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Highly Pathogenic Avian Influenza

Virus (H5N1)

Infection in Red Foxes

Fed Infected Bird Carcasses

Leslie A. Reperant, Geert van Amerongen, Marco W.G. van de Bildt, Guus F. Rimmelzwaan,
Andrew P. Dobson, Albert D.M.E. Osterhaus, and Thijs Kuiken

Eating infected wild birds may put wild carnivores at
high risk for infection with highly pathogenic avian influ-
enza (HPAI) virus (H5N1). To determine whether red foxes
(Vulpes vulpes) are susceptible to infection with HPAI virus
(H5N1), we infected 3 foxes intratracheally. They excreted
virus pharyngeally for 3—7 days at peak titers of 10%°-1052
median tissue culture infective dose (TCID,,) per mL and
had severe pneumonia, myocarditis, and encephalitis. To
determine whether foxes can become infected by the pre-
sumed natural route, we fed infected bird carcasses to 3
other red foxes. These foxes excreted virus pharyngeally
for 3-5 days at peak titers of 10*2-~10*® TCID, /mL, but only
mild or no pneumonia developed. This study demonstrates
that red foxes fed bird carcasses infected with HPAI virus
(H5N1) can excrete virus while remaining free of severe dis-
ease, thereby potentially playing a role in virus dispersal.

Inﬂuenza A viruses rarely infect species of the order Car-
nivora. However, since 2003, highly pathogenic avian
influenza (HPAI) viruses of subtype H5N1 have infected a
wide range of carnivore species. Within the past 30 years,
and before the emergence of HPAI viruses (H5N1), 5 doc-
umented outbreaks of influenza virus infections occurred
in 2 carnivore species—the harbor seal (Phoca vitulina)
(1-4), and the American mink (Mustela vison) (5). In both
species, the infection resulted in respiratory disease. In ad-
dition, influenza virus infection has been detected by virus
culture or serologic examination in other carnivores, name-
ly, domestic dogs (Canis lupus familiaris) (6,7), domestic
cats (Felis catus) (8,9), and bears kept in captivity (species

Author affiliations: Princeton University, Princeton, New Jersey,
USA (L.A. Reperant, A.P. Dobson); and Erasmus Medical Centre,
Rotterdam, the Netherlands (G. van Amerongen, M.W.G. van de
Bildt, G.F. Rimmelzwaan, A.D.M.E. Osterhaus, T. Kuiken)

DOI: 10.3201/eid1412.080470
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not stated) (9); however, these animals did not show clini-
cal signs of disease. Also, recently, outbreaks of equine
influenza virus (H3N8) infections resulted in respiratory
disease in domestic dogs (10,11). In contrast, within the
past 5 years, HPAI viruses (H5N1) have infected and killed
carnivores belonging to 7 species: captive tigers (Panthera
tigris) and leopards (P. pardus) (12,13); domestic cats (14—
17); captive Owston’s palm civets (Chrotogale owstoni)
(18); a domestic dog (19); a free-living stone marten (Mar-
tes foina) (20); and a free-living American mink (21). In
these species, the infection resulted in both respiratory and
extrarespiratory lesions, demonstrating systemic infection
beyond the respiratory system. The most frequently report-
ed clinical signs for all species were respiratory distress,
neurologic signs, or both.

The sources of most HPAI virus (HSN1) infections
in carnivores were traced to infected birds eaten by the
animals (12-15,19). Until 2005, carnivores infected with
HPALI virus (H5SN1) were either wild carnivores kept in
captivity or domestic carnivores that ate infected domestic
or peridomestic birds (12-14,19). Since 2005, and after the
spread of HPAI virus (H5N1) of the Qinghai sublineage
(clade 2.2) outside Southeast Asia in poultry and wild bird
populations, carnivores infected with HPAI virus (HSN1)
included for the first time free-living wild carnivores, which
presumably ate infected wild birds (20,21).

The occurrence of HPAI viruses (HSN1) in wild bird
populations is likely to result in the exposure and infection
of free-living wild carnivore species. In particular, abun-
dant and widespread species of wild carnivores that have
opportunistic feeding habits and that feed on wild birds may
be at high risk for exposure. The red fox (Vulpes vulpes) is
one of the most abundant and widespread species of wild
carnivores in Eurasia. Partly because of rabies eradication
(22,23), fox populations in western Europe have increased
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drastically since the mid-1980s (e.g., >140% in Germany;
24). The red fox is also an opportunistic carnivore species
and has a diverse diet, which includes small mammals and
birds (24,25). Therefore, it may likely hunt or scavenge
wild birds infected with HPAI viruses (HSN1). However,
the susceptibility of this species to infection with influenza
viruses is unknown.

In this study, we asked 2 questions: 1) Are red foxes
susceptible to infection with a wild bird isolate of HPAI
virus (H5N1) from clade 2.2? and 2) Can red foxes become
infected by the presumed natural route of infection, i.e.,
after feeding on infected bird carcasses? To answer these
questions, we experimentally assessed the excretion pattern
(based on route, duration, and concentration of virus excre-
tion) and pathogenicity (based on clinical signs, death rates,
and distribution of lesions and virus) of a wild bird isolate
of clade 2.2 HPAI virus (H5N1) in red foxes infected intra-
tracheally and in red foxes fed infected bird carcasses.

