in marine rehabilitation
facilities. Demographic and health data were obtained for
1,423 pinnipeds at the 11 facilities. Among the 23 animals
in which sealpox was clinically diagnosed, 4 arrived at the
facility ill, 11 became ill <5 weeks after arrival, and 2 became
ill >5 weeks after arrival; the timing of illness onset was
unknown for 6 animals. Most infections occurred in pinnipeds
<1 year of age. Nine affected animals were malnourished; 4
had additional ilinesses. Sealpox had also occurred among
workers at 2 facilities. Sealpox is a noteworthy zoonosis of
rehabilitating convalescing pinnipeds; workplace education
can help to minimize risks for human infection.

ealpox is a zoonotic disease of seals and sea lions

(pinnipeds) and can be a complication of animals
undergoing rehabilitation (1-4). The virus has been
confirmed in free-ranging pinnipeds in the northern
and southern Atlantic and Pacific Oceans (5,6), and
infections have been observed in animals off the coast of
Queen Maud’s Land, Antarctica (7). Sea lionpox virus is
taxonomically and genetically distinct from other sealpox
viruses found in Pacific Ocean pinnipeds (8); however, for
convenience, hereafter we will refer to sea lionpox virus as
sealpox virus.

Eight pinniped species are known to be susceptible to
infection with sealpox viruses: Halichoerus grypus (gray
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seals), Phoca vitulina (harbor seals), P. groenlandica (harp
seals), Callorhinus ursinus (northern fur seals), Mirounga
angustirostris  (northern elephant seals), Zalophus
californianus (California sea lions), Eumetopias jubatus
(steller sea lions), and Otaria flavescens (South American
sea lions) (9-13). Many of the reported infections have been
in young animals brought into rehabilitation environments
(1,11), but infections have also been observed among
animals in colonies undergoing exogenous stress (pollution,
food scarcity, other underlying infection) and, on occasion,
in otherwise seemingly healthy adults. Sealpox virus can
spread easily among confined animals and can increase
the costs and length of rehabilitation. Studies conducted
in pinniped rehabilitation centers have suggested that
underlying health conditions and a history of veterinary
care are risk factors for sealpox virus infection among
California sea lions (1,14).

Animals infected with sealpox virus typically show
development of firm skin nodules (1-3 cm) on the head,
neck, and thorax. Solitary clusters of nodules may also be
found on the abdomen, flippers, and mucosa or oral cavity
(6,13). The nodules frequently are inflamed or necrotic but
usually heal spontaneously within a few weeks, leaving
a slightly raised, gray, furless scar. Illness levels can be
substantial, but death rates generally are low except among
juveniles, for which infections can interfere with feeding
(1,2,14). The transmission dynamics of sealpox virus have
not been thoroughly investigated, but virus transmission is
thought to occur directly by skin-to-skin contact.

Sealpox viruses are tentatively classified in the genus
Parapoxvirus (15), which comprises multiple species of
virus that can infect humans. Other members of this genus—
namely, orf virus, pseudocowpox virus, and bovine papular

'Current affiliation: George Washington University, Washington,
DC, USA.
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stomatitis virus—commonly infect domestic ruminants and
pose a minor occupational hazard to producers of sheep,
goat, and cattle. The typical manifestations of infection in
humans with any of these agents, including sealpox virus,
are similar, usually culminating in a single nodular lesion
with a diameter of =<3 mm~—1 cm. The nodule is often painful
and evolves slowly over the course of several weeks.
Infected persons may also briefly experience systemic
signs and symptoms (fever, myalgia, fatigue) during the
initial stages of lesion formation.

Sealpox virus is likely transmitted to humans
when broken skin comes into contact with virus shed
from lesions (skin or oral) on infected pinnipeds. Two
epidemiologically linked and 1 molecularly confirmed case
of sealpox virus infection in marine mammal handlers have
been reported (16,17). In each case, the handler reported
cutting himself while handling pinnipeds that had lesions
indicative of sealpox virus infection. Although few sealpox
virus infections in humans have been reported, and risks to
marine mammal workers remain undefined, data indicate
that =50% of marine mammal handlers have been injured
by a marine mammal (18,19). The prevalence of human
sealpox virus infections may therefore be underestimated.

Since the Marine Mammal Protection Act was enacted
in 1972, researchers have documented sizable increases
in the abundance of animals of several pinniped species
in North America (20,21). Moreover, the number of live-
stranded pinnipeds brought to rehabilitation facilities in the
United States since the early 1970s has steadily increased
over an order of magnitude and now represents hundreds
of animals each year (22). Thus, compared with 40 years
ago, today more opportunities exist for encounters between
humans and convalescing pinnipeds.

To better understand the risks for sealpox virus
infection in humans, we conducted a study of marine
mammal workers at 11 marine mammal centers with
rehabilitation capacity for species in North American
waters; the objectives of the study were to ascertain the
workers’ knowledge of and experience with sealpox
virus and to identify factors associated with sealpox virus
outbreaks among pinnipeds in rehabilitation centers. In
addition, we also performed a survey of 31 marine mammal
workers attending a professional conference to learn about
their knowledge of and experience with sealpox infection
in humans and animals.

Methods

Study Population

During 2007-2009, we contacted 25 marine mammal
facilities in North America by phone or email to determine
whether they met our inclusion criteria and were willing to
participate in the survey. We invited facilities to participate
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that receive wild pinnipeds for research or rehabilitation
purposes. Only facilities that had housed >1 pinnipeds
during the previous year were asked to participate. Of the
25 marine mammal facilities contacted, 11 met the criteria
and agreed to participate. In addition, we asked marine
mammal workers attending a professional conference to fill
out a separate study survey; 31 agreed to participate.

Study Design

We asked each of the 11 facilities that met the
inclusion criteria to complete a questionnaire. From
each facility, 1 person with knowledge of the center (the
facility informant) provided the following information
about pinnipeds maintained at the facility during the past
12 months: number and species of animals; demographic
and health data; and information pertaining to quarantine
practices, animal housing, and medical monitoring. We
obtained written consent and sent surveys to participants
by email or fax. Surveys were designed by using LiveCycle
Enterprise Suite 2.5 software (Adobe, San Jose, CA, USA).
Completed surveys were returned to us by mail, fax, or
email.

Statistical Analyses

Data were entered in a spreadsheet and analyzed
by using IBM SPSS Statistics 17.0 (www-01.ibm.com/
software/analytics/spss). Frequencies and proportions
were calculated for the following categorical variables:
species, facility location, demographics, disinfectants used
for cleaning cages, and housing characteristics. Pinnipeds
were divided into 2 age groups, 1 comprising those <1
year of age (pups) and the other comprising those >1
year of age (adults). Free-text responses were coded into
categorical variables when appropriate. Odds ratios and
95% confidence intervals were calculated for potential risk
factors (age, location, sex) associated with animals who
had sealpox cases, where appropriate.

Results

Of the 11 marine mammal facilities surveyed, 5 were
located on the eastern (Atlantic) coast and 6 were located
on the western (Pacific) coast of North America (Table 1).
Survey informants who represented these facilities were
staff veterinarians or veterinary technicians (55%), self-
described facility directors (18%), or researchers and
rehabilitation trainers (27%). Survey informants provided
demographic and health information for 1,423 pinnipeds,
representing 14 species (Table 1). Of these pinnipeds, 47%
were California sea lions and 27% were harbor seals, and
84% of the animals were housed in facilities located along
the Pacific coast (Table 1). Five species were represented
on both coasts. Fifty-five percent of pinnipeds described
were male, and 83% were <1 year of age.
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Table 1. Characteristics and infection status for 1,423 pinnipeds at 11 marine mammal centers in the 12 months before survey of

marine mammal centers, North America, 2007-2009

No. animals
Sex Facility location * With
M, F, Pacific coast, Atlantic coast, sealpoxt, Total,

Species, age group, and residential status n=780f n=643§ n=1,1989 n=227# n=23 N =1,423
Animal (species)

California sea lion (Zalophus californianus) 365 301 662 4 8 666

Stellar sea lion (Eumetopias jubatus) 15 19 25 9 0 34

Northern fur seal (Callorhinus ursinus) 26 15 38 3 0 41

Northern elephant seal (Mirounga angustirostris) 101 72 173 0 1 173

Ribbon seal (Histriophoca fasciata) 1 0 1 0 0 1

Hooded seal (Cystophora cristata) 3 1 0 4 0 4

Gray seal (Halichoerus grypus) 45 18 0 63 3 63

Harp seal (Phoca groenlandica) 17 18 0 35 0 35

Harbor seal (P. vitulina) 198 191 290 99 11 389

Ringed seal (P. hispida) 1 1 2 2 0 2

Spotted seal (P. largha) 2 0 2 0 0 2

Guadalupe fur seal (Arctocephalus gazella) 2 2 4 0 0 4

Bearded seal (Erignathus barbatus) 4 4 0 8 0 8

South American sea lion (Otaria flavescens) 0 1 1 0 0 1
Age group

Pup, <1y of age 725 455 969 211 20 1,180

Adult 55 189 229 14 3 243
Residential status**

Rescue/rehabilitation 661 626 1,071 216 23 1,287

Resident/other 119 17 127 9 0 136

*A total of 6 and 5 facilities each were located on the Pacific and Atlantic coasts, respectively.
1~30 animals were reported to have sealpox, but information regarding species type, age group, and sex was available for only 23. Thus, only these 23
were included in the analysis. Of the 23 ill animals, 5 had laboratory-confirmed sealpox virus infection.

1Fifteen of 780 animals were ill.
§Eight of 643 animals were ill.
{[Fourteen of 1,198 animals were ill.
#Nine of 225 animals were ill.

**Rescue/rehabilitation refers to pinnipeds that were brought in from the wild for rehabilitation; Resident/other refers to animals brought in for purposes

other than rehabilitation.

Informants were asked to recall the approximate
numbers of animals in which sealpox was clinically
diagnosed during the previous year. If informants
provided a range of case counts, the lower number was
selected. For the 12-month period, an estimated 30 (2%)
animals at the 11 facilities had sealpox; 25 diagnoses
were presumptive (based on clinical suspicion) and 5
were laboratory confirmed (positive PCR or electron
microscopy results). Demographic and health data were
not available for 7 animals with presumptive sealpox;
thus, these animals were not included in subsequent
analyses, leaving a total of 23 infected pinnipeds at 9
centers for analysis of characteristics associated with
sealpox virus infection. Individual animals from 4 species
were identified as having sealpox: California sea lions (8),
harbor seals (11), gray seals (3), and northern elephant
seals (1) (Table 2). Sealpox was diagnosed upon arrival
at a center for 5 (22%) animals (all wild), <5 weeks after
arrival for 11 (48%) animals, and >5 weeks after arrival
for 2 (9%) animals (Table 2). The timing of illness onset
was independent of the animal’s geographic location,
species, and age. Most (83%) sealpox was diagnosed in
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pups, but the prevalence of infection was equivalent for
adults and pups (1.2% and 1.8%, respectively).

Of the ill animals, 9 (39%) were malnourished, 4
(17%) had concurrent illness, and 10 (44%) had injuries
and were malnourished or had concurrent illness (Table
2). Those with concurrent illness died or were euthanized
(including all adults in which sealpox was diagnosed),
while most animals with malnutrition recovered (Table 2).
Informants from 5 marine centers reported transmission of
sealpox from infected animals to unhealthy convalescing
pinnipeds at their facility, 4 reported transmissions to
healthy pinnipeds, and 6 reported transmission among
pups. Of the 9 facilities that housed infected animals, 4
reported isolating them to prevent transmission.

To identify factors that might be associated with
transmission of sealpox virus in marine mammal facilities,
we obtained information about disinfectant use in pens,
the number of animals housed per pen, and other housing
characteristics (Table 3). Individual facilities had 1 to >16
enclosures and housed <83 pinnipeds during the 12 months
before completing the survey. All facilities used at least
1 type of disinfectant, and all reported cleaning pens at

2205



RESEARCH

Table 2. Outcome of sealpox infection among 23 pinnipeds at 9 marine mammal rehabilitation facilities, North America, 2007-2009

Outcome of infection, no. animals

Animal died or was

Characteristic lliness resolved euthanized Unknown Total no. animals
Species

California sea lion 6 2 0 8

Gray seal 2 1 0 3

Northern elephant seal 0 1 0 1

Harbor seal 8 3 0 1
Male

Pup, <1y of age 9 3 1 13

Adult 0 1 0 1
Female

Pup 6 1 0 7

Adult 0 2 0 2
Time of lesion development

At admission to facility 1 3 0 4

<5 wk after admission 9 2 0 11

>5 wk after admission 2 0 0 2
Health status

Diseased 0 4 0 4

Malnourished 8 1 0 9

Injured plus malnourished or diseased 9 1 0 10

least 1x each week (Table 3). To assess whether medical
screening and treatment practices might affect detection
and prevention of sealpox, we obtained information about
facility admission protocols for pinnipeds as well as
laboratory and medical resources available at the facility.
All facilities had quarantine or isolation enclosures for
sick or newly admitted animals, and all facilities included
a physical examination as part of their standard protocol
for pinnipeds entering the facility. Of the 9 facilities that
had animals with sealpox, 9 (100%) reported isolating
newly admitted pinnipeds and collecting blood samples
for pathogen screening; 4 (44%) also did fecal flotation
and culture; and 2 (22%) did other tests, including,
including urinalysis and radiography or ultrasound (Table
3). All facilities had veterinarians on site and used third-
party diagnostic laboratories; 64% also had a veterinary
diagnostic laboratory on site.

Overall, no significant association was found between
sealpox infection and species, sex, or age in the study
population (Table 2), and no significant associations were
found at the facility level. The likelihood of a pinniped
having sealpox was greater in facilities on the Atlantic coast
(4% of animals) than the Pacific coast (1% of animals) (odds
ratio 3.53; p = 0.002). However, this observation mainly
results from case clusters at 2 facilities on the Atlantic
coast. All of the ill animals were characterized as having
been rescued or having been in rehabilitation (Table 1).
All but 1 facility reported housing adults and pups together
and housing different pinniped species together; there was
no association with sealpox infection (Table 3). Of the
11 surveyed facilities, 9 (82%) cleaned the enclosures at
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least daily with bleach-based cleaning products (Table
3). No significant associations were found between type
of disinfectant used and odds of sealpox infection. All
facilities that housed infected animals reported cleaning
enclosures at least daily.

None of the facility informants reported cases of
sealpox infections among humans at the facility during
the prior 12 months, but informants at 2 facilities reported
cases of physician-diagnosed sealpox among workers in the
previous 10 years. At both facilities, the affected persons
were reported to have handled live animals with skin or
oral lesions or both. Use of personal protective equipment
(PPE) was reported at all facilities: 100% of respondents
reported use of gloves; 91%, rain pants, overalls, or suits;
and 9%, goggles and masks.

In addition to the survey of marine mammal
rehabilitation facilities, we asked marine mammal
workers attending a conference about their knowledge and
experience with sealpox. Thirty-one conference attendees
completed the survey. Of the 31 respondents, 17 (55%)
reported observing pinnipeds affected with sealpox virus
in rehabilitation facilities or in the wild, of which 9 were
in North America, 5 in northern Europe, and 2 in New
Zealand (1 location not specified). (In the United States,
human sealpox virus infection is not a nationally reportable
condition. However, as a rare infection, it would be
considered notifiable in most states.) Of the 17 workers,
13 reported knowledge that sealpox virus can infect
humans, and most (15/17) reported that they had learned
this information from colleagues or educational material
distributed at their workplace. Of the 31 respondents, 7
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(23%) reported they had seen or known about a human
case of sealpox: 2 reported that a colleague had received a
diagnosis of sealpox, and 5 reported that they themselves
had received a diagnosis of sealpox at some point during
the past 15 years. Two of these 7 persons stated that
their physician had prescribed tetracyclines to treat their
infections. Tetracyclines are ineffective against sealpox
infections; however, antimicrobial drugs are effective
against a mycoplasma-associated infection, called seal
finger, which is clinically similar to and can be confused
with sealpox.

Discussion

For sea lions entering rehabilitation facilities, a history
of rehabilitation is a strong indicator of the risk for poxvirus
lesions (14). In our survey, facility informants reported that
2% of the animals housed in the marine mammal facilities

Table 3. Characteristics of 11 marine mammal rehabilitation
facilities that did or did not report sealpox among pinnipeds
during the 12 months before survey of marine mammal centers,
North America, 2007-2009

Sealpox reported in
facility in past 12 mo

Characteristic No Yes
Animal enclosures
Shared by adults and pups* 1 2
Shared by different species 2 5
Quarantine space available 2 9
Frequency of pen disinfection
2x/d 0 3
1x/d 0 6
<1x/wk 2 0
Disinfectant usedt
Any use 2 9
Bleach 1 8
Virkon 1 3
Chlorhex 2 2
lodophores 0 2
Standard protocols for newly admitted pinnipedst
Isolation/quarantine 1 9
Physical examination 2 9
Blood testst 1 9
Vaccination§ 1 1
Coast
Atlantic 1 4
Pacific 1 5
Enclosure materialt
Plastic 1 4
Fiberglass 1 7
Cement 1 5
Epoxy resin 1 1
Wire 0 1

*Adults, >1 y of age; pups, <1y of age.

tResponses were not mutually exclusive.

FTests performed included pathogen screening for morbillivirus, Brucella
spp., rabies virus, Leptospira spp., West Nile virus, heartworms, intestinal
helminths, and avian influenza virus.