Materials and Methods

Virus Preparation

A virus stock was prepared of influenza virus A/
whooper swan/Germany/R65-1/2006 (H5N1), which was
isolated from a wild whooper swan (Cygnus cygnus) found
dead on Riigen Island, Germany, in February 2006. (The
isolate was kindly provided by Dr Martin Beer, Friedrich-
Loeffler-Institute, Greifswald—Insel Riems, Germany.) It
was propagated twice in MDCK cells and titrated accord-
ing to standard methods (26). The stock reached an infec-
tious virus titer of 10%° median tissue culture infectious dose
(TCID,,) per mL. It was then diluted in phosphate-buffered
saline (PBS) to obtain a concentration of 10* TCID, /mL.

Experimental Design

Eight juvenile (6—10 months of age) red foxes were
obtained from a control program involving the fox popula-
tion in the Netherlands. All were negative for antibodies
against influenza viruses according to a commercially avail-
able nucleoprotein-based ELISA test (European Veterinary
Laboratory, Woerden, the Netherlands) and for antibodies
against canine distemper virus according to a virus neutral-
ization assay. The foxes had been treated against helmint-
hic infections with 50 mg of fenbendazole when they were
2.5 months old and with 22.7 mg of praziquantel, 22.7 mg
of pyrantel base as pyrantel pamoate, and 113.4 mg of feb-
antel 2 months later. One month before the start of the ex-
periment, transponders (Star-Oddi, Reykjavik, Iceland) that
record body temperature every 15 minutes were placed in
the peritoneal cavity of each fox, after the animal had been
anesthetized with intramuscular injections of ketamine (5
mg/kg) and medetomidine (0.05 mg/kg). During the ex-
periment, 6 foxes (nos. 1-3 and 5-7) were singly housed
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in negatively pressurized isolation units. Two negative-
control foxes (nos. 4 and 8) were housed separately in an
indoor enclosure.

To determine susceptibility to infection, we infected 3
foxes (nos. 1-3) intratracheally with a clade 2.2 HPAI virus
(H5NT1). Each anesthetized fox received 2.5 x 10* TCID,
of virus in a volume of 2.5 mL through a catheter. One
anesthetized fox (no. 4) was sham-infected intratracheally
with 2.5 mL of PBS and served as a negative control. To
determine whether red foxes can become infected by the
presumed natural route of infection, we fed infected birds
to 3 foxes (nos. 5-7). The infected birds were 1-week-old
chicks that had been infected intratracheally with 2.5 x 10*
TCID,, of the HPAI virus (H5N1) in a volume of 0.5 mL.
At 24 hours postinoculation, the chicks were euthanized
by cervical dislocation and fed to foxes nos. 5-7 (2 whole
chicks/fox). Homogenates of liver, lung, kidney, and brain
from infected chicks contained 10°* to >10** TCID, /g tis-
sue; pharyngeal and cloacal swabs reached titers of 10** to
1072 TCID, /mL. On the basis of the relative weight of the
lungs, liver, kidneys, and brain of 1-week-old chicks weigh-
ing 50 to 55 g (27,28), foxes fed 2 chick carcasses received
a minimal titer of 10'* TCID,. Virus titers in internal or-
gans of dead wild or domestic birds naturally infected with
HPATI virus (H5N1) have been reported sparingly; howev-
er, an article from Japan reported high virus titers, e.g., as
high as 107* TCID, /mL, in the lung of a naturally infected
large-billed crow (Corvus macrorhynchos) (29). High titers
were also detected in internal organs of 10-week-old chick-
ens and in highly susceptible species of wild swans, geese,
and ducks that were experimentally infected with a clade
2.2 HPAI virus (H5N1), e.g., whooper swans, mute swans
(Cygnus olor), bar-headed geese (Anser indicus), common
pochards (Aythya ferina), and tufted ducks (Aythya fu-
ligula) (30-32). For example, virus titers in internal organs
of common pochards and tufted ducks infected with a low
dose of clade 2.2 HPAI virus (H5N1) reached >10° TCID, /
mL (32). Our experimental design thus likely reproduces
natural exposure after ingestion of dead or moribund birds
infected with the virus. Our negative control was 1 fox (no.
8) that was fed 2 whole chicks that had been sham infected
with PBS.

Before inoculation and at 1, 2, 3, 5, and 7 days postin-
oculation (dpi), all foxes were anesthetized with ketamine-
medetomidine, after which they were weighed, and nasal,
pharyngeal, and rectal swabs were collected and placed in
3 mL of virus transport medium (Hank’s balanced salt so-
lution containing 10% glycerol, 200 U/mL penicillin, 200
pg/mL streptomycin, 100 U/mL polymyxin B sulfate, and
250 pg/mL gentamicin). Each day, foxes were observed
for clinical signs; observers were =2 m from the isolation
units. At 7 dpi, all foxes were anesthetized with ketamine-
medetomidine and euthanized by exsanguination. Experi-
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mental procedures were approved by an independent ani-
mal care and use committee.