§Vaccinations included those against West Nile virus, rabies virus, and
Leptospira spp.
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surveyed had laboratory-confirmed or presumptive sealpox
during the preceding 12 months. The proportion of infected
animals was higher in facilities on the Atlantic than Pacific
coast; however, on balance, more animals were housed
in rehabilitation facilities on the Pacific coast. California
sea lions accounted for the majority of pinnipeds under
observation and for the majority of infected animals.
Most infected animals were pups and were male, a finding
consistent with previous observations (1,14). Documented
infections have typically been reported for young animals
brought into rehabilitation environments, which may
reflect increased susceptibility among juvenile animals,
particularly those under stress (2). Malnutrition, a hallmark
of rescued pups, seemed not to indicate a poor prognosis,
whereas injury, older age, and concurrent illness did.

Approximately one fifth of infected animals arrived
at the rehabilitation facility with symptoms of sealpox
infection, and infection was observed within 5 weeks
after arrival for half of the animals. We did not attempt
to address whether underlying poor health status
predisposes an animal to infection with sealpox virus
or vice versa. However, 5 facility informants reported
sealpox transmission in their facility to both unhealthy and
healthy pinnipeds, suggesting that, in captivity, the disease
can develop even in apparently healthy animals. The
transmission dynamics of sealpox virus have not been well
described, but transmission between pinnipeds is likely
to occur during suckling; through other forms of skin-to-
skin contact; or by fomites, which are of particular concern
for captive animals. Further studies are needed to explain
transmission dynamics.

Serosurveys suggest that sealpox virus is persistently
infecting most wild California sea lions, and other species
of pinnepeds may also be persistently infected with other
sealpox species (23). Thus, for persons who rehabilitate
animals, risks for zoonotic transmission of these agents
might be appreciable. Vigilant adherence to quarantine and
institutional hygiene practices, including the use of PPE by
staff, likely serves to diminish risks for virus transmission
to humans and may explain why reports of human infection
with sealpox virus are rare (16,17). In our study, all
marine mammal workers who knew that sealpox virus is
zoonotic reported that they had learned this information
from colleagues and educational material provided by their
workplace, and all facilities reported that PPE (gloves,
boots) were made available to all workers; however, some
marine mammal workers indicated that PPE is rarely
used when pinnipeds are handled in the wild. Sealpox is
only 1 of many potential hazards associated with wildlife
rehabilitation activities; workplace education programs
should highlight the risk for zoonotic disease transmission
from pinnipeds to marine mammal workers and the use of
PPE when handling animals in the wild.
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Transmission of Guanarito
and Pirital Viruses among
Wild Rodents, Venezuela

Mary L. Milazzo, Maria N.B. Cajimat, Gloria Duno, Freddy Duno, Antonio Utrera,
and Charles F. Fulhorst

Samples from rodents captured on a farm in Venezuela
in February 1997 were tested for arenavirus, antibody
against Guanarito virus (GTOV), and antibody against
Pirital virus (PIRV). Thirty-one (48.4%) of 64 short-tailed
cane mice (Zygodontomys brevicauda) were infected with
GTOV, 1 Alston’s cotton rat (Sigmodon alstoni) was infected
with GTOV, and 36 (64.3%) of 56 other Alston’s cotton rats
were infected with PIRV. The results of analyses of field and
laboratory data suggested that horizontal transmission is
the dominant mode of GTOV transmission in Z. brevicauda
mice and that vertical transmission is an important mode
of PIRV transmission in S. alstoni rats. The results also
suggested that bodily secretions and excretions from most
GTOV-infected short-tailed cane mice and most PIRV-
infected Alston’s cotton rats may transmit the viruses to
humans.

he Tacaribe serocomplex viruses (family Arenaviridae,

genus Arenavirus) known to occur in Venezuela are
Guanarito virus (GTOV) and Pirital virus (PIRV) (1,2).
GTOV is the etiologic agent of Venezuelan hemorrhagic
fever (VHF) (1). The human health significance of PIRV
has not been rigorously investigated (3).

Specific members of the rodent family Cricetidae (4)
are the principal hosts of the Tacaribe complex viruses
for which natural host relationships have been well
characterized. It is generally accepted that humans usually
become infected with arenaviruses by inhalation of virus in
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aerosolized droplets of saliva, respiratory secretions, urine,
or blood from infected rodents or by inhalation of virus-
contaminated dust particles.

The results of published studies (2,5) indicated that
the short-tailed cane mouse (Zygodontomys brevicauda) is
the principal host of GTOV and that the Alston’s cotton
rat (Sigmodon alstoni) is the principal host of PIRV. The
objective of our study was to extend knowledge of the
natural host relationships of these arenaviruses, particularly
the relative importance of various modes of intraspecies
virus transmission and the prevalence of virus shedding
among naturally infected rodents.

Materials and Methods

This report is the sixth in a series of publications that
include rodents captured in Venezuela in February 1997.
The rodents were trapped on Hato Maporal, a farm near the
town of Cafio Delgadito in the municipality of Guanarito,
Portuguesa State (6).

Study Sites

Rodents were trapped at 3 sites on Hato Maporal,
designated A, B, and C. Traps were set at site A in tall
grassy areas on the edge of a grove of trees, site B in tall
grassy areas alongside an unpaved road and in a field filled
with weeds, and site C in a field filled with crop stubble and
in grassy areas alongside the field. Site A was 0.2 km from
site B, and site C was 0.7 km from sites A and B.

Capture and Processing of Rodents

The rodents were captured in aluminum live-capture
traps (6). The traps were placed at 8-m intervals, baited
with small pieces of freshly cut pineapple, set 1 h before
sunset, and checked at daybreak the following day. Each
rodent was assigned a unique identification (FHV, Fiebre
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Hemorragica Venezolana) number and then killed by
exposure to a lethal dose of vaporized chloroform. The
identification number, date of capture, trap site and trap
number, species identity, sex, total length (tip of nose to tip
of tail), length of tail, and other information were recorded
on a standardized form. A throat swab; samples of blood,
lung, spleen, liver, and kidney; and a sample of urine were
collected from each rodent (6). These samples were stored
in cryo-vials in liquid nitrogen in the field and then shipped
on dry ice to the University of Texas Medical Branch
(Galveston, TX, USA).

Virus Assay

The samples from the throat swabs; crude 10% wt/vol
homogenates of the samples of lung, spleen, and kidney
in 0.01 mol/L phosphate-buffered saline; and samples
of urine were assayed for arenavirus by cultivation in
monolayers of Vero E6 cells (5). Cells harvested from the
monolayers on day 13 or 14 postinoculation were tested for
arenaviral antigen by using an indirect fluorescent antibody
test (IFAT) in which the primary antibody was a mixture of
a hyperimmune mouse ascitic fluid (HMAF) raised against
the GTOV prototype strain INH-95551 (7) and an HMAF
raised against the PIRV prototype strain VAV-488 (2).

Serologic Characterization of Viruses

Strains of GTOV were distinguished from strains of
PIRV by an ELISA (5). The test antigens were detergent
lysates of infected Vero E6 cells. Serial 2-fold dilutions
(from 1:800 through 1:204,800 vol/vol) of an anti-GTOV
HMAF and anti-PIRV HMAF were tested against each
antigen. Antibody (IgG) bound to antigen was detected by
using a goat antimouse (Mus musculus) IgG peroxidase
conjugate in conjunction with the ABTS Microwell
Peroxidase Substrate System (Kirkegaard and Perry
Laboratories, Gaithersburg, MD, USA). The reactivity of
an HMAF against an antigen was the sum of the optical
densities of the 8 reactions in the series of 4-fold dilutions
of the HMAF tested against the antigen. The identity of
an isolate was determined by direct comparison of the
reactivity of the anti-GTOV HMAF versus the reactivity of
the anti-PIRV HMAF against the test antigen.

Genetic Characterization of Viruses

The sequences of a 616-619-nt fragment of the
nucleocapsid (N) protein genes of the arenaviruses isolated
from the spleens of 21 rodents in this study (Table 1) were
determined to assess the accuracy of the interpretation of
the ELISA data. Total RNA was isolated from monolayers
of infected Vero E6 cells by using TRIzol Reagent
(Invitrogen Life Technologies, Inc., Carlsbad, CA, USA)
or Tri Reagent (Sigma Aldrich, St. Louis, MO, USA).
First-strand cDNA was synthesized by using SuperScript
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II RNase H™ Reverse Transcriptase (Invitrogen Life
Technologies, Inc.) in conjunction with oligonucleotide
19C-cons (8). Amplicons were synthesized from first-
strand cDNA by using the MasterTaq Kit (Eppendorf
North America, Inc., Westbury, NY, USA) in conjunction
with oligonucleotides that flank either a 619-nt fragment
of the N protein gene of GTOV strain INH-95551 or
the homologous region (a 616-nt fragment) of the N
protein gene of PIRV strain VAV-488. Amplicons of
the expected size were sequenced directly by using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Inc., Foster City, CA, USA).

Antibody Assay

Blood samples were rendered noninfectious by
irradiation (5 x 10° rads, Co® source), diluted 1:20 vol/
vol in phosphate-buffered saline, and then tested for IgG
against GTOV strain INH-95551 and PIRV strain VAV-
488 by using an IFAT. The cell spots were either a mixture
of Vero E6 cells infected with INH-95551 and uninfected
Vero E6 cells or a mixture of Vero E6 cells infected with
VAV-488 and uninfected Vero E6 cells. Antibody bound to
antigen was revealed by using a fluorescein isothiocyanate—
conjugated goat antibody raised against mouse (M.
musculus) IgG (Kirkegaard and Perry). End-point titers
against INH-95551 and VAV-488 were measured in the
positive samples by using serial 2-fold dilutions beginning
at 1:20 and ending at 1:640 vol/vol.

Data Analysis

The male short-tailed cane mice, female short-tailed
cane mice, male Alston’s cotton rats, and female Alston’s
cotton rats were assigned on the basis of their nose-to-
rump lengths (measured in mm) to 4 size categories. In
each instance, the upper boundary of class I was the mean
length — 1 SD, the upper boundary of class II was the
mean length, the upper boundary of class III was the mean
length + 1 SD, and the upper boundary of class IV was
the longest nose-to-rump length (Table 2). Animals that
were culture-positive or antibody-positive were treated as
infected. The acceptable type I error in all statistical tests
was o = 0.05.

The analyses of the nucleotide sequences included
GTOV strain INH-95551 (GenBank accession no.
U43686); GTOV strains VAV-623, VAV-952, and AV
97021119 (Table 1); PIRV strain VAV-488 (GenBank
accession no. U62561); and PIRV strains VAV-628, VAV-
956, and AV 97021016 (Table 1). Strain INH-95551 was
isolated from a patient who died of VHF (7); VAV-488
was isolated from an Alston’s cotton rat captured ~54
km east-northeast of Hato Maporal (2); VAV-623, VAV-
628, VAV-952, and VAV-956 were isolated from rodents
captured on Hato Maporal in 1994 (5); and AV 97021016
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Table 1. Strains of Guanarito virus and Pirital virus isolated from the spleens of rodents captured on Hato Maporal and included in the
analysis of nucleocapsid protein gene sequences, municipality of Guanarito, Portuguesa State, Venezuela, 1994—1997

GenBank
Virus and strain* Rodent no.t Species Date captured Trap site accession no.
Guanarito
VAV-623 FHV-623 Zygodontomys brevicauda 1994 Mar 23 - JF412365
VAV-952 FHV-952 Z. brevicauda 1994 Jun 6 - JF412366
AV 97020997 FHV-4030 Z. brevicauda 1997 Feb 4 A JF412369
AV 97021004 FHV-4037 Z. brevicauda 1997 Feb 4 A JF412370
AV 97021033 FHV-4066 Z. brevicauda 1997 Feb 5 A JF412371
AV 97021034 FHV-4067 Z. brevicauda 1997 Feb 5 A JF412372
AV 97021073 FHV-4106 Z. brevicauda 1997 Feb 11 B JF412373
AV 97021084 FHV-4117 Z. brevicauda 1997 Feb 11 B JF412374
AV 97021092 FHV-4125 Z. brevicauda 1997 Feb 11 B JF412375
AV 97021104 FHV-4137 Z. brevicauda 1997 Feb 12 B JF412376
AV 97021106 FHV-4139 Z. brevicauda 1997 Feb 12 B JF412377
AV 97021113 FHV-4146 Z. brevicauda 1997 Feb 12 B JF412378
AV 97021116 FHV-4149 Sigmodon alstoni 1997 Feb 12 C JF412379
AV 97021117 FHV-4150 Z. brevicauda 1997 Feb 12 C JF412380
AV 97021119 FHV-4152 Z. brevicauda 1997 Feb 12 C AY573922
Pirital
VAV-628 FHV-628 S. alstoni 1994 Mar 23 - JF412367
VAV-956 FHV-956 Z. brevicauda 1994 Jun 19 - JF412368
AV 97021016 FHV-4049 S. alstoni 1997 Feb 4 B AY573923
AV 97021026 FHV-4059 S. alstoni 1997 Feb 4 B JF412381
AV 97021027 FHV-4060 S. alstoni 1997 Feb 4 B JF412382
AV 97021028 FHV-4061 S. alstoni 1997 Feb 4 B JF412383
AV 97021029 FHV-4062 S. alstoni 1997 Feb 4 B JF412384
AV 97021030 FHV-4063 S. alstoni 1997 Feb 5 A JF412385
AV 97021036 FHV-4069 S. alstoni 1997 Feb 5 A JF412386
AV 97021040 FHV-4073 S. alstoni 1997 Feb 5 A JF412387
AV 97021112 FHV-4145 S. alstoni 1997 Feb 12 B JF412388
AV 97021120 FHV-4153 S. alstoni 1997 Feb 12 C JF412389

*Strains VAV-623, VAV-628, VAV-952, VAV-956, AV 97021016, and AV 97021119 were published previously (3,5). The nucleotide sequences of the 21
other strains were determined in this study. — rodents were captured in 1994 before establishment of trap sites.

1FHV, Fiebre Hemorragica Venezolana.

and AV 97021119 were isolated from rodents captured on
Hato Maporal in 1997 and reported previously (3). The
neighbor-joining analysis of genetic (p) distances was done
with MEGA version 4.0 (9). Bootstrap support (10) for
the results of the neighbor-joining analysis was based on
1,000 pseudoreplicate datasets generated from the original
multiple nucleotide sequence alignment.

Antibody titers <20 were considered 10 in comparisons
of antibody titers to GTOV strain INH-95551 and PIRV
strain VAV-488 in individual blood samples. The apparent
homologous virus in an antibody-positive sample was the
virus associated with the highest titer if the absolute value
of the difference between the titers to GTOV and PIRV
was >4-fold.

Table 2. Prevalence of Guanarito virus infection in short-tailed cane mice (Zygodontomys brevicauda) and Pirital virus infection in
Alston’s cotton rats (Sigmodon alstoni) captured on Hato Maporal, municipality of Guanarito, Portuguesa State, Venezuela, February 1997

Short-tailed cane mice, no. infected/no. testedt

Alston’s cotton rats, no. infected/no. tested}

Size class* M F Total M F Total
| 1/5 0/2 1/7 5/6 3/3 8/9
Il 2/8 5/15 7123 6/8 3/8 9/16
11} 9/13 7113 16/26 6/11 7/9 13/20
v 2/3 5/5 7/8 3/7 3/4 6/11
Total 14/29 17/35 31/64 20/32 16/24 36/56

*The boundaries of the size classes were based on analyses of nose-to-rump lengths (measured in mm). Male cane mice: |, 75.0-100.9; I, 101.0-117.1;
I, 117.2-133.4; IV, 133.5-147.0. Female cane mice: |, 64.0-99.0; II, 99.1-111.2; lll, 111.3-123.4; IV, 123.5-135.0. Male cotton rats: |, 89.0-105.6; II,
105.6-123.6; Ill, 123.6-141.6; IV, 141.6—-150.0. Female cotton rats: I, 83.0-100.8; Il, 100.8-119.6; IIl, 119.6-138.4; IV, 138.4-146.0.

tGuanarito virus (GTOV) was isolated from 29 cane mice. Antibody against GTOV was found in 11 of the 29 culture-positive cane mice and 2 of the 35

culture-negative cane mice.

FPirital virus (PIRV) was isolated from all of the infected cotton rats, and antibody against PIRV was found in 1 of the culture-positive cotton rats. The

table does not include FHV-4149, the only cotton rat infected with GTOV.
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Results

A total of 128 rodents were captured on Hato Maporal
in February 1997 in 1,000 trap-nights, with an overall trap
success rate of 12.8% (Table 3). Most (121 [94.5%]) of
the 128 rodents were short-tailed cane mice or Alston’s
cotton rats.

Fifty-seven (89.1%) of the 64 short-tailed cane
mice and 55 (96.5%) of the 57 Alston’s cotton rats were
captured in 91 (37.9%) of the 240 traps set on sites A
and B. Six Alston’s cotton rats from site A were found in
traps adjacent to traps in which cane mice were captured,
17 Alston’s cotton rats from site B were found in traps
adjacent to traps in which cane mice were captured, and
a cotton rat and cane mouse were captured on different
nights in each of 3 traps on site A and 6 traps on site B.
Collectively, these observations suggest that the short-
tailed cane mice captured on sites A and B lived in close
proximity to Alston’s cotton rats and vice versa.

Arenavirus was isolated from the throat swabs;
samples of lung, spleen, or kidney; and samples of urine
from 29 (45.3%) of the 64 short-tailed cane mice, 37
(64.9%) of the 57 Alston’s cotton rats, and none of the
7 pygmy rice rats (Table 4). The analyses of the ELISA
data indicated that the arenaviruses isolated from Alston’s
cotton rat FHV-4149 and the short-tailed cane mice are
strains of GTOV and that the arenaviruses isolated from
the Alston’s cotton rats other than FHV-4149 are strains
of PIRV. The results of the neighbor-joining analysis of N
protein gene sequence data (Figure) were 100% concordant
with the serologic identities of the 21 viruses selected for
genetic characterization, GTOV strain AV 97021119, and
PIRV strain AV 97021016.