Postmortem and Immunohistochemical Examinations

Necropsy examinations and tissue sample collection
were performed according to a standard protocol. After fix-
ation in 10% neutral-buffered formalin and embedding in
paraffin, tissue sections were stained with hematoxylin and
eosin for histologic evaluation, or they were processed ac-
cording to an immunohistologic method that used a mono-
clonal antibody against the nucleoprotein of influenza A
virus as a primary antibody for detection of influenza viral
antigen (33). Lung tissue of an experimentally infected cy-
nomolgus macaque (Macaca fascicularis) experimentally
infected with influenza virus A/Hong Kong/156/97 (H5N1)
served as a positive control. Negative controls were created
by omitting the primary antibody or replacing the primary
antibody with an irrelevant antibody, immunoglobulin G2
(clone 20102; R&D, Abingdon, UK). The following tissues
were examined by these 2 methods: conjunctiva, nasal con-
cha, nasal septum, trachea, lung (6 specimens/fox), tongue,
esophagus, stomach, duodenum, jejunum, ileum, cecum,
colon, tonsil, tracheobronchial lymph node, mesenteric
lymph node, spleen, thymus, heart, liver, pancreas, kidney,
adrenal gland, urinary bladder, olfactory bulb, cerebrum (at
level of hippocampus), cerebellum, and brain stem.

Virus Titrations

The same tissues examined for histopathologic changes
were also sampled for viral titration. Tissue samples were
weighed and homogenized in 3 mL of transport medium
with a homogenizer (Kinematica Polytron, Lucerne, Swit-
zerland). Serial dilutions (10-fold) of the tissue homoge-
nates and swabs were inoculated into MDCK cells in trip-
licate as described previously (26). The minimal detectable
titer was 10°* TCID, /mL. All experiments were performed
under BioSafety Level 3 conditions.

Results

Clinical Signs

Clinical signs were not observed in foxes infected in-
tratracheally or in foxes fed infected bird carcasses. How-
ever, body temperature of 2 of the 3 foxes infected intratra-
cheally (nos. 1 and 2) and of 1 of the 3 foxes fed infected
bird carcasses (no. 5) rose from 38.5°C—39°C (reference
range) to 40°C—40.5°C at 2 to 4 dpi. No clinical signs and
no rise in body temperature were observed for the negative-
control foxes (nos. 4 and 8).

Virology
The virus was isolated from pharyngeal swabs from all
infected foxes and from nasal and rectal swabs from 1 fox
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and rectal swabs from another (Figure 1). Foxes infected
intratracheally excreted the virus through the pharynx from
1 dpi on, up to 3—7 dpi; peak titers of pharyngeal excre-
tion were 10**10°2 TCID, /mL at 1-3 dpi. Foxes that had
been fed infected bird carcasses excreted the virus through
the pharynx from 1 dpi on, up to 3—5 dpi; peak titers of
pharyngeal excretion were 10**~10** TCID, /mL at 1 dpi.
Student t test showed no significant difference in the pat-
terns of pharyngeal excretion between the 2 groups of foxes
according to areas under the curve (t = —0.667, df = 4, p
= 0.54). No virus was isolated from any swabs from any
negative-control foxes.

The virus was isolated from the trachea (10*° TCID, /g
tissue) and lung (10°° TCID, /g) of 1 of 3 foxes infected
intratracheally (no. 2), and from the tonsil (10> TCID, /g)
of another fox infected intratracheally (no. 3). No virus was
isolated from any of the organs of the foxes fed infected
bird carcasses or of the negative-control foxes.

Gross Examination

Of the 3 foxes infected intratracheally, 2 (nos. 1 and 2)
had extensive multifocal or coalescing pulmonary lesions,
which were dark purple and slightly firm (Figure 2). The
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Figure 1. Infectious virus titers obtained from pharyngeal, nasal, and
rectal swabs of foxes infected intratracheally with highly pathogenic
avian influenza (HPAI) virus (H5N1) (left, black symbols) or fed
chicks infected with HPAI virus (H5N1) (right, gray symbols) at
various time points after infection. No virus was isolated from any
swabs of the negative-control foxes. TCID,,, median tissue culture
infectious dose.

507
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intratracheally with HPAI virus (H5N1), at 7 days postinoculation. A) Lungs of control fox sham-inoculated with phosphate-buffered saline.
B) Lungs of intratracheally inoculated fox presenting extensive consolidated lesions (darkened areas), characterized by C) diffuse alveolar
damage and regeneration (type Il pneumocyte hyperplasia) and D) expression of influenza virus antigen in the nucleus and, to a lesser
extent, cytoplasm of mononuclear and epithelial cells. E) Focus of inflammation and cardiomyocytic necrosis in the heart, associated with
F) expression of influenza virus antigen in the nucleus of cardiomyocytes. G) Focus of gliosis and neuronal necrosis in the cerebrum,
associated with H) expression of influenza virus antigen in the nucleus and, to a lesser extent, cytoplasm of glial cells and neurons. Panels
C-H, original magnification x40.

estimated percentage of affected lung tissue was 20% (no.
1) and 80% (no. 2). In contrast, 1 of the 3 foxes infected in-
tratracheally (no. 3) and all foxes fed infected bird carcasses
had >2 small multifocal lesions (1-5 mm), which affected
<5% of the lungs. In addition, 2 of the 3 foxes fed infected
bird carcasses (nos. 5 and 6) had randomly distributed pete-
chial hemorrhages throughout the lungs. Moderate enlarge-
ment of the spleen, tonsils, and/or tracheobronchial lymph
nodes was observed in all foxes, whether infected intra-
tracheally or fed infected bird carcasses. Negative-control
foxes had no respiratory or extrarespiratory lesions.

Histopathologic Findings

Histologic lesions were found in foxes infected intratra-
cheally and in foxes fed infected bird carcasses. However,
the lesions were more severe in foxes infected intratrache-
ally (Table). The 2 most severely affected foxes (nos. 1 and
2, infected intratracheally) had severe hemorrhagic bron-
chointerstitial pneumonia with extensive coalescing lesions
of inflammation and necrosis, characterized by macrophage
and neutrophil infiltration of the alveolar walls and loss of
histologic architecture. The alveolar and bronchiolar lumina
were filled with alveolar macrophages, neutrophils, and
erythrocytes, mixed with fibrin and cellular debris. In both
foxes, sloughing of the alveolar and bronchiolar epithelia
indicated necrosis, and type II pneumocyte and bronchiolar
epithelial hyperplasia indicated regeneration (Figure 2). The
other foxes (no. 3, infected intratracheally, and all foxes fed
infected bird carcasses) had minimal to mild bronchointer-
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stitial or interstitial pneumonia. They had small- to medi-
um-sized foci of inflammation in the lungs, located mostly
around the bronchioles and characterized by thickened
alveolar walls that were infiltrated with macrophages and
neutrophils. Type II pneumocyte and bronchiolar epithelial
hyperplasia was observed in the lungs of fox no. 7. Respira-
tory organs of negative-control foxes had no lesions.
Extrarespiratory histologic lesions were seen only in
foxes infected intratracheally, namely, in the heart of fox
no. 2 and in the cerebrum of foxes nos. 1 and 2. Fox no. 2
had multiple inflammatory and necrotic lesions in the myo-
cardium, characterized by infiltration of macrophages and
neutrophils and necrotic cardiomyocytes (Figure 2). The ce-
rebrum of foxes nos. 1 and 2, infected intratracheally, had
multiple lesions of acute to subacute encephalitis, from mild
to severe, characterized by perivascular cuffing, foci of glio-
sis or neuronal necrosis, or a combination of these lesions;
their cerebellum and brain stem did not show any lesions
(Figure 2). No relevant lesions were seen in other organs,
including organs of the digestive tract, of any other foxes.

Immunohistochemical Findings

Cells expressing the influenza virus antigen were pres-
ent in the lungs, heart, and brain of 1 of 3 foxes infected
intratracheally (no. 2) but in none of the foxes fed infected
bird carcasses (Table). Mononuclear cells and alveolar
epithelial cells in damaged parts of the lungs expressed
the influenza virus antigen as diffuse red staining in their
nucleus and, to a lesser extent, in their cytoplasm. Occa-
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Table. Distribution of lesions and influenza virus antigen expression in experimentally infected red foxes*

Lesions Influenza virus antigen
Route of inoculation, fox no. Lungs Heart Brain Lungs Heart Brain
Intratracheal inoculation
1 +++ + — —
2 +++ + ++ ++ + +++
3 ++ - - - - -
Fed infected bird carcasses
5 + - - - - -
6 — — - - — —
7 + - - — - -

*Foxes were infected either intratracheally with highly pathogenic avian influenza (HPAI) virus (H5N1) or by being fed chicks infected with HPAI virus
(H5N1); they were examined at 7 days postinoculation. Respiratory lesions, extrarespiratory lesions, or influenza virus antigen expression were not
observed in negative-control foxes. —, absence of lesions (no cells expressing the influenza virus antigen); +, mild and focal or multifocal lesions (few cells
expressing the influenza virus antigen); ++, moderate and multifocal lesions (moderate number of cells expressing the influenza virus antigen); +++,
severe and extensive lesions (numerous cells expressing the influenza virus antigen).

sional cardiomyocytes in the periphery of a lesion in the
heart expressed the influenza virus antigen as granular red
staining in their nucleus. Lastly, neuronal and glial cells
in the periphery of lesions in the cerebrum expressed the
influenza virus antigen as granular to diffuse red staining in
their nucleus and, to a lesser extent, their cytoplasm (Fig-
ure 2). No influenza virus antigen was detected in any cells
of other organs, including the intestinal tract, of any other
foxes.