Nucleotide sequence nonidentity between the GTOV
strains from 1994 (i.e., VAV-623 and VAV-952) was 6.0%,
nucleotide sequence nonidentities among AV 97021119
and the 12 other GTOV strains from 1997 ranged from 0 to
7.3%, and nucleotide sequence nonidentities between the
GTOV strains from 1994 and the 13 GTOV strains from
1997 ranged from 0.3% to 6.6%. Similarly, nucleotide
sequence nonidentity between the PIRV strains from
1994 (i.e., VAV-628 and VAV-956) was 5.2%, nucleotide
sequence nonidentities among AV 97021016 and the 9
other PIRV strains from 1997 ranged from 0 to 6.3%, and

nucleotide sequence nonidentities between the PIRV strains
from 1994 and the 10 PIRV strains from 1997 ranged from
1.0% to 6.3%.

Antibody (IgG) against GTOV or PIRV was found in
11 (37.9%) of the 29 culture-positive cane mice, 2 (5.7%)
of the 35 culture-negative cane mice, 1 (2.7%) of the 37
culture-positive cotton rats, none of the 20 culture-negative
cotton rats, and none of the 7 pygmy rice rats (Table 4).
The only antibody-positive cotton rat (FHV-4124) was
mature (size class III) and antibody positive to GTOV and
PIRV. None of the 7 cane mice in size class I was antibody
positive to GTOV or PIRV.

The end-point antibody titers to GTOV in the antibody-
positive cane mice ranged from 40 to 160, none of the cane
mice were antibody positive to PIRV, and the end-point
antibody titers to GTOV and PIRV in the antibody-positive
Alston’s cotton rat were 40 and >640, respectively. Thus,
GTOV was the apparent homologous virus in all of the
antibody-positive cane mice, and PIRV was the apparent
homologous virus in the antibody-positive cotton rat.

Eight (26.7%) of the 30 short-tailed cane mice in size
classes I and II, 23 (67.6%) of the 34 cane mice in size
classes III and IV, 11 (68.8%) of the 16 male short-tailed
cane mice in size classes III and IV, and 12 (66.7%) of
the 18 female short-tailed cane mice in size classes I1I and
IV were infected with GTOV (Table 2). The prevalence of
infection in the 34 short-tailed cane mice in size classes III
and IV differed significantly from that in the 30 cane mice
in size classes I and II (2-tailed Fisher exact test p<0.01), but
the prevalence of infection in the 16 male short-tailed cane
mice in size classes III and IV did not differ significantly
from that in the 18 female short-tailed cane mice in size
classes IIT and IV (2-tailed Fisher exact test p = 0.72).

Thirteen (86.7%) of the 15 female short-tailed cane mice
in size class II, 7 (53.8%) of the 13 female short-tailed cane
mice in size class III, and 5 (100%) of the 5 female short-
tailed cane mice in size class IV were pregnant. Furthermore,
4 (30.8%) of the 13 pregnant short-tailed cane mice in size
class II, 5 (71.4%) of the 7 pregnant short-tailed cane mice in
size class III, and all 5 of the pregnant short-tailed cane mice
in size class IV were infected with GTOV.

As indicated previously, 12 (66.7%) of the 18 female
short-tailed cane mice in size classes III and IV were

Table 3. Prevalence of arenavirus infections in rodents captured on Hato Maporal, municipality of Guanarito, Portuguesa State,

Venezuela, February 1997

Prevalence of infectiont Total
Site* No. traps No. trap-nights Trap success rate (%) Cotton rat Cane mouse Rice rat rodents
A 80 160 36/160 (22.5) 5/14 12/20 0/2 17/36
B 160 640 82/640 (12.8) 30/41 15/37 0/4 45/82
C 100 200 10/200 (5.0) 2/2 47 0/1 6/10
Total 340 1,000 128/1,000 (12.8) 37/57 31/64 0/7 68/128

*Traps were set at site A on February 4 and 5; site B on February 4, 5, 11, and 12; and site C on February 5 and 12.
TNumber of infected (culture-positive or antibody-positive) rodents/total number of rodents tested (captured). Cotton rat, Alston’s cotton rat (Sigmodon
alstoni); cane mouse, short-tailed cane mouse (Zygodontomys brevicauda); rice rat, delicate pygmy rice rat (Oligoryzomys delicatus).
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Table 4. Isolation of arenaviruses from 64 short-tailed cane mice (Zygodontomys brevicauda) and 57 Alston’s cotton rats (Sigmodon
alstoni) captured on Hato Maporal, municipality of Guanarito, Portuguesa State, Venezuela, February 1997

Sample*

No. Throat swab Lung

Spleen

Kidney Urine Antibody status

Cane micet
3
5
6

+

+ + + + ||
I+ + 1 1 +

N-=0NNDN =

33

+ o+ + o+ o+ o+ o+ o+

+ o+ + + o+ o+
+ o+ + o+ o+ o+ o+

Cotton ratst
2
4
21
9
1 _
20

+ + + + +

+ o+ +
o+ o+ 0

*—, negative; +, positive.

1The arenaviruses isolated from the cane mice were strains of Guanarito virus.
1The arenavirus isolated from cotton rat FHV-4149 was a strain of Guanarito virus. The arenaviruses isolated from the 36 other culture-positive cotton

rats were strains of Pirital virus.

infected with GTOV. Yet only 1 (14.3%) of the 7 short-
tailed cane mice in size class I was infected with GTOV
(Table 2). The difference between the prevalence of
infection in the female short-tailed cane mice in size classes
IIT and IV and that in the short-tailed cane mice in size class
I was significant (2-tailed Fisher exact test p = 0.03).
Seventeen (65.4%) of the 26 Alston’s cotton rats in size
classes I and I, 19 (61.3%) of the 31 Alston’s cotton rats in
size classes III and IV, 9 (50.0%) of the 18 male Alston’s
cotton rats in size classes III and IV, and 10 (76.9%) of
the 13 female Alston’s cotton rats in size classes III and
IV were infected with PIRV (Table 2). The prevalence of
PIRYV infection in the Alston’s cotton rats in size classes II1
and IV did not differ significantly from that in the Alston’s
cotton rats in size classes I and II (2-tailed Fisher exact
test p = 0.78), and the prevalence of infection in the male
Alston’s cotton rats in size classes III and IV did not differ
significantly from that in the female Alston’s cotton rats in
size classes III and IV (2-tailed Fisher exact test p = 0.16).

Discussion

The results of this study affirm conclusions drawn
from previous studies (2,5). Specifically, the short-tailed
cane mouse is the principal host of GTOV, and Alston’s
cotton rat is the principal host of PIRV. Examples of
GTOV infection in rodents other than the short-tailed cane
mouse are limited to the isolation of AV 97021116 from
Alston’s cotton rat FHV-4149 and the isolation of GTOV
from a pygmy rice rat (Oligoryzomys sp.) and 4 Alston’s
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cotton rats captured at localities in Venezuela other than
Hato Maporal (11). Similarly, examples of PIRV infection
in rodents other than Alston’s cotton rats are limited to
the isolation of VAV-956 from a short-tailed cane mouse
captured on Hato Maporal in 1994 (5) and the isolation
of PIRV from 5 short-tailed cane mice and a spiny rat
(Proechimys sp.) captured at other localities in Venezuela
(12).

The results of the analysis of the capture data in this
study suggest that the short-tailed cane mice captured
on sites A and B lived in close physical association with
Alton’s cotton rats and vice versa. Yet none of the 57 short-
tailed cane mice captured on A or B were infected with
PIRV, and only 1 of the 55 Alston’s cotton rats captured
on A or B was infected with GTOV. Collectively, these
observations suggest that intimate social interactions
between short-tailed cane mice and Alston’s cotton rats
are infrequent. Alternatively, GTOV-infected short-tailed
cane mice are rarely infectious to Alston’s cotton rats and
PIRV-infected Alston’s cotton rats are rarely infectious to
short-tailed cane mice.

Chronic infections in individual rodents appear to be
critical to the long-term maintenance of arenaviruses in
nature. Factors that likely affect the duration of GTOV
infection in naturally infected short-tailed cane mice
include age at exposure to GTOV, host genetics, virus
genetics, inoculum dose, and route of exposure (13,14).

The positive association between prevalence of
infection and size class in the short-tailed cane mice suggests
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Figure. Phylogenetic relationships among 27 arenaviruses isolated
from rodents captured on Hato Maporal, Portuguesa State,
Venezuela, 1994 or 1997; Guanarito virus (GTOV) prototype
strain INH-95551 (boldface); and Pirital virus (PIRV) prototype
strain VAV-488 (boldface) based on a neighbor-joining analysis
of nucleocapsid protein gene sequence data. Branch lengths are
proportional to genetic (p) distances; the numbers at the nodes
indicate the percentage of 1,000 bootstrap replicates that supported
the interior branches; bootstrap support values <70% are not
listed; and the analysis was rooted to Oliveros virus strain 3229-1
(GenBank accession no. NC_010248). The branch labels include
(in the following order) virus strain, host species, year of isolation,
and (viruses from 1997) the study site at which the infected rodent
was captured. Hsap, Homo sapiens; Sals, Sigmodon alstoni; Zbre,
Zygodontomys brevicauda.

that most GTOV infections in short-tailed cane mice are
acquired in an age-dependent manner. Allogrooming,
mating, intraspecies aggression, and other activities that
entail close physical contact may facilitate horizontal
transmission in Z. brevicauda mice. The isolation of GTOV
from the samples of lung but not the samples of spleen or
kidney from 3 antibody-negative short-tailed cane mice
(Table 4) suggests that these animals were infected by way
of the respiratory tract rather than by wounding or venereal
contact. The lack of an association between prevalence
of infection and sex in the short-tailed cane mice in size
classes III and IV suggests that male animals and female
animals contribute equally to the transmission of GTOV in
Z. brevicauda mice.

Under the assumption that short-tailed cane mice
whelp their first offspring after they reach size class III,
the high prevalence of infection in the female cane mice
in size classes III and I'V together with the low prevalence
of infection in the cane mice in size class I suggest that
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vertical (dam-to-progeny) transmission of GTOV among
Z. brevicauda mice is uncommon. Perhaps GTOV
infection in the cane mouse fetus is lethal late in gestation.
Alternatively, the survivorship of congenitally infected
short-tailed cane mice may be significantly less than the
survivorship of their uninfected counterparts during birth
through weaning.

Together, the high prevalence of PIRV infection in
the Alston’s cotton rats in size class 1 and the lack of an
association between prevalence of infection and size class
in the Alston’s cotton rats suggest that most cotton rats
become infected with PIRV at an early age, perhaps in
utero or immediately postpartum. Hypothetically, vertical
(dam-to-progeny) virus transmission is the dominant mode
of PIRV transmission in S. alstoni rats.

Arenavirus was isolated from the throat swabs and/or
samples of urine from 20 (64.5%) of the 31 infected short-
tailed cane mice and 30 (83.3%) of the 36 PIRV-infected
Alston’s cotton rats in this study (Table 4), suggesting
that bodily secretions or excretions from most GTOV-
infected short-tailed cane mice and most PIRV-infected
Alston’s cotton rats can transmit the viruses to humans.
In a laboratory study (13), newborn, juvenile, and some
adult short-tailed cane mice inoculated with GTOV strain
INH-95551 persistently shed virus in saliva, respiratory
secretions, or urine through day 208 postinoculation.
Whether the magnitude and duration of virus shedding in
PIRV-infected Alston’s cotton rats are comparable with
that in GTOV-infected short-tailed cane mice has not been
investigated.

VHF was first recognized as a distinct clinical entity
during an outbreak of hemorrhagic fever that began in 1989
in Guanarito (1). From September 1989 through December
2006, the State of Portuguesa recorded 618 VHF cases,
with a case-fatality rate of 23.1% (3). Most (610 [98.7%])
patients lived or worked in rural areas in Guanarito when
they became ill with VHF.

GTOV virus is presumed to be the only agent of VHF;
however, the majority of the arenaviruses isolated from
VHF patients during September 1989 through December
2006 were identified as strains of GTOV solely on the
basis of the results of an IFAT in which extensive cross-
reactivity between PIRV and GTOV is possible (5). Thus,
the arenaviruses isolated from some VHF cases may be
strains of PIRV.

PIRV, in association with S. alstoni rats, is widely
distributed in rural areas in Guanarito and elsewhere in
Portuguesa State (2,5,12). Furthermore, Alston’s cotton
rats (like short-tailed cane mice) are common in grass-
dominated habitats, for example, tall grass and hedgerows
adjacent to cultivated fields and areas with tall grass
alongside human dwellings. Thus, the epidemiology of
PIRYV infection likely is highly similar to the epidemiology
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of GTOV infection in Portuguesa, with most infections in
persons who live or work in rural areas in Guanarito.

The neighbor-joining analysis of N protein sequence
data separated the viruses from Hato Maporal into 4
groups: GTOV-1, GTOV-2, PIRV-1, and PIRV-2 (Figure).
Each group included a strain from 1994 and strains from
1997, suggesting that multiple evolutionary lineages of
GTOV and multiple evolutionary lineages of PIRV were
maintained on Hato Maporal during mid-June 1994 through
early February 1997. Whether GTOV-1 viruses differ from
GTOV-2 viruses with regard to pathogenicity in humans or
cane mice and whether PIRV-1 viruses differ from PIRV-2
viruses with regard to pathogenicity in humans or cotton
rats has not been investigated.
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Hepatitis E Virus in Rats,
Los Angeles, California, USA

Robert H. Purcell, Ronald E. Engle, Michael P. Rood, Yamina Kabrane-Lazizi,* Hanh T. Nguyen,
Sugantha Govindarajan, Marisa St. Claire,? and Suzanne U. Emerson

The role of rats in human hepatitis E virus (HEV)
infections remains controversial. A genetically distinct HEV
was recently isolated from rats in Germany, and its genome
was sequenced. We have isolated a genetically similar
HEV from urban rats in Los Angeles, California, USA,
and characterized its ability to infect laboratory rats and
nonhuman primates. Two strains of HEV were isolated from
serum samples of 134 wild rats that had a seroprevalence
of antibodies against HEV of =80%. Virus was transmissible
to seronegative Sprague-Dawley rats, but transmission was
spotty and magnitude and duration of infection were not
robust. Viremia was higher in nude rats. Serologic analysis
and reverse transcription PCR were comparably sensitive in
detecting infection. The sequence of the Los Angeles virus
was virtually identical to that of isolates from Germany. Rat
HEV was not transmissible to rhesus monkeys, suggesting
that it is not a source of human infection.

epatitis E virus (HEV) is a major cause of epidemic

waterborne and sporadic hepatitis in developing
countries. Hepatitis E is caused principally by HEV
genotypes 1 and 2 (1). Recently, hepatitis E has been
diagnosed with increasing frequency as a cause of sporadic
hepatitis in industrialized countries (2). Additionally, a
large proportion (<20%) of populations of such countries
have antibodies against HEV in the absence of any
recognized hepatitis (3-5), and evidence is increasing that
these antibodies might be the result of subclinical infections
acquired zoonotically.
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Strains of HEV representing genotypes 3 and 4, which
have been isolated from humans with hepatitis E, regularly
infect pigs worldwide (6), and infection in humans caused
by eating undercooked meat from domestic pigs, wild boar,
and several species of wild deer has been documented (6,7).
However, many, if not most, persons who have unexplained
antibodies against HEV do not eat undercooked pork or
venison, raising the possibility that other animals or modes
of zoonotic transmission exist. It is noteworthy that swine
handlers in the United States have a higher incidence of
antibodies against HEV than do healthy blood donors, even
though pork is generally thoroughly cooked in the United
States. Therefore, eating pork is unlikely to explain the
prevalence of antibodies against HEV in this country.

Numerous species, including rodents, have been found
to have antibodies reactive with capsid protein of human
HEV strains, and HEV closely related to genotypes 3 or 4
has been recently isolated from rabbits (8), cattle (9), and
sheep (10). However, an HEV strain recently isolated from
rats was unique and only distantly related to known strains
(11). Thus, it is important to understand how this rat virus is
related to human infections. Rats are particularly interesting
as a potential source of human infections because although
they are not a human food, they have a high seroprevalence
of antibodies against HEV (12,13) and they are ubiquitous
and in close contact with humans everywhere.

We have demonstrated that a high proportion of wild-
caught Rattus norvegicus, R. rattus, and R. exulans rats
trapped in several US cities (Baltimore, Maryland; New
Orleans, Louisiana; and the islands of Oahu and Hawaii,
Hawaii) were positive for antibodies against HEV (12). We
studied their seroepidemiology but were unable to obtain

'Current affiliation: Embassy of France, Beijing, People’s Republic
of China.

2Current  affiliation:
Maryland, USA.

National Institutes of Health, Frederick,
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genomic sequence or to transmit an agent to laboratory
rats. Subsequently, in collaborations with the County of
Los Angeles Department of Health (Los Angeles, CA,
USA) Vector Management Program, we succeeded in
transmitting to laboratory rats 2 strains of HEV from rats
from Los Angeles but were again unable to obtain genomic
sequence (14).

Recent cloning of rat HEV obtained from R. norvegicus
rats in Germany and development of more broadly reactive
PCR primers (11) prompted us to revisit those experiments.
This report describes the partial PCR amplification and
characterization of a US strain of rat HEV.