Discussion

This study demonstrates that red foxes are susceptible
to infection with a wild bird isolate of HPAI virus (H5N1)
from clade 2.2. Red foxes can become infected after eating
infected bird carcasses, and they can excrete the virus for
as many as 5 days in the absence of severe disease. There-
fore, naturally infected red foxes may potentially survive
infection in the wild and excrete and disperse HPAI viruses
(H5NT1) within their home ranges. The size of foxes’ home
ranges depends on the environmental conditions and avail-
ability of food resources, but typically it varies between
1 km? and 10 km? (34). Red foxes are highly mobile and
may travel 5-20 km within their home range during a night
(35). A juvenile fox traveled 90 km in 1 direction within 5
days during fall dispersal from its place of birth (35). Fur-
thermore, red foxes have colonized most urbanized areas
in Europe, resulting in increased contact with domestic and
peridomestic animals (23). They may transmit the virus to
domestic species, such as poultry. Therefore, we propose
that this abundant and widespread carnivorous species be
surveyed for exposure to or infection with HPAI viruses
(H5N1) in influenza-endemic areas or in areas experienc-
ing outbreaks of HPAI virus (H5N1) infections in wild bird
populations. Where foxes are hunted, carcasses may be
routinely sampled and tested. Where foxes are protected or
not hunted, live trapping, bleeding, and pharyngeal swab-
bing of anesthetized foxes may be implemented.

Although red foxes fed infected bird carcasses may
survive infection, severe pneumonia, myocarditis, and en-
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cephalitis may develop in those inoculated intratracheally.
Frequent findings of HPAI virus (H5N1) infections in natu-
rally infected carnivores were pneumonia associated with
respiratory distress and encephalitis (in some cases associ-
ated with neurologic signs) (12-14,16,18-21). In most in-
stances, the animals were either euthanized because of the
severity of the disease or were found dead. Surprisingly,
foxes with severe respiratory and cerebral lesions did not
show any visible clinical signs. Foxes, being wild animals,
were wary in the presence of humans and changed their be-
havior even when observed from a distance. This behavior
may have prevented us from observing subtle clinical signs,
notably abnormal breathing. A cat that died of HPAI virus
(H5N1) infection in Germany did not show visible clini-
cal signs 24 hours before death, despite marked respiratory
lesions (16), which suggests that even severe respiratory
lesions may not be noticed clinically. Clinical manifesta-
tions of neurologic lesions in infected foxes may have gone
unnoticed because the lesions were in the cerebrum rather
than in the cerebellum. Although cerebellar lesions may
cause conspicuous neurologic signs, e.g., ataxia and loss
of balance, cerebral lesions may cause more subtle clinical
signs, e.g., altered mental attitude, which were not noticed
under these experimental conditions (36).

Foxes may exhibit more severe disease after eating
infected birds under natural conditions than under the con-
trolled conditions of our feeding experiments, because of
poorer health, possible co-infections, and poorer nutritional
status of wild animals. For instance, the cats that died of
HPALI virus (H5N1) infection in Germany were all infected
with Aelurostrongylus spp., and pulmonary aelurostrongy-
losis was considered to have contributed to the severity of
the disease in these animals (16). Fatal cases of HPAI virus
(H5NT1) infection in red foxes may have been missed after
the spread of HPAI viruses (HSN1) in poultry and wild bird
populations outside Asia because fox carcasses are difficult
to locate and because those found may likely be routinely
tested for rabies and canine distemper rather than for influ-
enza virus infection. Therefore, we suggest that red foxes
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with neurologic signs or red foxes found moribund or dead
in disease-endemic areas or in areas experiencing outbreaks
of HPAI virus (H5N1) infections in wild bird populations
be tested for HPAI virus (H5N1) infection.

Foxes infected intratracheally and those fed infected
bird carcasses exhibited similar virus-shedding patterns de-
spite the different routes of exposure and despite marked
differences in the severity and extent of associated lesions.
Foxes fed infected bird carcasses likely inhaled virus parti-
cles during mastication. The differences in the severity and
extent of associated lesions may have thus resulted from a
difference in the respiratory inoculum received by foxes in-
fected intratracheally and those fed infected carcasses. We
did not observe influenza antigen—positive neuronal cells in
the submucosal or myenteric plexi of the small intestine of
foxes fed infected bird carcasses. This contrasts with find-
ings in cats infected in the same way; in the cats, these cells
were positive, which suggests the intestine as a route of
virus entry (37). The fact that the viral shedding patterns
were similar despite the marked differences in severity and
extent of respiratory lesions is surprising and difficult to
explain. On the basis of the absence of influenza antigen—
positive cells in the respiratory tract, all but 1 fox appeared
to have cleared the virus from this site by 7 dpi. Signs of
regeneration in bronchiolar and alveolar epithelia were ob-
served both in foxes infected intratracheally and in those
fed infected bird carcasses.