Materials and Methods

Rat Serum

Wild R. norvegicus rats were live-trapped by vector-
control personnel in urban Los Angeles. The rats were
anesthetized, and age and species was determined.
Reproductive status and weight were recorded. Blood was
obtained by cardiac puncture, and the serum was stored at
—-70°C.

HEV Strains

We performed transmission studies with genotype 1
strains Sar-55 (15), Kashi-87 (16), Akluj-90 (17); genotype
3 strain Meng swine HEV (18); and genotype 2 strain Mex
14 (19). All strains were in 10% fecal suspensions, diluted
as described in the Results, and all but 1 had been titered
for infectivity in nonhuman primates or pigs (Table 1).

Transmission Studies

Because infectivity of HEV in nonhuman primates
is =10,000-fold less when administered orally than when
administered parenterally, commercially acquired, outbred,
Sprague-Dawley (R. norvegicus) or athymic nude hooded
laboratory rats (Harlan, Indianapolis, IN, USA) or rhesus
monkeys (Macaca mulatta) that were bred and raised
in captivity were infected intravenously with serum or
homogenized 10% fecal or tissue samples in saline. The
animals were housed and maintained at Bioqual, Inc.
(Rockville, MD, USA). Housing and care of the animals
complied with all relevant guidelines and requirements, and
the animals were housed in facilities that are fully accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International. All protocols were
reviewed and approved by the Institutional Animal Care
and Use Committees of the National Institute of Allergy
and Infectious Diseases of the National Institutes of Health
(Bethesda, MD, USA) and Bioqual, Inc.

Blood samples were obtained weekly and feces were
obtained daily to 3x/wk. Serum samples were tested for
liver enzyme levels by using standard methods (AniLytics,
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Table 1. Results of testing for transmission of human and swine
HEV to laboratory rats, Los Angeles, California, USA*

No. with HEV

No. RNA or antibodies
Inoculum  Genotype D5 injected against HEV
Sar 55 1 10>%+ 2 0
Akluj-90 1 10*%+ 2 0
Kashi-87 1 10%'t 2 0
Mex14 2 103t 4 0
Meng 3 10*%§ 4 0
Meng 3 10%%q 4 0
*HEV, hepatitis E virus. The 50% infectious dose (IDso) was administered
intravenously.

TIn human feces and titered in macaques.
FQuantitative reverse transcription PCR titer.
§In pig feces and titered in pigs.

{In macaque feces and titered in macaques.

Inc., Gaithersburg, MD, USA). Postmortem liver tissue was
fixed in formalin, embedded, sectioned, and stained with
hematoxylin and eosin (American Histo Laboratories, Inc.,
Gaithersburg, MD, USA) and read under code by one of the
authors (S.G.). Samples were scored for liver pathologic
changes by the histologic activity index method.

Serologic Tests

Serum samples were tested for IgG and IgM isotypes
against HEV by using a peroxidase-based ELISA as
reported (12). The antigen used was recombinant open
reading frame 2 protein of genotype 1. Serum samples
were tested at 10-fold dilutions, and the highest dilution
exceeding the cutoff value of optical density was taken as
the endpoint titer of the serum.

Nested Reverse Transcription PCR

RNA was extracted from 270 pL of serum by using
Trizol LS (Invitrogen, Carlsbad, CA, USA), and purified
RNA was resuspended in 20 pL. of water. Nested reverse
transcription PCR (RT-PCR) was performed with the same
primers, enzymes, and thermal profiles as described (11).
Nested PCR products were separated by electrophoresis on
ethidium bromide—stained agarose gels, extracted from the
gel, and sequenced to provide the consensus sequence.

Quantitative RT-PCR

RNA was extracted from 50 plL of serum, tissue
suspension, or filtered (0.22 pm, UltrafreeMC; Millipore,
Billerica, MA, USA) 10% fecal suspension by using the
QIAamp Viral RNA Mini Kit, (QIAGEN, Valencia, CA,
USA), and total RNA was eluted in a volume of 60 pL. A
TagMan assay was performed by using the 7900HT Real-
Time PCR System (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s recommendations.
The primers (for a 332-base amplicon) consisted of 900
nmol/L forward (5-ATG GTG CTT TTA TGG CGA
TTG-3") and 900 nmol/L reverse (5'-CAA ACT CAC TGA
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AAT CAT TCT CAA AAA C-3'), and 250 nmol/L probe
(5"-6FAM-TAT GTT CAG GAG AAG TTG GAA GCC
GCT GT-TAMRA-3"). One-step quantitative RT-PCR
(qRT-PCR) cycling conditions were 15 min at 48°C, a 10-
min incubation at 95°C, and 50 cycles for 15 s at 95°C and
1 min at 60°C. Rat TagMan cycle threshold values were
indirectly quantified against an in-house HEV genotype
1 quantity standard line that represented a 6-log dynamic
range.

Results

Detection of Rats Infected with Human-
or Swine-derived HEV Strains

Because isolation of mammalian HEV strains from
rats had been reported, we attempted to transmit to
laboratory rats 6 well-characterized mammalian HEV
strains (genotypes 1, 2, and 3) that can infect primates or
pigs (Table 1). Adult Sprague-Dawley rats were injected
intravenously with 0.1 mL of inoculum through the tail
vein. Rats were bled weekly for 16 weeks and monitored
for HEV RNA by real-time PCR with genotype-specific
primers and for development of antibodies against HEV by
ELISA. None of the animals had any evidence of infection.

Isolation of HEV Strains from Wild Rats

We had reported that wild rats trapped in Baltimore,
Maryland, and the Hawaiian Islands had prevalences of
antibodies against HEV of 77%—94% (12). We tested 134
serum samples from R. norvegicus rats trapped in urban
Los Angeles. Donor rats were a mixture of male and female
animals and adults and juveniles weighing 26-508 g. Of
these animals, 105 (78.4%) were positive for IgG against
HEV (with or without IgM against HEV), 2 (1.5%) were
positive for IgM against HEV only, and 27 (20.1%) were
seronegative when tested by ELISA with antigen derived
from human HEV (14). As we described (12), prevalence of
antibodies against HEV increased with weight as a measure
of'age, and ~50% of the youngest rats were already positive
for antibodies against HEV (Figure 1).

Because HEV is neutralized by antibodies against
HEV, seronegative serum samples or [gM-positive serum
from animals early after infection offer the greatest chance
of recovering infectious virus. Therefore, 6 pools of serum
were prepared from 27 seronegative rats, and 250 uL of
serum from each pool and individual serum samples from
2 IgM HEV-positive rats and 5 IgG/IgM—positive rats were
used to infect Sprague-Dawley rats. All 13 rats remained
negative for HEV RNA, and only 3 rats (peak ELISA titers
100—400) seroconverted. Two of the seroconverted rats
had received pooled seronegative serum, and the other had
received IgM-positive serum.
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Figure 1. Relationship between prevalence of antibodies against

hepatitis E virus (HEV) and weight of Rattus norvegicus rats

trapped in Los Angeles, California, USA. Rats reach sexual maturity

at a weight of =150-200 g. White bars indicate IgG, and black bars

indicate IgM. Numbers at the top of each bar indicate sample size.
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Passage of HEV to Rats

Feces obtained during the first 4 weeks postinfection
from the 3 seroconverting rats (B76, B79, and B84)
were homogenized and pooled, and 200 puL was used to
inject 4 additional rats each. Only 3 of 12 rats injected
with feces from rats B76 or B84 seroconverted. Serum
was less efficient at transmitting virus, and 0 of 8 rats
were infected. To determine the duration of shedding,
infectious virus was identified by seroconversion of rats
that had been infected intravenously with 200 uL of 10%
suspensions of individual serial fecal samples obtained
every other day from rats B76 and B84 during the first 4
weeks postinfection; fecal suspensions were also tested
by RT-PCR. Feces from rat B76 were positive for >11
days and feces from rat B84 were positive for >9 days
(Table 2). Periods of PCR positivity coincided with
intervals of transmissibility on the basis of seroconversions
in recipient rats. However, none of the recipient rats became
viremic.

Because serum and feces were poor sources of
transmissible virus, we tested other clinical materials.
Groups of rats injected with fecal pools from rat B76 and
rat B84 were exsanguinated on various days, and serum,
liver, and intestinal contents were harvested. Serum from
these rats was injected into individual rats, which were
tested for seroconversion. Only 2 serum samples (from rats
B300 and B182) transmitted virus to a new rat. The liver of
rat B182 was used for further transmission studies.

To establish a more robust infection, we injected nude
rats, which lack a functional adaptive immune system.
Nineteen nude rats were injected with 200 uL of a 10%
liver homogenate from rat B182 at a dilution of 10" and
1 rat was killed daily (days 2-20). We then used 200 pL
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Table 2. Rat HEV in serial fecal samples of experimentally infected laboratory rats, Los Angeles, California. USA*

Day postinfection

Animal 7 9 11 13 15 17 19 21 23 26 21 29 3 33 35
Rat B76
Infectioust NT NT NT - + + - - - - NT NT
RT-PCR NT NT NT + + + + + + - - - - NT NT
Serum antibody against HEV NT NT NT - - - - - - - - + + + +

Rat B84
Infectioust + - + + +
RT-PCR + + + + +
Serum antibody against HEV - - - - -

- - - - - NT NT NT NT NT
- - - - - NT NT NT NT NT
- - + + + + + + + +

*HEV, hepatitis E virus; NT, not tested; —, negative; +, positive; RT-PCR, reverse transcription PCR.

1As measured by transmission to another rat.

of a 107 dilution of serum from the killed rats to infect
Sprague-Dawley rats. Only 3 of these rats seroconverted,
indicating that only 3 of the nude rats (killed on days 13,
15, and 19) had infectivity titers >10% One of these 3 nude
rats, rat B350, was further studied.

Titer of Rat HEV

To determine the infectivity titer of rat HEV in
liver, serum, and feces of selected infected rats, reverse
titrations were performed with Sprague-Dawley rats and
were monitored for seroconversion (Table 3). In Sprague-
Dawley rats, 50% rat infectivity doses (RID,)) of 10*-10%
g of liver tissue were observed; in nude rat B350, a titer
>10%%/g of liver and a titer of 10°7 in serum were detected.
Titers of virus in feces and intestinal contents of Sprague-
Dawley rats were <10' and <107, respectively. Feces from
nude rats were not tested. These samples were also titered
for PCR positivity by qRT-PCR (Table 3). PCR titers of rat
HEV paralleled infectivity titers but averaged an ~10—-100-
fold higher titer.

Sequence of Rat HEV

A 327-nt product was amplified from the liver of rat
B350 by nested RT-PCR and directly sequenced to yield
the consensus sequence. The B350 rat virus sequence was
as genetically similar to the 2 rat sequences from Germany
as they were to each other at the nucleotide and amino acid
levels (Table 4).

Effect of Infection on Liver Enzyme Levels

We have shown that some mammalian HEV strains
show a dose response: higher doses (>10* infecting virus)
are more likely to be associated with higher serum liver
enzyme levels. To determine whether this phenomenon
was true also for rat HEV, we infected 6 Sprague-Dawley
rats with 200 pL of liver homogenate from rat B350 that
contained 10*° RID, of rat HEV. Animals were bled 2x/
wk, and levels of alanine aminotransferase, y-glutamyl
transpeptidase, and isocitrate dehydrogenase were
measured for 3 months. All 6 animals seroconverted
2.0-3.5 weeks (mean 3.0 weeks) postinfection (Figure 2).
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As reported, liver enzyme levels varied considerably, but
seroconversion and liver enzyme levels were not temporally
associated. Thus, these infections were biochemically
inapparent infections.

Histologic Evaluation

Two HEV-infected rats (B182 and B300) and 2
uninfected Sprague-Dawley rats were examined under code
for histologic evidence of hepatitis. The 2 uninfected rats
had essentially normal livers. Rat B182 had parenchymal
foci of necrosis and aggregates of lymphocytes and Kupffer
cells in hepatic lobules and had mild portal inflammation
(Figure 3). Rat B300 had similar but less obvious lesions.
This mild hepatitis was consistent with normal liver enzyme
levels measured in serum of these animals.

Transmission of Rat HEV to Nonhuman Primates
Because rats and humans often share the environment,

especially in inner cities, we tested whether rat HEV was

transmissible to nonhuman primates. Seronegative rhesus

Table 3. Titers for HEV in samples from laboratory rats, Los
Angeles, California, USA*

Sample |Og1g |D50 |Og1o RT-PCR50
Feces
76t <1 3.4
84t <1 3.4
Intestinal contents: 182
Small intestine <3 4.9
Cecum <3 5.4
Colon <3 4.9
Serum
182 ND 3.7
300 ND <2.2
350 3.7 4.7
Liver
182 4.7 7.2
300 4.2 5.7
350 6.2 7.7

*Values are per milliliter or per gram. HEV, hepatitis E virus; IDso, 50%
infectious dose; RT-PCRs, 50% reverse transcription PCR titer; ND, not
determined.

TSerum from wild rats was injected into laboratory rats 76 and 84.
Samples from these 2 rats were serially passaged into other laboratory
rats (wild rat — rat 76 — rat 300; wild rat — rat 84 — rat 182 — rat 350).
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Table 4. Pairwise identity comparisons of a 327-nt fragment
amplified from ORF1 of rat HEV, Los Angeles, California, USA*

% |dentity
Strain Rat B350 Ger 715 Ger 719
Rat B350 87.5 85.3
Ger 715 96.3 86.2
Ger 719 96.3 95.4

*Values above the diagonal are nucleotide identities; values below the
diagonal are amino acid identities. ORF, open reading frame; HEV,
hepatitis E virus. Rat B350, GenBank accession no. JF516246; Ger 715,
accession no. GQ504009.1; Ger 719, accession no GQ504010.1.

monkeys, which are surrogates of humans, were injected
intravenously with rat liver homogenate containing 10**
RID,, of rat HEV from rat B182 or with 10°2 RID, of rat
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Figure 2. Correlation between virus infection and serum levels of
alanine aminotransferase (ALT) (shaded areas) in rats infected
with hepatitis E virus, Los Angeles, California, USA. Six Sprague-
Dawley rats (B430-5) were infected with a 10%% 50% rat infectious
dose of rat HEV and tested 2x/wk for evidence of infection and
hepatitis. PCR results were positive for only half a week in 5 of the
6 rats. Pre, preinfection.
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HEV from rat B350. The animals were monitored for 15
weeks for seroconversion by ELISA and for genomic RNA
by qRT-PCR. The animals remained negative (Table 5).
Thus, rat HEV does not appear to be transmissible to rhesus
monkeys.

Discussion

Previous studies of HEV in rats have been fraught with
controversy. The earliest report linked serologic evidence
of HEV in rats near a village in the former Soviet Union
with an epidemic of hepatitis E in the village (20). Later
studies reported transmission of HEV in human feces from
Nepal (presumably genotype 1) to laboratory rats (21) and
isolation of genotype 1 HEV sequences from rats trapped in
Nepal (22). However, the second study was retracted (23).

To determine whether rats were susceptible to
recognized mammalian strains of HEV, we intravenously
injected laboratory rats with human genotype 1 strains of
HEV from Sargodha, Pakistan (15); Akluj, India (17); and
Kashi, People’s Republic of China (16); a human genotype 2
strain from Mexico (19); and a swine genotype 3 strain from
Illinois, USA (18). Infectious titer of virus administered
ranged from =102 to 10°. None of the animals had evidence
of infection, which suggested that rats are not readily
susceptible to infection with other mammalian HEVs.

Nevertheless, as reported recently, rats can be
infected by HEV strains (11). Using published primers, we
amplified HEV genomic sequence from 1 of 2 HEV strains
isolated in urban Los Angeles. This sequence was similar
to sequences isolated from 2 rats in Hamburg, Germany;
the virus sequence from Los Angeles was as similar to the
2 sequences from Germany as they were to each other. All
3 strains had only ~60% identity with other mammalian
strains, which suggested that rat HEV comprises a new
HEV genotype.

On the basis of our extensive attempts to identify the
virus in naturally infected wild caught and experimentally
infected laboratory rats, we concluded that rat HEV
infections were not robust and that the magnitude and
duration of viremia and fecal shedding were less than that
usually observed in infections with the other mammalian
HEV genotypes. A low titer of rat HEV in rat feces
in Germany was also reported (11). Rat HEV caused
minimal hepatitis in experimentally infected animals; liver
enzyme levels seldom increased above baseline levels, and
histopathologic lesions during acute infections, although
present, were minimal and not associated with clinical
disease. Nevertheless, age-specific antibody prevalence in
rats suggests that they are easily infected in their natural
environment, and most are infected as juveniles and young
adults in a pattern similar to that seen for acquisition of
antibody against HEV in swine and humans in hepatitis-
endemic areas (24,25).
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Figure 3. Histologic analysis
of infection with rat hepatitis E
virus, Los Angeles, California,
USA. Hematoxylin and eosin—
stained sections of liver from a
healthy rat (A) and a rat acutely
infected with rat HEV (B).
Original magnification x200.

Antibody against HEV in rats was usually directed
against epitopes other than the major neutralization epitope
in the carboxy portion of a genotype 1 capsid protein (S.U.
Emerson, unpub. data). Seroconversion was relatively
sensitive in identifying HEV infection in rats; it was in
some cases more sensitive than detecting viremia by PCR.
However, PCR was =10-100-fold more sensitive than
infectivity titrations for quantifying HEV, a difference
that is common for many virus infections. Overall, PCR
confirmed that the magnitude and duration of viremia
and viral shedding are not robust in rats. Whether capsid
antigen expressed by rat virus will result in a more specific
and sensitive assay for rat HEV antibody and whether it
will help to better define the specificity of existing tests for
antibodies against HEV in humans should be determined.