In summary, we have shown that red foxes are sus-
ceptible to infection with a wild bird isolate of HPAI virus
(H5N1) from clade 2.2, can become infected after feeding
on infected bird carcasses, and can excrete the virus for as
many as 5 days without severe disease developing. Sur-
veillance and monitoring of HPAI virus (H5N1) infections
may therefore be beneficially expanded to red foxes, and
potentially to other free-living wild carnivores, in influen-
za-endemic areas and in areas experiencing outbreaks of
HPATI virus (H5N1) infections in wild bird populations.
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Influenza Infection in Wild Raccoons

Jeffrey S. Hall,* Kevin T. Bentler, Gabrielle Landolt, Stacey A. EImore, Richard B. Minnis,
Tyler A. Campbell, Scott C. Barras, J. Jeffrey Root, John Pilon, Kristy Pabilonia, Cindy Driscoll,
Dennis Slate, Heather Sullivan, and Robert G. McLean

Raccoons (Procyon lotor) are common, widely distrib-
uted animals that frequently come into contact with wild
waterfowl, agricultural operations, and humans. Serosur-
veys showed that raccoons are exposed to avian influenza
virus. We found antibodies to a variety of influenza virus
subtypes (H10N7, H4N6, H4N2, H3, and H1) with wide geo-
graphic variation in seroprevalence. Experimental infection
studies showed that raccoons become infected with avian
and human influenza A viruses, shed and transmit virus to
virus-free animals, and seroconvert. Analyses of cellular re-
ceptors showed that raccoons have avian and human type
receptors with a similar distribution as found in human respi-
ratory tracts. The potential exists for co-infection of multiple
subtypes of influenza virus with genetic reassortment and
creation of novel strains of influenza virus. Experimental
and field data indicate that raccoons may play an important
role in influenza disease ecology and pose risks to agricul-
ture and human health.

he primary reservoirs of avian influenza (Al) are wild
birds in the orders Anseriformes (ducks, geese, and
swans) and Charadriiformes (gulls, terns, and shorebirds).
In these hosts, low-pathogenic forms of the virus typically
cause little or no apparent disease, however, large quanti-
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ties of virus are shed in fecal matter. Al virus is relatively
stable in water and can remain viable for up to 200 days,
depending on temperature and other environmental factors
(1). Thus, bodies of water and adjacent shorelines that wild
birds use can become potentially contaminated, increasing
the likelihood of subsequent exposure of avian and non-
avian species to Al virus.

The preference of influenza viruses for different cel-
lular receptors and the presence and distribution of those
receptors in the host are important factors involved in de-
termining host range and tissue tropism (2). Humans are
not typically infected by Al virus because receptors for this
virus are distributed in tissues that are located predomi-
nantly in the lower respiratory tract. As such, these recep-
tors are not as accessible as human type receptors found
in the upper respiratory tissues and require more intimate
contact for transmission. Swine are considered important
intermediate hosts between birds and humans because they
are frequently infected by avian and human influenza vi-
ruses (3). This finding underscores the potential for genetic
reassortment that can create new, possibly more virulent
subtypes.

Other non-avian hosts of Al virus include mink, harbor
seals, pilot whales, dogs, cats, and horses (4). These spe-
cies were found to be competent hosts only after attracting
attention because of severe death or illness (4). Wild mam-
mals often reside in the same habitats as waterfowl, feed in
the same agricultural areas, wallow and swim in the same
bodies of water, and prey on and scavenge dead birds for
food. Therefore, ample opportunities exist for free-ranging
wild mammals to be exposed to Al by contact with wa-
terfowl and their environment. Many of these species are
highly mobile and have large home ranges that can include
agricultural operations, wetlands, and human residences.
Humans are frequently unaware of their presence, and wild

'Current affiliation: US Geological Survey National Wildlife Health
Center, Madison, Wisconsin, USA.
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mammals have the potential to contract Al from waterfowl
or their environment and to then transmit Al to domestic
animals or humans. To date, no studies have systematically
examined wild mammalian species, particularly peridomes-
tic mammals, for exposure to Al their ability to become in-
fected, and their reassortment potential. This knowledge is
critical for accurate risk assessments of low pathogenic and
highly pathogenic Al to agriculture and human health.

Raccoons (Procyon lotor) are widespread and common
in riparian, wooded, and suburban settings over much of
North America (5). Previously, antibodies against Al virus
(H4N6) were found in 1 raccoon in Pennsylvania (J. Hall,
unpub. data). This finding led us to conduct the present study
in which we examined wild populations of raccoons from
various regions of the United States for antibodies to influ-
enza virus. Experimental infections of raccoons with avian
and human influenza viruses were performed to determine
viral shedding, transmission, and immune response. The
abundance and distribution of avian or human influenza
virus cellular receptors in respiratory tissues was analyzed
to determine potential for co-infection and possible reas-
sortment of influenza virus strains in this host. These data
provided insight into the complexity of influenza disease
ecology and the overlooked, potentially important roles of
peridomestic wildlife in transmission cycles.