The high prevalence of antibodies against HEV in
humans living in countries to which HEV is not endemic
suggests that HEV infection in such areas might be
zoonotic. Nevertheless, a direct association between HEV
infection in animals and hepatitis E in humans has been
limited, for the most part, to exposure to swine through
eating undercooked pork and especially undercooked
offal or through environmental exposure to swine feces.

Table 5. Results of testing for transmission of rat HEV to rhesus
monkeys, Los Angeles, California, USA*

No. No. with HEV RNA or
Inoculum IDsot injected antibodies against HEV
Rat B182 10°° 2 0
Rat B350 10°2 2 0
*HEV, hepatitis E virus. The 50% infectious dose (IDsy) was administered
intravenously.

TIn liver homogenate and titered in rats.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 17, No. 12, December 2011

However, most persons do not eat undercooked pork or
come in contact with swine, and their exposure, especially
among those living in inner cities or in cultures without
pigs, remains an enigma. In such settings, exposure to rats
could be the missing link to HEV infection.

To determine whether this link exists, we attempted to
transmit rat HEV to rhesus monkeys, a surrogate of humans
that are highly susceptible to mammalian genotypes 14,
including swine HEVs (26-28). Although we administered
>100,000 infectious doses of virus intravenously to
monkeys, they were not infected, as shown by lack of
viremia and failure to develop antibodies against HEV. We
also demonstrated similar lack of transmissibility of avian
HEV to rhesus monkeys in previous collaborative studies
(29), and we believe that these studies suggest a lack of
zoonotic threat to humans from either avian or rat HEV.

This study was supported by the Intramural Research
program of the National Institutes of Allergy and Infectious
Diseases, National Institutes of Health.

Dr Purcell is chief of the Hepatitis Viruses Section,
Laboratory of Infectious Diseases, National Institute of Allergy
and Infectious Diseases, National Institutes of Health. His research
interests are the pathogenesis and prevention of viral hepatitis.
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Enterovirus Co-infections and
Onychomadesis after Hand, Foot,
and Mouth Disease, Spain, 2008

Maria A. Bracho, Fernando Gonzalez-Candelas, Ana Valero, Juan Cérdoba, and Antonio Salazar

Hand, foot, and mouth disease (HFMD), a common
disease caused by enteroviruses (EVs), usually affects
children. Clustered and sporadic HFMD cases, followed by
onychomadesis (nail shedding), occurred during summer
and fall 2008 in Valencia, Spain. Fecal samples from
onychomadesis patients, who did or did not have previous
HFMD, and from healthy children exposed to onychomadesis
patients tested positive for EV. The complete viral protein
1 capsid gene sequence was obtained for typing and
phylogenetic analysis. Two EV serotypes, coxsackievirus
A10 and coxsackievirus B1 (CVB1), were mainly detected as
a monoinfection or co-infection in a childcare center where
an onychomadesis outbreak occurred. On the basis of our
results, and detection of CVB1 in 2 other contemporary
onychomadesis outbreaks in childcare centers in Spain,
we propose that mixed infection of an EV serotype that
causes HFMD, plus the serotype CVB1, could explain the
emergence after HFMD of onychomadesis, a rare and late
complication.

nteroviruses (EVs) are among the most common
human viruses, infecting =1 billion persons worldwide
annually (1). On the basis of phylogenetic analysis, the
genus Enterovirus (family Picornaviridae) is divided into
10 species. Members (serotypes) of human enteroviruses
(HEVs) are classified into 4 species: HEV-A, HEV-B,
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HEV-C, and HEV-D (2). Although most EV infections are
asymptomatic, they can result in a broad range of clinical
manifestations, ranging from benign symptoms to notable
diseases such as poliomyelitis, severe neonatal systemic
disease, encephalitis, meningitis, or myocarditis (3).

Hand, foot, and mouth disease (HFMD) typically
affects children <10 years of age. The main signs and
symptoms are fever; sore throat; general malaise; and,
often, vesicular eruptions on the palms of the hands, soles
of the feet, oral mucosa, and tongue. Although HFMD is
classically a mild disease, outbreaks in Asia have been
associated with a high incidence of fatal cardiopulmonary
and neurologic complications (4). EVs that are most
frequently reported as causing HFMD outbreaks include
EV71 and coxsackievirus A16 (CVA16) (5). Other HEV-A
serotypes, such as CVA4, CVAS, CVAG6, and CVALIQ,
have also been reported in cases of HFMD and herpangina,
a disease that shares clinical symptoms with HFMD (6-9).
HFMD, followed by onychomadesis (nail shedding), was
first reported in 2000 in 5 children in Chicago, Illinois, USA
(10). In 2001, a similar report described it in 4 children in
Europe (11). Since 2008, several onychomadesis outbreaks
(HFMD outbreaks followed by onychomadesis) have
been reported in various locations in Spain: Valencia (12),
Valladolid (13), Saragossa (14), and A Coruiia (15). A
preliminary case—control study from the 2008 Valencia
onychomadesis outbreak established a clear link between
HFMD and onychomadesis (odds ratio 5.836, p<0.001)
(12). Finally, onychomadesis cases in the context of a
HFMD outbreak have also been reported in Finland in 2008
(7,16).

Molecular characterization of the etiologic agent
involved in onychomadesis after HFMD, either in clustered
or sporadic cases, remains controversial. Although
serotypes CVA6 and CVAI10 co-circulated during the
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2008 HFMD outbreak in Finland (16), only CVA6 was
explicitly reported in the HFMD cases in which the patients
experienced onychomadesis (7). In Spain, serotype CVBI1
was detected in A Corufia, and both CVB1 and CVB2 were
detected in Saragossa. Noticeably, serotypes CVA10 and
CVBI were prevalent in the preliminary reports of the 2008
onychomadesis outbreak in Valencia (17). Considering all
of these results together, no convincing demonstration has
been made to clarify which serotype could account for the
HFMD-onychomadesis epidemics.

In this study, to establish a relationship between EV
infection and the onychomadesis patients in Valencia,
Spain, in 2008, we analyzed fecal specimens from
children who experienced onychomadesis after HFMD
and from healthy children who had been in contact with
onychomadesis case-patients. As a result of identifying EV
serotypes and conducting phylogenetic analyses of viral
protein (VP) 1 gene sequences, we propose that either co-
infection or superinfection with an EV serotype that causes
HFMD, along with serotype CVBI, could explain the
emergence of recent HFMD-onychomadesis outbreaks.
However, further research on future onychomadesis
outbreaks that overcome the limitations of this study are
necessary to verify this proposal.

Materials and Methods

Patients and Clinical Samples

Fecal samples were obtained from children in clusters
of cases or from children with sporadic onychomadesis
cases and from their asymptomatic classmates or contacts
who were exposed to onychomadesis patients. All study
participants were identified during May—December 2008 in
Valencia. An onychomadesis case-patient was defined as a
person who had lost >2 fingernails or toenails unrelated to
systemic disease or trauma.

Viral RNA Purification, Reverse
Transcription PCR, and Sequencing

Viral RNA was purified from feces by using Nuclisens
EasyMag automated extractor (bioMérieux, Durham,
NC, USA). Samples that rendered an enterovirus-positive
result after real-time amplification (Cepheid’s Xpert EV,
Sunnyvale, CA, USA) were selected for typing. Sequences
corresponding to the gene encoding the entire VP1 protein
were obtained by reverse transcription PCR (RT-PCR)
followed by direct sequencing. Most of the amplicons
corresponding to either HEV-A or HEV-B serotypes were
generated by using generic primers 011, 055, 224, and 240
(18). cDNA was synthesized in a 20-puL volume reaction
containing 10 pL. RNA, 500 umol/L dNTP, 100 U Moloney
murine leukemia virus reverse transcriptase (Promega
Corp., Madison, WI, USA), 20 U RNasin (Promega) and
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1 umol/L antigenomic primer 240. The RT mixture was
incubated at 42°C for 60 min, followed by 4 min at 95°C. A
first PCR was performed in 50 uL volume containing 5 uLL
cDNA, 5 uL 10x PCR buffer, 0.2 mmol/L of each dNTP,
0.4 pmol/L primer 224, 0.4 umol/L primer 240 and 1.25 U
recombinant Tagq DNA polymerase (TaKaRa Bio Europe
SAS, Saint-Germain-en-Laye, France). A nested PCR was
subsequently performed in a 50-uL volume with primer
pair 011/055. PCR profiles were 94°C for 2 min; 40 cycles
at 94°C for 30 s, 50°C for 30 s, and 72°C for 3 min; and a
final extension step at 72°C for 10 min.

The above-described generic RT-PCR strategy was
complemented with an additional species-specific strategy.
The species-specific protocol was performed for all samples
and consisted of using the same RT-PCR conditions
but with the specific primers for HEV-A and HEV-B as
described (19). In all cases, the region encompassing the
entire VP1 gene was amplified in 2 overlapping fragments.
cDNA was synthesized with either antigenomic primer 489
(HEV-A) or 493 (HEV-B). First-round PCRs included outer
pairs 486/489 (HEV-A) or 490/493 (HEV-B); in the second
round, 2 heminested PCRs were performed with either
pairs 486/488 and 487/489 (HEV-A) or pairs 490/492 and
491/493 (HEV-B). When necessary, for mixed infection,
additional PCRs were performed with additional primers
(Table 1). Purification of amplicons and sequencing was
performed as described (20). All primers mentioned were
considered potentially useful for PCR or sequencing in
both generic and specific strategies. GenBank accession
numbers for sequences derived in this study are FR796476—
FR796493 and FR797984-FR798004.

Sequence and Phylogenetic Analysis

HEVs were genotyped by sequence comparison by
using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Alignments of 5’ and 3’ partial VP1 sequences were
obtained with ClustalW (21). Maximum-likelihood
phylogenetic trees were constructed by using RAXML
version 7.2.6 (22,23) with the general time-reversible
model of nucleotide substitution, a gamma-distribution
approximation to account for rate heterogeneity and
bootstrap support for branches by using 1,000 replicates.
Trees were edited with the Tree Explorer tool in MEGA4
(24).

Results

Studied Persons

Sixty-five fecal samples, collected from 44
onychomadesis case-patients (28 with HFMD) and 21
children who were exposed to onychomadesis case-
patients (3 with HFMD), were tested for EVs. Of these,
38 (59%) samples collected from 29 onychomadesis
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Onychomadesis after HFMD

Table 1. Primers designed in this study used to amplify and sequence the VP1 gene region*

Name Sequence, 5' - 3' Gene Virus Sense Position Use
292a CACCNGTYTCIRCIGC VP1 EV A 2582-2597 Seq
79 TGCTGCARTATATGTATGT VP1 EV-A G 2879-2897 Amp, seq
EV71vplg2 ATGTTTGTACCACCCGGAGCCCC VP1 EV71 G 2894-2916 Amp, seq
CA10vplg2 ATGTATGTGCCCCCTGGCGCCCC VP1 CVA10 G 2894-2916 Amp, seq
CA10_55 GGGACGCATGTGGTGTGGGA VP3 CVA10 G 2162-2181 Amp, seq
CA10_11 GCGCCGGATTGGTGGCCAAA A2 CVA10 A 3326-3345 Amp, seq
vplCA10 g1 TRCAGGCTGCAGAGACGGG VP1 CVA10 G 2567-2585 Seq
vplCAl0al GATGGGTTAGTTGCTGTTTGCCA VP1 CVA10 A 2945-2967 Seq
vp1CA10a2 GGGGGCACATACATATATTG VP1 CVA10 A 2888-2907 Seq

*Primer positions are relative to the CVA2-Fleetwood sequence (GenBank accession no. AY421760). VP, viral protein; EV, enterovirus; A, antigenomic;

seq, sequencing; G, genomic; amp, PCR amplification; CV, coxsackievirus.

case-patients (23 with HFMD) and 9 exposed persons
(1 with HFMD) tested positive. To eliminate likely
incidental serotypes not related to onychomadesis, we
selected clinical samples from children with sporadic
onychomadesis—-HFMD by using the following tentative
exclusion criteria: time between HFMD symptom
onset and specimen collection >90 days and a latency
period between the onset for HFMD and the onset for

onychomadesis of <2 weeks, which is considerably shorter
than the corresponding average in other onychomadesis
outbreaks (=40 days). As a result, 6 EV-positive samples
were excluded from the study.

All 32 children studied (19 boys) were <5 years of age
(mean 2.1, range 1.3-4.2 years) (Table 2). They attended
9 different childcare centers, except for 5 children, 3 of
whom were siblings. A cluster of onychomadesis cases

Table 2. Clinical and epidemiologic data for symptomatic and asymptomatic children and genotyping results of 32 fecal samples
collected in the HFMD—onychomadesis outbreak, Valencia, Spain, 2008*

Date of Date of Days from Days from
Childcare  Isolate = Age, onset for onset for Date of HFMD onset onych onset
center no. y/sex HFMD HFMD Onych onych sampling Serotypes to sampling  to sampling
None 54574  1.5/F Yes Apr 27 Yes May 27 Jun 25 CVA10 58 28
54696  1.7/F Yes May 24 Yes Jun 13 Jul 1 CVA10 37 18
54697 1.7/F Yes May 24 Yes Jun 13 Jul1 CVA10 37 18
54698 1.7/M Yes Jun 24 Yes Jun 13 Jul 7 CVA10/CVA6 37 18
54682  1.4/F Yes Jun 9 Yes Jun 23 Jun 30 CVA16 21 7
1 54624  2.4/M Yes May 9 Yes Jun15 Jun 26 CVA10 47 41
54628  2.3/F Yes May 3 Yes May 18 Jun 26 CVA10/E9 53 38
54629 1.7/M Yes Apr 18 Yes Jun 28 Jun 26 CVB1 68 28
56643 1.8/M Yes May 1 Yes Jun 19 Jun 26 CVA10 55 37
54582 1.5/M Yes Apr 20 Yes Jun 20 Jun 25 CVA10/CVB1 65 5
54636  1.3/M Yes May 12 Yes Jul 7 Jun 25 CVA10/CVBA1 43 -12
54602 2.2/F Yes Apr 15 Yes Jun 9 Jun 25 CVA10/CVA5 70 16
54573  1.4/M No Yes May 2 Jun 25 CVB1 50
54576  2.0/M No Yes May 30 Jun 25 CVA10 25
54622 2.4/M No Yes Jun 3 Jun 26 CVA10 23
54667 1.4/M No No Jun 29 CVA10/CVB1
54572  2.4/M No No Jun 25 CVA10
54575  3.2/F No No Jun 25 CVA10
54579  1.4/M No No Jun 25 CVB1
54601 2.0/M No No Jun 25 CVA10
54599 2.9/M No No Jun 25 CVA10
54632  3.4/M No No Jun 27 CVB1
2 54693 2.8/M Yes May 21 Yes Jun 25 Jul1 CVB1 40 6
3 54657  2.1/F Yes May 13 Yes Jun 21 Jun 26 CVA6/CVB1 43 5
4 54753  4.2IM No No Jul 2 CVA10
5 54694  1.6/F Yes May 20 Yes Jun 5 Jul 1 CVA6 41 26
6 54633 2.8/M Yes NA Yes May 15 Jun 27 CVA5
7 54678 1.7/F Yes Apr 1 Yes May 14 Jul1 EV71/CVA5 90 47
8 54720 1.7/F No Yes May 1 Jul 2 EV71 61
9 1023 1.9/F Yes Oct 18 Yes Nov 28 Nov 4 CVA6 16 =31
1215 2.0/F Yes Oct 21 Yes Dec 1 Oct 31 CVAG6 9 -24
1031 2.0/M Yes Oct 23 No Nov 4 CVAB6 11

*HFMD, hand, foot, and mouth disease; onych, onychomadesis; none, no childcare center attendance; CV, coxsackievirus; E, echovirus; NA, not
available; EV, enterovirus.
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during May—July 2008 was first reported in childcare
center 1 from which 17 samples from onychomadesis
patients and exposed children were studied. By the time
the epidemiologic study was conducted in childcare center
1, some sporadic onychomadesis cases were reported in
other childcare centers, and EV-positive samples from
corresponding case-patients and 1 exposed person were
analyzed (childcare centers 2—8). In October 2008, another
cluster of HFMD cases was identified in childcare center
9, from which fecal samples were taken even before
onychomadesis symptoms developed in HFMD case-
patients. In our study, nail shedding appeared an average
of 32 days after HFMD onset (95% confidence interval
[CI] 24-39 days), and fecal samples were collected an
average of 44 days after HFMD onset (95% CI 35-54
days) and 25 days after onychomadesis onset (95% CI
18-32 days), excluding data from samples collected before
onychomadesis onset (negative days in Table 2).

EV Typing

All EV-positive samples could be typed, and 7 different
serotypes were found, 5 belonging to HEV-A species
(CVAS, CVA6, CVAI10, CVAIL6, and EV71) and 2 to
HEV-B (CVBI and echovirus [E] 9). In 4 samples, CVB1
was found in dual infections with either CVA10 or CVAG.
The most prevalent serotypes were CVA10 (45%) and
CVBI (22.5%), which were mainly detected in childcare
center | and in children not attending any childcare center,
followed by CVAG6 (15%), the only serotype detected in the
3 children from childcare center 9. Other serotypes were
found with more marginal frequencies: CVAS (7.5%),
EV71 (5%), CVA16 (2.5%), and E9 (2.5%). Sporadic
onychomadesis cases that matched exclusion criteria for
likely incidental infections were analyzed and presented
HEV-B serotypes CVB3 (n=2), E3 (n=1), E9 (n=2), and
E3/E9 co-infection (n = 1). A substantial number of mixed
infections (25%) was detected. All 3 mixed infections
CVBI1/CVAI10 occurred in childcare center 1 and were
found in 2 symptomatic children (with both HFMD and
onychomadesis) and 1 healthy child. Thus, mixed infection
of both serotypes was found in children who stayed in the
childcare center where the first onychomadesis case were
identified. Other combinations of mixed infections were
detected only once.

Additionally, viral extracts from 16 EV-positive
samples were inoculated into cell culture (human cervical
carcinoma, human rhabdomyosarcoma, and human
embryo fibroblasts), followed by EV detection with
immunofluorescence (data not shown). Eight samples typed
as HEV-A (mixed or monoinfection) produced negative
results, whereas all 5 samples typed as CVBI and all 3
samples with the mixed infection CVA10/CVBI1 showed
positive results.
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Phylogenetic Analyses

Given their relevance in this study, only phylogenies
for serotypes CVB1, CVA10, and CVA6 are shown
(Figures 1-3). The PCR strategy amplified a region
that ranged from 1,084 nt (CVBI1) to 1,174 nt (CVAG6).
Notably, most currently available sequences from these
serotypes cover only a fragment of the VP1 coding region
(either the 3’ or the 5’ part), with typical lengths of =300
nt and 400 nt, respectively. In consequence, to attain a
global view of the relationships between our sequences
and representative isolates circulating worldwide, we
performed 2 parallel phylogenetic reconstructions using
each part of the coding region.

CvB1

Nine serotype CVBI sequences were obtained from
6 onychomadesis case-patients (5 with previous HFMD)
and 3 healthy classmates. Eight of the 9 CVBI sequences
were virtually identical (99.9%) and shared 94% nucleotide
identity with the relatively divergent 54693 isolate. These
CVBI isolates from Valencia clustered together and were
phylogenetically close to isolates circulating in the United
States during 2007-2008 (nucleotide identities 96.6%—
99.0%) (Figure 1, panel A) and to isolates circulating in
Spain in 2008-2009, including those isolates detected in
the onychomadesis outbreak reported in A Corufa in 2009
(15) (97.7%-99.5%) (Figure 1, panel B).

CVA10

Serotype CVA10 was detected in 18 children: 12
onychomadesis case-patients (10 with HFMD) and 6
healthy children. Phylogenetic analyses with representative
CVAI10 sequences are shown in Figure 2. Both 5" and 3’
partial VP1 analyses (panels A and B, respectively) showed
that all but 1 of the CVAI10 sequences from the current
outbreak clustered with a nucleotide identity of 97%—
100%. This CVAI10 group showed a close relationship
with Slovakian sequences collected in 2007, with a clade
that comprises many strains circulating in the People’s
Republic of China during 2008-2010 and showed pairwise
identities of ~80% compared with the main cluster of 2008
isolates from Finland that contains the divergent isolate
54602, collected in childcare center 1. Nucleotide identities
between isolate 54602 and sequences in the 2008 Finland
cluster were 94%—100%.

CVA6

CVAG6 serotype was found in 6 children: 3 from the
onychomadesis outbreak reported in fall 2008 (childcare
center 9) and 3 from patients with sporadic onychomadesis
cases reported in summer 2008. In contrast to the collection
of other isolates (except 54636), the samples from the
HFMD cluster in childcare center 9 were collected
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~1 month before onychomadesis onset. Phylogenetic
relationships of CVAG6 isolates (Figure 3) showed that 4
of our isolates formed a cluster with an isolate collected
in Great Britain in 2008. These highly similar isolates
(identities ~100%) formed a relatively distant sister cluster
to a group that included most CVAG isolates circulating
in the 2008 HFMD outbreak in Finland. In contrast to the
results shown above for the CVA10 serotype, these CVA6
isolates from Spain and Finland showed higher nucleotide
identities (94%-98%). On the other hand, the divergent
CVAG sequence from isolate 54698 tended to cluster with
isolates circulating in Japan, Iceland, and Greece during
2007 and with a divergent isolate that circulated in the 2008
Finland outbreak. Isolate 54657 (a short CVA6 sequence
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not included in the phylogenetic analyses) was found
in a mixed infection with CVBI in a child with HFMD—
onychomadesis (childcare center 3). This partial sequence
was identical to sequence 54694 and could likely group
within the cluster of Spanish sequences.

Other Serotypes

Three CVAS isolates were detected in different children
with onychomadesis after HFMD. Isolates 54602 and 54633
were identical and similar to isolate 54678 and to an isolate
from China that was circulating in 2008 (data not shown).

Two EV71 sequences, which shared a 99.6% nt
identity, were detected in samples from patients with
sporadic onychomadesis cases, with and without previous
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HFMD. Phylogenetic analysis indicated (data not shown)
that both EV71 isolates clustered with sequences circulating
Europe during 2006-2009.

One CVAIG isolate was detected in a child with
sporadic HFMD followed by onychomadesis (isolate
54682); the child was not attending any childcare center.
Phylogenetic analysis indicated the isolate grouped with
endemic strains that were circulating in China during
2000-2008 (data not shown).

Serotype echovirus 9 (E9) was detected in a dual
infection with CVAI10 in isolate 54629. Phylogenetic
analysis grouped this strain within a cluster of numerous
isolates circulating in Spain (2003—-2008), Australia (2005—
2006), and United Kingdom (2007-2008) (data not shown).

Discussion

The main EVs detected in the HFMD-onychomadesis
outbreak in Valencia in 2008 included HEV-A serotypes
that caused HFMD (CVA6 and CVA10) and an HEV-B
serotype (CVBI), currently associated with meningitis
and myocarditis and detected recently in clusters of
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severe systemic neonatal illness (25) and onychomadesis
outbreaks (14,15).

The other EVs detected in our survey (CVAS, EV71,
CVA16, and E9) could be incidental to the outbreak because
they were found rarely and, except for CVA16, were
identified from fecal samples collected long after HFMD
onset (26). In fact, if more stringent exclusion criteria
had been followed, they would have been excluded from
the analysis. For instance, the time from onset of HFMD
and onychomadesis symptoms to specimen collection for
isolate 54678 (90 and 47 days, respectively) and from
onychomadesis onset to specimen collection in isolate
54720 (61 days), although both contained EV71 serotype,
was considerably longer than the average from symptom
onset to fecal sample collection (44 and 25 days for HFMD
and onychomadesis, respectively). This delay could also be
the case for E9, which was detected only once in a mixed
infection (but detected in 3 excluded samples collected >90
days after HFMD onset).

Phylogenetic analyses found that divergent strains
within serotypes CVA6 and CVAI10 were isolated in
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the contemporary HFMD-onychomadesis outbreaks in
Valencia and Finland. Phylogenies of CVB1 showed that
a virtually identical CVBI1 strain was detected in both
onychomadesis outbreaks in Valencia and A Coruia (15),
along with a relatively divergent strain from Valencia.
Consequently, no single serotype or strain within serotype
can account exclusively for onychomadesis. The same
conclusion arises after considering serotyping results from
previous HFMD—-onychomadesis studies in which CVA6
(16),CV6andCV10(7),andCVBI1 (15)orCVB1 and CVB2
(14) were detected as single infections. On the contrary,
we found, although in a low proportion, dual infections of
CVA10/CVBI and CVA6/CVBI in onychomadesis cases
that led us to suggest that a mixed infection of serotypes from
2 different EV species might account for this unexpected
and late complication. Two different serotypes could have
infected patients either simultaneously (co-infection) or
sequentially (superinfection). Constituents of this mixed
infection that possibly causes HFMD-onychomadesis
would be 1 HEV-A serotype that causes HFMD, CVA10 or
CVAG6, and 1 HEV-B serotype, CVBI, never found before
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in clusters of only HFMD. These 3 serotypes co-circulated
during spring and fall 2008 in Valencia and accounted for
a cumulative 85.5% of all detected infections in our study.

Identifying serotype CVBI1 as a cofactor that
contributes to onychomadesis in a HFMD context would
solve satisfactorily the question of which serotype is
responsible for the onychomadesis feature but also would
generate new concerns. First, is CVBI1 an incident serotype
detected in the 3 onychomadesis outbreaks in Spain or
a true cofactor? Second, why do typing results among
HFMD-onychomadesis studies not agree?

Prevalence of CVBI1 in Spain before 2008 was low.
Eighteen CVBI isolates (0.6%) were detected in Spain
from 2,814 typed EV isolates, mainly collected from
children during 1998-2007 (27). The detection of 17 CVB1
isolates collected in 3 distant onychomadesis outbreaks
~1,000 km from A Corufia to Valencia) during a year (May
2008—-April 2009) seems too high to be considered just a
chance event.

Differences in specimens and methods may explain the
discordant typing results among HFMD-onychomadesis
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studies, especially in the use of viral culture (28,29) or
different sets of RT-PCR primers (30,31). In the Saragossa
and A Corufia outbreaks, typing was performed after viral
culture (15). By using the same cell lines, we obtained
EV-positive cultures when they were injected with either
CVBI or HEV-A/CVBI viral extracts, but cultures were
EV-negative when they were inoculated with HEV-A
strains alone. Similarly, 8 CVA6 RT-PCR—positive
specimens could not be cultured in the outbreak in Finland
(16). Therefore, the method applied in these 2 outbreaks in
Spain is highly likely to have missed HEV-A strains, even
if present, and selected for, and indeed found, only CVBI
isolates.

A noteworthy inconsistency, if our hypothesis holds, is
that CVB1 was not detected in the HFMD-onychomadesis
outbreak in Finland. Specimens studied in the 3 Spanish
surveys were sampled a long time after HFMD diagnosis,
whereas in the 2 surveys from Finland, acute-phase
specimens were obtained (7,16). Typing methods in
Finland (16) were based on primers specific for CVA6-VP1
or melting point comparison in the 5’ noncoding region,
which are not advised for typing at the serotype level. Not
surprisingly, only the CVAG6 serotype was found. In fact,
the cited study could not detect co-circulating CV10. The
second publication (7) about the same outbreak, in which
a different method was used, proved co-circulation of
CVAG6 and CVAL10. In this report, protocols seem suitable
for detecting any serotype, but the researchers did not
specify the number of fecal samples (and their collection
data) that were typed directly from onychomadesis case-
patients. Curiously, only supernatants from consecutive
cultures that showed 100% cytopathic effect underwent
typing. However, in the surveys from A Coruia (15) and
Valencia, all viral cultures were tested, irrespective of
cytopathic effect, and CVB1 was detected in A Coruna
(viral cultures were not typed in our survey). The highly
stringent conditions used in the Finland survey could have
seriously compromised the ability to detect CVBI1, even if
it was initially present.

Our study combined the use of fecal samples along with
3 distinct strategies for molecular amplification of isolates,
thus improving previous strategies used in onychomadesis
outbreaks. That all EV-positive samples could be typed and
that the variability detected was high clearly supported the
robustness of our approach.

Our study has some limitations, however. First, virions
in feces correspond to viral shedding from the whole patient
and add an eventual possibility of detecting incidental EVs.
Moreover, the possibility of detecting incidental serotypes
increases with time between HFMD onset and specimen
collection as reflected in typing results from excluded
samples. Therefore, we recommend limiting sample
collection to <2 months after HFMD onset. Second, our
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hypothesis has no statistical support because a Fisher exact
test (applied to a 2-way contingency table) performed with
our data failed to detect a significant association between
the presence of CVA6/CVB1 or CVA10/CVBI mixed
infections and onychomadesis. However, this lack of
significant association does not necessarily invalidate our
hypothesis because the quality of the specimens may affect
detection of some serotypes and, consequently, the result of
the test. For instance, distant serotypes may differ in their
persistence pattern in feces (26), which could have led to
the poor association between mixed infections detected and
expected according to our hypothesis. Finally, our studied
population was temporally and geographically restricted.

Further research of HFMD-onychomadesis outbreaks
will be needed to confirm or negate our hypothesis.
Adequate specimens to test the hypothesis would comprise,
ideally, nail sampling and serial fecal sampling from time
of HFMD diagnosis to =2 months after HFMD onset.

The standardization of protocols and techniques in
typing is essential for EV surveillance and worldwide
comparisons. In this context, we strongly recommend that
the complete VP1 gene be sequenced.
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Experimental Infection of Horses
with Hendra Virus/Australia/
Horse/2008/Redlands

Glenn A. Marsh, Jessica Haining, Timothy J. Hancock, Rachel Robinson, Adam J. Foord,
Jennifer A. Barr, Shane Riddell, Hans G. Heine, John R. White, Gary Crameri, Hume E. Field,
Lin-Fa Wang, and Deborah Middleton

Hendra virus (HeV) is a highly pathogenic zoonotic
paramyxovirus harbored by Australian flying foxes with
sporadic spillovers directly to horses. Although the mode and
critical control points of HeV spillover to horses from flying
foxes, and the risk for transmission from infected horses
to other horses and humans, are poorly understood, we
successfully established systemic HeV disease in 3 horses
exposed to Hendra virus/Australia/Horse/2008/Redlands by
the oronasal route, a plausible route for natural infection. In 2
of the 3 animals, HeV RNA was detected continually in nasal
swabs from as early as 2 days postexposure, indicating that
systemic spread of the virus may be preceded by local viral
replication in the nasal cavity or nasopharynx. Our data
suggest that a critical factor for reducing HeV exposure
risk to humans includes early consideration of HeV in the
differential diagnosis and institution of appropriate infection
control procedures.

endra virus (HeV) is a zoonotic paramyxovirus

harbored by Australian mainland flying foxes, from
which it is believed to be transmitted directly to horses.
In horses, HeV causes a severe, often fatal, febrile illness
associated with respiratory and neurologic signs (1). Since
its emergence in Queensland, Australia, in 1994, HeV
infection of horses has regularly recurred. Of the 32 equine
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outbreaks, 5 have extended to involve infection of humans;
of the 7 known human case-patients, 4 have died. Human
infection has typically occurred after close contact with
infected horses, usually horses in the terminal stages of
disease or at postmortem examination, except for 1 person
for whom epidemiologic findings suggested the most likely
exposure to an infected horse occurred during incubation
(2). Currently, HeV is an unmanaged emerging infectious
disease.

Since the serious zoonotic potential of HeV was
confirmed, clinical and laboratory evaluation of disease
horses from outbreaks has been limited. In particular,
the relationship between the onset of clinical signs and
duration of viral shedding has not been determined, and the
understandably few equine experimental infection studies
conducted in the mid-1990s (3) yielded limited data that
could guide effective management of the exposure risk to
humans.

Further concern arose after an HeV outbreak in
the Brisbane suburb of Thornlands (Redlands Shire),
Queensland, in 2008, in which the major clinical signs
in horses were attributable to disease of the central
nervous system (4). Although nervous system signs have
been associated with previous outbreaks, HeV is more
commonly considered to induce a respiratory syndrome in
horses. In the Redlands 2008 outbreak, credible alternate
provisional diagnoses and thus delay in definitive diagnosis
likely contributed to an increased HeV exposure risk to
attending staff and to in-contact horses; 2 staff members
became infected, 1 fatally (4).

The objectives of this study were to monitor potential
routes of shedding for evidence of HeV replication in
horses experimentally exposed to Hendra virus/Australia/
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Horse/2008/Redlands and to compare the associated clinical
syndrome with that observed after infection with the HeV
isolate from the first outbreak in 1994. These data would
provide a framework for assessing the relative transmission
risk posed by horses at various times during acute HeV
infection and permit incorporation of recommendations
for reducing the transmission risk to humans and other
horses into advisory and outbreak management strategies.
Following the observation in the Redlands outbreak of
a predominantly neurologic disease, an experimental
challenge was carried out under BioSafety Level 4
conditions at the Australian Animal Health Laboratory,
Geelong, Victoria, Australia, in late 2008.

Methods

Animals

Three mares were housed in individual pens within
1 room at BioSafety Level 4. Room temperature was
maintained at 22°C with 15 air changes per hour; humidity
varied from 40% to 60%. Animal husbandry methods and
experimental design were endorsed by the Commonwealth
Scientific and Industrial Research Organization, Australian
Animal Health Laboratory and Animal Ethics Committee,
and aligned with the Code of Practice for the Welfare of
Horses (Bureau of Animal Welfare, Victoria, Australia).

Horses were acclimated to the facility for 1 week before
exposure to HeV. Immediately before viral challenge,
each mare was fitted with an intrauterine (transcervical)
temperature transponder to continuously record core body
temperature (5). An indwelling catheter was placed in the
jugular vein of each animal and sutured in position.

Horses were clinically assessed at least 2x/d, and
when a predetermined humane endpoint was reached, they
were euthanized. The humane endpoint was defined as
fever accompanied by depression or other signs consistent
with localization to respiratory or neurologic systems.
This clinical assessment permitted documentation of the
incubation period, duration and route of virus shedding from
the time of virus exposure to readily detectable disease, and
time for localization of virus to various body tissues.

Virus

HeV (Hendra virus/Australia/Horse/2008/Redlands)
was isolated on Vero cells from the spleen from a horse
with naturally acquired disease in the Redlands outbreak.
Genetic analysis of this isolate showed 99.6% similarity at
the amino acid level to the original HeV isolate (Hendra
virus/Australia/Horse/1994/Hendra) (6). Because the
median infectious dose of HeV in horses is not known,
the virus challenge dose was selected to mimic previous
experimental studies (3); virus (2 x 10° 50% tissue culture
infectious dose) was administered oronasally to each horse.
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Clinical Data and Biological Sample
Collection and Analysis

Clinical observations were recorded 2x/d beginning
3 days before HeV exposure and included rectal temperature
(to augment records from the implanted transponders)
and heart rate measured with an electronic monitor. The
character of the respiratory pattern and effort was also noted
on ecach occasion (resting respiratory rate had previously
been assessed as highly variable from time to time in each
animal and so was not routinely recorded).