Materials and Methods

Field Sample Collection

Blood was opportunistically collected from wild rac-
coons taken during population control operations in various
counties/parishes in Texas, Wyoming, Louisiana, Califor-
nia, and Maryland. Raccoons from northwestern Georgia
were sampled as part of the US Department of Agricul-
ture Cooperative National Oral Rabies Vaccination pro-
gram. Raccoons in Colorado were captured for this, and
other studies, in and around Fort Collins, Colorado. Blood
samples were obtained by cardiac or jugular puncture, al-
lowed to clot, and centrifuged to separate serum from cel-
lular blood components. Serum was transferred to fresh
cryovials and stored frozen (—20°C) until transport to the
National Wildlife Research Center in Fort Collins, where
they were stored at —80°C until analysis.

Screening for Antibodies to Influenza Virus

Agar gel immunodiffusion is a serologic assay used to
detect antibodies to influenza viruses. The antigen used in
the assay was derived from the matrix and nucleoproteins
of Al and is used to detect antibodies to all subtypes of Al
The procedure has been described by Beard (6) and was
performed by using reagents and the protocol provided by
the Center for Veterinary Biologics and National Veteri-
nary Services Laboratories (Ames, [A, USA).
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Determination of Antibody Subtypes
for Influenza Virus

Hemagglutination inhibition and neuraminidase inhi-
bition are used to determine subtype identity of influenza
antibodies in sera. These procedures are described by Beard
(6) and were performed at the National Veterinary Services
Laboratories.

Experimental Infection of Raccoons

Ten wild raccoons were live-trapped in and around
Fort Collins, Colorado. These animals were transported
to the National Wildlife Research Center and held for a
2-week quarantine period, where they were observed daily
and judged to be in good overall health on the basis of food
intake, behavior, and absence of clinical signs of disease.
After 2 weeks, the animals were anesthetized and moved
into a biocontainment level 2 facility. Blood samples and
nasal and rectal swabs were collected, and animals were
placed in individual cages (5 per room). Four animals in
each room were inoculated intranasally with 105 50% egg
infectious dose (EID,)) of Al virus A/CK/AL/75 (H4NS)
diluted in 100 pL of viral transport medium. The fifth ani-
mal in each room was uninoculated and monitored to deter-
mine transmission between animals. To prevent potential
fomite transmission, these controls were always handled
and sampled first when technicians entered the rooms, and
all food and water bowls were cleaned and sanitized in hy-
pochlorite solution each day. Each animal was provided
food and water ad libitum and observed daily for illness,
behavior, and general welfare. To avoid excessive handling
and anesthesia, serum samples, nasal and rectal swabs, and
rectal temperatures were collected from each group of 5
raccoons on alternating days for 14 days. Blood samples
were obtained by jugular puncture. Nasal and rectal swabs
were collected by using dacron-tipped applicators placed
into viral transport media after swabbing. All samples were
stored at —80°C until analyzed.

Subsequently, a second cohort of 6 raccoons was cap-
tured in Fort Collins, quarantined, and placed into biocon-
tainment. Four raccoons were intranasally inoculated with
10° EID, of human influenza virus (A/Aichi/2/68 [H3N2])
and were sampled and monitored as described above. Two
uninoculated raccoons were housed in cages adjacent
to inoculated animals to assess transmission. All animal
handling, trapping, and experimental infections were per-
formed following Institutional Animal Care and Use Com-
mittee and institutional biosafety protocols, guidelines, and
approval.

Reverse Transcription—PCR

Viral RNA was extracted from nasal swabs by using
the QIAamp Viral RNA Mini Kit (QIAGEN, Valencia,
CA, USA), following manufacturer’s instructions. Viral
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RNA from rectal swabs was extracted by using the same
procedure with addition of half of an Inhibitex tablet (Stool
Extraction Kit; QTAGEN) to remove PCR inhibitors. Real-
time reverse transcription—-PCR (RT-PCR) was performed
following the procedure of Spackman et al. (7). Samples
were compared with standard curves generated from
known concentrations of Al, extracted, and amplified by
using the same procedures. Results are expressed as EID,
equivalents. These procedures were used to analyze envi-
ronmental samples (feces and water) as part of the national
surveillance for highly pathogenic Al (8).

Detection of Influenza Virus Cellular Receptors in Rac-
coon Respiratory Tissues

Airway tissue sections were collected from 5 adult rac-
coons (humanely killed in a different study) from 7 stan-
dardized locations (nasal mucosa; larynx; upper, middle,
and lower trachea; bronchus; lung), fixed in formalin, and
embedded in paraffin. Airway tissues were cut into 5 um—
thick sections, mounted on 3-aminopropyltrethoxy-silane—
coated slides, deparaffinized in xylene, and rehydrated in
alcohol. For detection of sialic acids (SAs), sections were
stained with SA02,3Gal- and SAa2,6Gal-specific lectins.
Briefly, sections were incubated overnight with 250 uL of
Western blocking solution (Roche Biochemicals, India-
napolis, IN, USA), washed 3% in Tris-buffered saline, pH
7.6, and incubated with 250 pL of fluorescein isothiocya-
nate—labeled Sambucus nigra lectin (Vector Laboratories,
Burlingame, CA, USA) and biotinylated Maackia amu-
rensis lectin (Vector Laboratories) overnight at 4°C. After
3 washes in Tris-buffered saline, sections were incubated
with Alexa Fluor 594—conjugated streptavidin (Molecular
Probes, Inc., Eugene, OR, USA) for 2 hours at room tem-
perature. The sections were washed, counterstained with
4',6-diamino-2-phenylindole dihydrochloride (Molecular
Probes), washed again, and mounted on cover glass. Sec-
tions were examined with a fluorescence microscope (Carl
Zeiss, Inc., Oberkochen, Germany). Because previous re-
search has demonstrated that equine tracheal epithelial
cells predominantly express SAa2,3Gal residues and pig
tracheal cells express SAa2,3Gal and SA02,6Gal residues
(2), sections of equine and porcine trachea were included as
positive controls for each staining procedure.