Biological samples (nasal, oral, and rectal swab
specimens and blood) were collected every day. Urine
and feces were collected from the pen floor and mid-
stream urine was collected on an opportunistic basis. All
biological samples, except blood for serologic tests, were
placed immediately on wet ice and then stored at —80°C
until processed. Serum samples were stored at —20°C until
tested for antibody against HeV.

Nasal, oral, and rectal swab specimens; urine;
feces; and blood were analyzed for HeV nucleic acid by
quantitative real-time PCR directed against the N and P
genes (7) and for live HeV by virus isolation in Vero cells.
After being euthanized, each horse underwent postmortem
examination. Diverse samples were retained for virus
isolation, real-time PCR, histopathologic examination, and
immunohistochemical testing by using rabbit o-Hendra
N-protein antiserum.

Results
Clinical Observations

Horse 1

The horse remained well until day 5 postchallenge,
when its temperature began to rise (Figure 1) in parallel
with a steady rise in resting heart rate (Figure 2). At this
time the horse was eating well and otherwise appeared
clinically normal.

On day 6, the horse was clinically depressed with
reduced appetite. Temperature and heart rate had continued
torise,and over several hours, the horse exhibited continuous
restlessness, with constant shifting of weight between all 4
limbs, especially the hind limbs. By afternoon, the horse
was disinterested in its surroundings and had begun to
stand with its head facing the side of the pen. The horse was
euthanized, and postmortem examination was conducted.

Horse 2

A slight bilateral serous nasal discharge was observed
in this horse on day 2 postchallenge. The horse remained
otherwise well until day 7, when a temperature above
baseline developed in parallel with a rise in resting heart
rate (Figure 2). At this time, the horse did not exhibit
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Figure 1. Temperature transponder data for horse 1 during
experimental infection with Hendra virus, Australia. Before viral
challenge, each mare was fitted with an intrauterine (transcervical)
temperature transponder to allow continuous recording of core
body temperature. Temperature was measured every 15 minutes
in each horse. Solid line represents the moving average based on
20 temperature readings.

any other abnormal clinical signs. The following day, the
horse was slightly depressed, and the elevated heart rate
and temperature appeared to have stabilized. However,
on day 9, the heart rate continued to rise, and the horse
exhibited mild dyspnea with a prolonged expiratory phase.
This normally quiet mare also became agitated when
approached. The horse was euthanized on the afternoon of
day 9, and postmortem examination was conducted.

Horse 3

A slight bilateral serous nasal discharge was observed
in this horse on day 2 postchallenge. The horse remained
otherwise well until day 6 when its temperature began to
rise above baseline. Fever was established by day 7, and
a concomitant rise in heart rate was also noted (Figure 2).
The serous nasal discharged had resumed, but the horse was
otherwise well and eating normally. On day 8, temperature
and heart rate were continuing to rise, and small amounts
of blood coated in mucus were seen in the feces. The
mare exhibited a rigid forelimb stance, alternating with
general restlessness and constant shifting of weight from
limb to limb, difficulty eating, frequent head shaking, and
irritability with attempts to bite her handlers. A panting
type of respiration was noted. The horse was euthanized on
the afternoon of day 8.

Postmortem and Histopathologic Findings
Horse 1
Significant gross abnormalities comprised enlarged

and edematous submandibular lymph nodes, and several
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2 x 0.5-cm subpleural hemorrhages were noted on
the left lung. A small (6 X 6 cm) area of brownish pink
consolidation was present on the ventral border of the left
lung posterior to the cardiac notch. A 2.5-cm follicle was
noted in the left ovary.

On histologic examination, systemic vasculitis was
observed that affected meninges, nasal mucosa, trachea,
lung, diverse lymph nodes, spleen, kidney, heart, uterus,
ovary, and intestine. Edema, syncytial cells, viral inclusion
bodies, and alveolitis were seen in lung sections. Focal
necrosis of the adrenal gland was identified, together with
glomerulitis and syncytial cell formation in the kidney.
HeV antigen was detected in tissues and organs, including
meninges, alveolar walls, lymph nodes, renal glomeruli,
and adrenal glands and in blood vessels supplying each of
these. In addition, the nasal mucosa, trachea, spleen, heart,
uterus, ovary, and intestine showed HeV antigen.

Horse 2

Significant gross abnormalities comprised enlarged
and edematous submandibular and bronchial lymph nodes
and heavy lungs that oozed fluid from the cut surface.
Numerous petechial hemorrhages were found over the
surface of the diaphragmatic regions of the lung. The liver
was small with an irregular finely nodular surface.
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Figure 2. Rectal temperatures (A) and heart rates (B) of each horse
after experimental infection with Hendra virus, Australia. Data were
collected by using an electronic monitor 2x/d, along with comments
on general demeanor. Data were used to determine a humane
endpoint for each animal.
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On histologic examination, systemic vasculitis was
observed that affected meninges, brain (Figure 3, panel A),
nasal mucosa, trachea, lung, diverse lymph nodes, spleen,
liver, kidney, heart, uterus, ovary (Figure 3, panel B), and
intestine. Edema, syncytial cells, viral inclusion bodies, and
alveolitis were seen in lung sections. Focal necrosis and
syncytial formation within lymph nodes were identified,
together with glomerulitis and syncytial cell formation
in the kidney. Acute myocarditis and focal necrosis of
corpus luteum tissue were also identified. HeV antigen
was detected in tissues and organs, including meninges,
alveolar walls, lymph nodes (Figure 4), renal glomeruli,
myocardium, and ovary and in blood vessels supplying
each of these. Again, HeV antigen was detected in nasal
mucosa, liver, spleen, adrenal gland, uterus, and intestine.
Hepatic amyloidosis was also noted but was considered to
be an incidental finding.

Horse 3

At postmortem examination, we identified swollen and
edematous submandibular, sternal, and bronchial lymph
nodes and dilation of lymphatic vessels at ventral lung lobe
margins (Figure 5). We also found endometrial edema with
purplish discoloration of the serosal surface of the uterus.

On histologic examination, systemic vasculitis was
observed affecting meninges, nasal mucosa, lung, diverse
lymph nodes, tonsil, spleen, liver, kidney, heart, uterus,
ovary, and intestine. Edema, syncytial cells, viral inclusion
bodies, and alveolitis were seen in lung sections. Focal
necrosis and syncytial formation within lymph nodes
was identified, together with glomerulitis and syncytial
cell formation in the kidney. Acute myocarditis and
focal necrosis of adrenal and corpus luteum tissue was
detected. HeV antigen was also detected in tissues and
organs including alveolar walls, lymph nodes, tonsil, renal
glomeruli, myocardium, and ovary and in blood vessels
supplying each of these, as well as in nasal mucosa, liver,
spleen, adrenal gland, uterus, and intestine.

Virus Loads in Clinical Samples

Viral genetic material was detected in nasal swabs
from 2 days postchallenge (Table, only P gene data shown),
consistently in 2 of the animals and intermittently in the
third. The steady increase in relative copy numbers over time
is consistent with viral replication in the upper respiratory
tract and shedding into the nasal cavity in nasal secretions.
Viral RNA was first found in the blood of each horse at
least 1 day before onset of fever. After onset of fever, but
before development of other clinical signs of illness, HeV
genome was detected in the oral swabs, urine, and feces of
each horse; the rectal swab only of horse 2 was positive.
Fecal material on the floor of the pen could have been
contaminated by urine containing viral genetic material. In
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Hendra virus, Australia. A) Parenchyma and B) ovary of horse 2.
Original magnification x200.

addition, the smaller amount of material collected on the
rectal swab could have influenced sensitivity of the test.
Once clinical disease was established, all samples had
detectable levels of HeV genome, except the rectal swabs
of horses 1 and 3. All samples in which viral RNA was
found were examined for live virus by passage in Vero
cells. Virus was not reisolated from any sample collected
before postmortem examination. Blood samples collected
during acute disease, as well as samples of urine and feces,
were highly toxic to tissue cultures, and virus might have
been present at low titer in some of these samples.

Virus Loads in Tissue Samples

Viral RNA (N and P genes) was detected in all tissues
sampled at postmortem examination (Figure 6, only P
gene data displayed). Reisolation of virus was attempted
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Figure 4. Lymphadenitis with syncytial cell formation in horse
2 experimentally infected with Hendra virus (HeV), Australia.
Immunohistochemical staining of HeV N protein showing presence
of antigen in red. Original magnification x200.

for all tissues; tissues from which virus was recovered
generally were those with the highest levels of target
genes. From horse 1, these tissues were kidney; lung; and
submandibular, inguinal, and renal lymph nodes. From
horse 2, virus was recovered from the guttural pouch;
pharynx; submandibular, inguinal, bronchial, and renal
lymph nodes; lung; spleen; kidney; heart; large intestine;
spinal cord; brain; and intrathoracic sympathetic chain.
From horse 3, virus was recovered from the guttural pouch;
submandibular, inguinal, bronchial, and renal lymph nodes;
lung; kidney; heart; adrenal gland; spinal cord; brain;
cerebrospinal fluid; and meninges.

Discussion

The mode and critical control points of HeV spillover
from flying foxes to horses, along with the risk for
transmission of virus from infected horses to other horses
and to humans, is poorly understood. In this study, we
successfully established systemic HeV in 3 horses exposed
to 2 x 10° 50% tissue culture infectious dose HeV (Hendra
virus/Australia/Horse/2008/Redlands) oronasally. In 2 of
the 3 animals, HeV RNA was continually detected in nasal
swabs over the course of the incubation period, strongly
suggesting that systemic spread of virus may be preceded
by local viral replication in the nasal cavity or nasopharynx.

These data indicate that nasal secretions of
asymptomatic horses may pose a transmission risk during
the early phase of disease that precedes viremia, fever, or
other discernable clinical signs of HeV infection. However,
the increasing gene copy number recovered over time
also suggests that the risk provided by these animals is
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relatively low, compared with animals in the immediate
presymptomatic and symptomatic stages of infection.
Duration of exposure also contributes to infection risk
because longer contact time increases the potential for
acquisition of an infectious dose of virus. Additionally,
certain types of contact or procedures may contribute
to infection, such as nasal intubation or routine dental
procedures, where operator risk is increased even in the
preclinical stage of infection.

The febrile, and then symptomatic, horse likely poses
a greater transmission risk not only from virus shed in its
nasal secretions but also from excretions, such as urine,
and blood. However, the activity likely to pose the highest
transmission risk is postmortem examination of a horse that
has died of acute HeV infection. The potentially high virus
load in the animal at this time provides a scenario for gross
contamination of operator and assistants with infective
material and the associated additional risk inherent in the
handling of sharp instruments. Of the 7 known human
HeV infections, 2 have been associated with postmortem
examination of affected horses (8,9) and the remainder
with contact with clinically ill horses in the late incubation
period (2,10).

Clinical signs observed in our study, including
fever, tachycardia, inappetence, depression, dyspnea,
and restlessness, were generally consistent with signs
recorded in the first HeV outbreak (10-12) as well as
earlier experimental studies that used the original HEV
isolate (Hendra virus/Australia/Horse/1994/Hendra) (13).
The early field observations also mention ataxia (10,14)
and myoclonus (14), which suggest that neurologic
presentations are regularly associated with HeV disease
in horses. Similarly, nonsuppurative meningoencephalitis
is commonly found in experimentally induced infection
(15), and the florid neurologic signs noted in field cases in

Figure 5. Dilation of lymphatic vessels and ventral lung lobe margins
of horse 3 experimentally infected with Hendra virus, Australia.
Original magnification x10.
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Table. Real-time PCR detection of HeV in daily shedding samples in experimental infection of horses, Australia, 2008*

Cycle threshold values from HeV P gene real-time RT-PCRT

Days postinfection

Animal/sample 0 1 2 3 4 5 6 7 8 9
Horse 1
Blood - - - - 39.4 33.0 31.2
Urine - - - 41.9 - 41.6 36.2
Feces - - - - - 40.7 36.1
Rectal swab - - - - - - 42.0
Nasal swab - - 37.5 34.7 35.9 29.5 32.8
Oral swab - - - - - 41.2 38.5
Horse 2
Blood - - - - - - 37.3 32.2 31.4 29.9
Urine - - - - - - - 36.2 36.3 33.5
Feces - - - - - - 40.7 37.0 35.0 35.2
Rectal swab - - - - - - - 43.6 36.4 36.5
Nasal swab - - 36.3 32.4 38.9 34.3 31.1 28.1 29.2 35.2
Oral swab - - - - - - - 36.6 35.8 34.5
Horse 3
Blood - - - - - 39.1 36.3 32.8 31.6
Urine - - - - - - 40.7 39.0 34.3
Feces - - - - 42.2 - 39.2 35.3 34.5
Rectal swab - - - - - - - 42.9 42.8
Nasal swab - - 42.0 NA 41.4 43.0 - 37.9 329
Oral swab - - - - 41.4 41.8 40.3 39.5 38.5

*HeV, Hendra virus; RT-PCR, reverse transcription PCR; -, negative by real-time PCR testing; NA, sample not available for testing. Shading indicates

that horse was euthanized.

TIndividual samples were taken, RNA extracted, and samples tested by real-time PCR in duplicate.

the Redlands 2008 outbreak (4) might merely reflect the
normal spectrum of HeV in horses. Although the route of
natural infection of horses by HeV is not known, primary
exposure likely occurs through the upper respiratory tract
or the oropharynx. In previous experimental studies using
HeV, either route has been used to successfully establish
infection and therefore was selected for the current study.
Notably, 3 of 5 horses at Redlands had medical problems
involving the head (corneal lesion, nasal granuloma, and
mandibular fracture) (4), which created the potential
for an exposure route that bypassed mucosal protective
mechanisms. If so, these routes of infection may also have
influenced the course of infection.

Our data suggest that a critical part of reducing HeV
exposure risk to veterinarians and animal attendants
includes early consideration of HeV in the differential
diagnosis of the febrile horse, with institution of
appropriate infection control procedures, at least until a
definitive diagnosis is obtained. Accordingly, published
guidelines on handling potential HeV cases have been
revised to account for this improved understanding of the
dynamics of HeV infection in the horse (1). Most febrile
horses are not infected with HeV but will often require
ongoing veterinary interventions for underlying disease.
We acknowledge that case management under these
circumstances is not straightforward, particularly with
respect to suitable personal protective equipment, because
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neither the human infectious dose nor the virus load in the
air are known.

In spite of attendant risk, postmortem examination
of affected animals remains particularly valuable when
atypical disease is observed or in other situations where
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Figure 6. Relative abundance of Hendra virus (HeV) P RNA
in different horse tissues at postmortem examination after
experimental infection with HeV, Australia. Values are expressed
relative to ribosomal 18S copies. Tissue origins are indicated along
the y-axis. *Sample not available for testing.
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a diagnosis is essential, such as when human exposure
is suspected or transmission to other animals might have
occurred. Necropsy can be conducted safely by suitably
experienced and equipped operators with predetermined
strategies and infrastructure for personnel and
environmental decontamination. A level of risk reduction
should be adopted for inexperienced operators or those ill
prepared to safely manage such a procedure, especially
where diagnostic confirmation of a typical HeV case is
sought. In such cases limited collection of tissues, such
as superficial lymph nodes, may offer a tolerable balance
between the value of diagnostic confirmation and the
infection risk associated with achieving it.
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Lineage and Virulence of
Streptococcus suis Serotype 2
Isolates from North America

Nahuel Fittipaldi, Jiangu Xu, Sonia Lacouture, Prasit Tharavichitkul, Makoto Osaki,
Tsutomu Sekizaki, Daisuke Takamatsu, and Marcelo Gottschalk

We performed multilocus sequence typing of 64 North
American Streptococcus suis serotype 2 porcine isolates.
Strains were sequence type (ST) 28 (561%), ST25 (44%), and
ST1 (5%). We identified nonrandom associations between
STs and expression of the virulence markers suilysin (SLY),
muramidase-relased protein (MRP), and extracellular factor
(EF). Expression of pili encoded by the srtF and srtG pilus
clusters was also nonrandomly associated with STs. ST1
strains were SLY+ EF+ MRP+ srtF pilus+ srtG pilus—. ST25
strains were SLY- EF— MRP- srtF pilus— srtG pilus+, and
most ST28 strains were SLY— MRP+ EF- srtF pilus+ srtG
pilus+. ST28 isolates proved essentially nonvirulent in a
mouse infection model; ST25 strains showed moderate
virulence and ST1 isolates were highly virulent. ST1
is responsible for a high proportion of S. suis disease in
humans worldwide. Its presence in North America indicates
that potential zoonotic S. suis outbreaks in this continent
cannot be disregarded.

treptococcus suis causes meningitis and septicemia

in pigs and is a zoonotic agent (1). In the Western
hemisphere, human S. suis disease is infrequent and usually
affects workers in the swine industry. However, S. suis is the
most commonly reported cause of streptococcal meningitis
in adults in Vietnam and the second in Thailand (2,3).
Two outbreaks of human S. suis disease have occurred in
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People’s Republic of China, affecting hundreds of persons
and causing 39 deaths (4). Most cases of animal and human
S. suis infection have been caused by serotype 2 strains (5).
The percentage of S. suis serotype 2 strains recovered from
diseased pigs and the number of cases of human disease
is lower in North America than in other parts of the world
(6,7).

Multilocus sequence typing (MLST) has shown that
S. suis serotype 2 strains can be divided into at least 16
sequence types (STs). Closely related STs are grouped in
the so-called ST complexes. Although ST complexes 1,
27, and 87 dominate the S. suis population, most invasive
isolates belong to the ST1 complex (8). For example, most
strains isolated from human patients in Japan were ST1 (9),
whereas those causing the human outbreaks in People’s
Republic of China were ST7, included in the ST1 complex
(10,11). However, Takamatsu et al. showed that 80% of
the isolates recovered from blood or cerebrospinal fluid of
humans in Thailand belonged to STs grouped in the ST27
complex (12).

Most of the S. suis serotype 2 strains genotyped
so far by MLST originated in Europe and Asia (8-12).
Isolates from Canada and the United States have received
less attention. In this study, we used MLST to genotype
a relatively large collection of US and Canadian S. suis
serotype 2 strains.

Materials and Methods

S. suis Field Strains

Sixty-four strains of S. suis serotype 2 isolated from
pigs with clinical disease in different and nonrelated farms
in major swine production areas of Canada and the United
States were used. For comparison purposes, 19 porcine and
1 human S. suis serotype 2 strains isolated in Japan and
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12 human S. suis serotype 2 strains isolated in Thailand
were included (12,13). All strains are listed in the online
Appendix Table (wwwnc.cdc.gov/ElD/article/17/12/11-
0609-TA1.htm).

MLST and Phylogenetic Analysis

S. suis genomic DNA was prepared from overnight
cultures by using the QIAamp DNA Minikit (QIAGEN,
Valencia, CA, USA) following the manufacturer’s
instructions. MLST was performed by PCR amplification
and DNA sequencing of the cpn60, dpr, recA, aroA, thrA,
gki, and mutS genes as described (8). For each isolate,
the alleles at each of the 7 loci defined the ST. MLST
information in the S. suis database (http:/ssuis.mlst.net)
identified the phylogenetic position of strains. eBURST
software (14) was used to identify S. suis clonal complexes
and to display the overall structure of the population.

PCRs for Virulence Markers and Pili Cluster Genes

Amplification of sly, mrp, and epf genes was performed
by PCR as described (6). Genes in the SrtF and srtG pilus
clusters were amplified by PCR by using the primers and
conditions described by Takamatsu et al. (13).

MRP, EF, and Pili Expression and Hemolysis Assays

S. suis strains were grown in Todd-Hewitt broth at
37°C (at 28°C for detection of the srtG pilus). Bacteria were
harvested by centrifugation during the late exponential
phase of growth, and supernatants were concentrated 10-
fold by using Ultrafree-MC centrifugal filters (Millipore
Corp., Bedford, MA, USA). Expression of extracellular
factor (EF) and muramidase-released protein (MRP)
was determined by Western blotting of the concentrated
supernatant fraction by using monoclonal antibodies
against MRP or EF, as described (15). Mutanolysin
extracts were prepared from pelleted bacteria as described
(16,17) and used to detect pili encoded by the srtF and srtG
pilus clusters by Western blotting with antibodies directed
against the major subunit of each pilus (16,17). The ability
of strains to lyse horse erythrocytes (an indication of
the production by the strains of the hemolysin known as
suilysin, SLY) was determined as described (6).

Experimental Infection of Mice

All animal experiments followed the guidelines of
the Canadian Council on Animal Care and were approved
by the Ethics Committee, Universit¢ de Montréal. We
used a validated CD1 mouse infection model (18). In a
first experiment, 60 female 6-week-old mice (Charles
River Laboratories, Wilmington, MA, USA) were divided
in 4 groups. Group 1 was inoculated with ST1 strain
P1/7; groups 2 and 3 received ST25 strains 89-1591 and
1085543, respectively. Group 4 received ST28 strain
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1088563. The inocula (5 x 107 CFU/animal) were delivered
intraperitoneally. Mice were monitored 3x/d for 10 days
for clinical signs and assigned clinical scores as described
(18). Blood was collected daily from the tail vein (5 pL)
and at necropsy by cardiac puncture and used to evaluate
bacterial load by plating onto sheep blood agar plates
and enumeration. Colonization of the liver and spleen of
infected animals was evaluated at necropsy as described
(18). A second experiment was performed essentially as
described above, but the mice received a 10-fold higher
dose of ST28 strains 1088563, 1054471, and 1097205. In
this second experiment, groups contained 5 mice.

Results

Most of the 64 strains from North America were
ST28 (n = 33) or ST25 (n = 28). Together, these 2
STs accounted for 95% of all S. suis serotype 2 strains
from North America that were investigated (Table 1).
However, a higher ST28 prevalence was true only for the
United States; most strains from Canada were ST25. The
remaining 3 strains belonged to ST1, which is commonly
found in Europe and Southeast Asia.

Nonrandom Association between STs
and Expression of Virulence Markers

SLY (encoded by the sly gene), MRP (mrp gene), and
EF (epf gene) are virulence markers that have been used
in elaborated genotypic and phenotypic schemes to try to
predict the virulence of a given S. suis strain (1,19). For
example, Silva et al. designed a multiplex PCR test that
can discriminate between at least 6 naturally occurring
genetic variants of mrp, named mrps, mrp, mrp*, mrp**,
mrp*** and mrp**** (20). We investigated possible
associations between STs and these widely used markers
in our collection of S. suis serotype 2 strains from North
America. To assess whether associations found are
independent of the geographic origin of the strains, we
included 32 described (12,13) S. suis serotype 2 strains of
STs 28, 25, and 1 isolated in Japan and Thailand (online
Appendix Table).

Independently of geographic origin, we found clear,
nonrandom associations between STs and expression of
virulence markers. All but 2 ST1 strains had the phenotype
SLY+MRP+ EF+. All ST25 strains were SLY-MRP—-EF—
and all ST28 strains were SLY-MRP (or its variants)+
EF- (Table 2). Most ST1 strains had an sly+mrp+epf+

Table 1. STs identified among the Streptococcus suis serotype 2
isolates from North America*

Country No. strains ST1 ST25 ST28
Canada 44 0 26 18
United States 20 3 2 15
Total 64 3 28 33

*ST, sequence type.
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Table 2. Association of Streptococcus suis serotype 2 STs and commonly used virulence markers in isolates from North Americat
Presence of factor-encoding gene

mrp variantf Phenotype
ST No. strains  sly mrp mrp® mrp* mrp** mrp*** ND  epf Hemolysis§ MRP{ EF
1 11 11 9 0 0 0 0 2 11 11 9 11
25 36 0 0 1 1 8 23 3 0 0 0 0
28 49 0 42 6 1 0 0 0 3 0 49 0

1ST, sequence type; SLY, suilysin; MRP, muraminidase-released protein; ND, no amplification of the mrp gene was detected by PCR under the

conditions used; EF, extracellular factor.
FVariants of the mrp gene are those described by Silva et al. (20).

§Hemolysis of horse erythrocytes by the strains was considered to be an indication of the expression of SLY.
fIMolecular mass MRP variants identified by Western blotting were in agreement with those expected on the basis of the mrp gene variant identified by

PCR.

genotype, in agreement with results of previous reports
(11-13). ST25 and ST28 strains had an sly— genotype and,
with the exception of 3 ST28 strains, an epf— genotype.
No clear relationships were found between ST25 strains
and a particular mrp gene variant genotype. All but 3 ST25
strains were positive by PCR for 1 mrp gene variant, yet
none of these strains expressed the protein (Table 2). In a
recent report, all mrp+/MRP- strains that were investigated
(of various S. suis serotypes) had truncations or point
mutations in the mrp gene that prevented expression of
MRP (6). Although we have not sequenced the mrp gene
in our collection of strains, we hypothesize that similar
genetic rearrangements are likely to explain the mrp+/
MRP- results we observed in ST25 strains in this study.
Three mrp gene variants were associated with ST28,
although variant mrp was the most prevalent (85%) among
this ST.

Nonrandom Association between STs
and Expression of Pili

Takamatsu et al. reported associations between
particular STs and the presence or absence of putative
pilus gene clusters, designated SrtBCD, srtE, srtF, and srtG
clusters (13). All ST25 and ST28 strains investigated by
these authors were positive by PCR for all genes in the srtF
and srtG pilus clusters (13). Consistently, we found that all
ST25 and ST28 strains in our collection were positive for
all genes in these 2 pilus clusters (Table 3). Furthermore,
by using specific antibodies directed against the major
pilin subunits (16,17), we identified a clear, nonrandom
association between ST28 strains and expression of both

pili (Table 3). However, although all ST25 strains expressed
the srtG pilus, none produced the srtF pilus (Table 3).

It has been shown that one ST25 isolate from Canada,
which does not have a discrete SrtF pilus cluster and
is unable to express the srtF pilus, is nonetheless PCR
positive for each of the individual srtF genes because
PCR amplicons can be generated from homologs of these
genes found at various genome locations (13,16). We
hypothesized that the ST25 strains analyzed in our study
have a genetic organization similar to that ST25 isolate.
Consistent with our hypothesis, our attempts to amplify the
SrtF pilus cluster in ST25 strains by using a primer pair
annealing to the first and last gene of the SrtF cluster were
unsuccessful (data not shown). All the ST1 strains had
the srtF cluster genes but, with the exception of 3 strains,
not the srtG cluster genes. When we assessed the pilus
phenotype by Western blotting, all ST1 strains expressed
the srtF pilus but none expressed the srtG pilus (Table 3).
The reason(s) the 3 ST1 strains that have the srtG cluster
genes do not express the corresponding pilus are currently
under investigation.

Mouse Infection Model

Inasmuch as the MLST data showed that more than
half of the strains from North America analyzed were
ST28 and the second most represented ST was ST25, we
performed a comparison of the virulence of representative
ST25 and ST28 strains by using a standardized mouse
infection model (18). For comparison, we included the
well-characterized and highly virulent ST1 strain P1/7.
Most mice in the ST1 group showed severe clinical signs

Table 3. Association of Streptococcus suis serotype 2 STs and srtF and srtG pilus clusters in isolates from North America*

srtF pilus cluster

srtG pilus cluster

Genet Genet
ST No. strains stk sfpl  sfp2  sipF  Pili expressiont, Sfp1 sitG  sgpl  sgp2 Pili expression, Sgp1f
1 11 11 11 11 11 11 3 3 3 0
25 36 36 36 36 36 0 36 36 36 36
28 49 49 49 49 49 46 49 49 49 47

*ST, sequence type.

1The presence of the genes was detected by PCR by using primers and conditions described by Takamatsu et al. (13).
FExpression of pili encoded by the srtF and srtG pilus clusters was performed by Western blotting by using described antibodies directed against the
major subunits of these structures (16,17).
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of septicemia, such as depression, swollen eyes, weakness,
and prostration during the first 24 hours postinoculation.
Several mice died of septicemia during the first 2 days of
the trial, and the remaining animals were humanely killed
for ethical reasons at day 3 postinoculation (Figure 1). S.
suis was isolated in pure cultures at high titers (>1 x 107
CFU/mL) from blood samples and organs, such as the liver
and spleen, of septicemic animals in the ST1 group (>1 X
107 CFU/0.5 g of tissue in most animals).

The virulence of ST25 strains was intermediate. They
caused moderate clinical signs and relatively low mortality
among inoculated mice (Figure 1). Statistical analysis
demonstrated that ST25 strains were significantly less virulent
than ST1 strains. However, ST25 strains were significantly
more virulent than ST28 strains. In fact, no mice in the ST28
group died (Figure 1) or showed clinical signs associated
with S. suis infection, with the exception of slight depression
immediately after inoculation, which subsided after 24
hours postinoculation. Bacteria could not be isolated from
the blood of most mice in this group >48 postinoculation,
and we could not isolate S. suis from different organs at
necropsy (results not shown). Given this surprising absence
of clinical signs, we repeated the experiment by inoculating
3 additional groups of 5 mice each with the previously used
and 2 other ST28 strains by using an infective dose that was

ST28 strain -

10 1 1088563

a0 -

p=00124

b p=0010

5T25 strain
89-1591

-‘"ouu“-unuuo.
L'"-"I

5T25 strain Lee
1085543 -

b p<0.001

40 —

% Survival

b of=0017
ST1 strain

P1/7

p=0025+

20

N

T T T T T
2 4 & 8 10

Days

Figure 1. Survival of CD1 mice inoculated with Streptococcus
suis strains of different sequence types (STs). Most animals that
received the ST1 strain P1/7 died from septicemia during the first 3
days of the trial. Several animals in this group died from meningitis
from day 6 postinfection. Two groups of mice received ST25 strains
89-1591 and 1085543, respectively. Survival of mice in these 2
groups was higher than in the group that received the ST1 strain.
However, >40% of the animals in the 89-1591 group and 60% of
the animals in the 1085543 group died or were killed for ethical
reasons before the end of the trial. In strong contrast, all 15 mice
in the ST28 strain group survived the trial. Significant differences
in survival were noted between groups (log-rank test, p values
indicated in the figure body).
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10-fold higher than the one previously used. Despite this
increased infective dose, similar low virulence was observed
for ST28 strains (Figure 2).

Discussion

In this article, we show that most S. suis isolates from
North America belong to ST28 and ST25 and that strains
of these STs are significantly less virulent than ST1 strains.
Although ST28 strains were essentially nonvirulent for
mice, ST25 strains were of intermediate virulence and able
to induce severe disease.

With a population of =115 million pigs, Canada and
the United States combined are second only to the People’s
Republic of China in terms of swine production. Although
S. suis infections are a main cause of postweaned piglet
deaths in North America, the prevalence of S. suis serotype 2
strains is much lower on this continent than in other regions
of the world (6,7). We show here that in North America
the most common STs among S. Suis serotype 2 strains are
ST28 and ST25. By using a mouse infection model, we also
show that S. suis serotype 2 ST28 and ST25 strains are of
lower virulence than ST1 strains. In contrast to Europe and
Asia, where >60% of virulent serotype 2 isolates are ST1
(21-23), in North America only a small percentage (5%) of
strains belonged to this more virulent ST.

Only 3 cases of S. suis serotype 2 in locally infected
humans have been reported in North America (5). Our
results suggest that this low prevalence of human infections
might be connected to the lower virulence of the circulating
serotype 2 strains among the swine population in North
America. In addition to a low prevalence of ST1 strains,
we did not find any strains in our collection from North
America belonging to STs 101, 102, 103, and 104, which
are agents of human disease in Thailand (12). On the basis
of its low frequency of isolation, we speculate that the ST1
strains we identified were introduced in North America by
importation of animals. Human travel might also contribute
to dissemination of ST1 strains, as exemplified by a reported
case of human S. suis meningitis caused by an ST1 strain
involving a patient who contracted S. suis in the Philippines
but in whom clinical signs appeared only after he returned to
the United States (24). The deadly human outbreaks in Asia
caused by ST1 complex strains (2-5) and the fact that ST1
strains are replacing at a fast pace STs of lower virulence
and causing human disease in countries such as Vietnam
and Thailand (21,25,26) highlight that maintaining a low
prevalence of ST1 strains among the swine population in
North America is crucial for animal and human health.
Of note, the only locally acquired human infection in the
United States described so far (27) was caused by an ST1
strain (M. Gottschalk, unpub. data).

Another concern for the swine industry and for public
health authorities is the presence in North America of S.
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Figure 2. Survival of CD1 mice inoculated with the different
Streptococcus suis sequence type 28 strains from North America.
In this experiment, the infectious dose was 1 x 108 CFU/animal,
10-fold higher than in the previous experimental inoculation. Doses
were intraperitoneally injected into the animals. No significant
differences were found between groups.

suis ST25 strains. Many human cases reported in Thailand
and 2 cases in Canada of S. suis serotype 2 disease were
caused by ST25 strains (5,12). On the other hand, we
found that strains of the most prevalent ST28 are of low
virulence. Two strains shown here to be ST28 (1330 and
0891; see online Appendix Table) had been reported as
nonvirulent S. suis serotype 2 (8). No human S. suis cases
attributable to ST28 strains have been reported in North
America. However, all ST28 strains included in this study
were isolated from diseased pigs, and 1 human case in
Japan and 1 human case in Thailand were caused by
ST28 strains (9,12). Nonvirulent S. suis strains have been
hypothesized to cause disease in immunocompromised
animals or humans who have a concurrent infection with
another bacterial or viral pathogen(s) (5). Porcine S. suis
infections in North America are usually associated with
a concomitant infection with the porcine respiratory and
reproductive virus (1). We do not know the immunologic
status of the animals from which the ST28 strains were
isolated to test the aforementioned hypothesis. Toward this
goal, however, we are developing a co-infection model of
S. suis and porcine respiratory and reproductive virus.

Our results provide evidence that genotyping schemes
based on sly, mrp, epf, and pilus cluster genes, although
useful in discriminating highly virulent ST1 strains from
other groups (8,13,20), are of limited use in differentiating
between ST25 and ST28 strains. Although not ideal because
protein expression levels may be affected by many factors,
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typing methods based on protein expression of these
markers might a priori differentiate these STs of different
virulence. The fact that ST25 strains do not express MRP or
the srtF pili, yet they are more virulent than ST28 strains,
further demonstrates the dispensability of these factors
for the full virulence of S. suis (16,28). Our results also
highlight that subunit vaccines based on purified MRP or
SrtF pilus subunits might be of little use to counter S. Suis
infections caused by ST25 strains.

Our work provides more support to the longstanding
hypothesis that S. suis serotype 2 strains in North America
are of lower virulence than strains from Eurasia. However,
we do not yet understand the reasons for this lower virulence.
The genome sequences of several S. suis serotype 2 ST1
and an ST25 strains have been published or made available
(25,29,30). Genome sequencing of a larger number of
additional S. suis strains of these and other STs could help
elucidate the genetic basis of virulence differences among
strains of this swine pathogen and zoonotic agent.
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