Results

Serologic Survey of Wild Raccoons for Exposure to Al
Virus

We screened 730 wild raccoons from California,
Texas, Louisiana, Maryland, Wyoming, and Colorado. Of
these, 17 (2.4%) had antibodies to Al virus. Table 1 sum-
marizes the raccoon serosurvey and subtyping results from
these states. Four (2.4%) of 168 Maryland raccoons in 2004
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Table 1. Exposure to avian influenza virus in wild raccoons in 7
states, United States*

No. positive/no.

Influenza antibody

State Year tested (%) subtypes (no.)
MD 2004 4/168 (2.4) H4 + H107 (1),
H1 + H10t (1), H4t (2)
2005 0/13 -
GA 2004 0/366 -
CA 2006 0/46 -
X 2004 0/40 -
2006 0/16 -
LA 2004 0/10 -
WY 2004 8/32 (25) H4NG (7), HAN2 (1)
CcO 2006 5/39 (12.8) H4N2 + N6 (3), H3t (1),

H10N7 (1)

*H, hemagglutinin; N, neuraminidase.
1N subtype was not determined because of insufficient sample volume.

had antibodies to Al virus with 3 hemagglutinin subtypes
represented. Two of these raccoons had antibodies to 2
subtypes, which indicated multiple exposures to Al virus.
Colorado and Wyoming also had seropositive raccoons
with prevalences of 12.8% and 25%, respectively. Multiple
subtypes were present in both populations, and multiple ex-
posures in individual raccoons were observed. However,
none of the raccoons from Georgia, Texas, or California
showed serologic evidence of exposure to Al virus. These
results indicated that wild raccoons are exposed to a variety
of Al virus subtypes and seroconvert on the basis of these
exposures.

Experimental Infection of Raccoons with Al Virus

To determine whether raccoons are competent hosts
for Al virus infection and are capable of shedding and
transmitting virus, raccoons were infected with a specific
subtype of Al virus (H4NS8) and monitored for symptoms
of infection and disease. Two of 10 wild-caught raccoons
had antibodies to Al virus (Table 1). These animals were
included in the infection study because the Al virus inocu-
lum used was a different subtype, but with potential cross-
neutralization as a caveat.

Eight raccoons were inoculated intranasally with 105
EID,, of Al virus (H4N8) and monitored for 14 days pos-
tinoculation (dpi). Four (50%) of these animals became in-
fected, as shown by nasal shedding of viral RNA detected
by RT-PCR. Two of these animals (256 and 275) shed
detectable amounts of virus at only 1 time point (1 dpi).
Another raccoon (259) shed virus at least up to 6 dpi, and
the other infected raccoon (263) shed for the entire 14 days
of the study (Table 2). RT-PCR analyses of rectal swabs
showed no detectable viral RNA shed by digestive tracts
of infected raccoons (data not shown), which is consis-
tent with influenza being primarily a respiratory disease in
mammals (2).

One of the 2 uninoculated raccoons housed in cages
adjacent (within 0.5 m) to inoculated raccoons devel-
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Table 2. Nasal shedding of avian influenza virus by experimentally inoculated raccoons*

Day postinoculation

Raccoon ID 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

264 - - - - - - - -
275 - 02 - - - - - -

256 - 11 - - - - - -

253 - - - - — - - -

2601 - - - - - - - -

2621 - 0.2 0.8 0.9 0.4 - - -
258 - - - - — - - -
257 - - - - - - - -
259 - 1.1 0.1 0.4 t

263 - - 0.6 0.2 0.9 0.02 0.4 0.1

*Shedding was determined by real-time reverse transcription—PCR of nasal swabs compared with standard curves generated from avian influenza virus

stocks of known concentrations and expressed as logso 50% egg infectious dose equivalents. —, no viral RNA detected. Raccoons 262 and 263 were

seropositive for avian influenza virus before inoculation.
tTUninoculated raccoons housed in cages adjacent to infected raccoons.
FRaccoon humanely killed 8 days postinoculation.

oped nasal shedding of virus. Every precaution was taken
to prevent inadvertent transmission by handling; thus, this
animal (262) probably contracted the virus by aerosol from
>1 of its infected cohorts. This result indicated that rac-
coons are capable of transmitting influenza virus from one
to another. Given the small amounts of Al virus shed by
these raccoons and the timing of infection of this animal,
we cannot rule out possible aerosolization of inoculum by
adjacent raccoons and transmission by that route.

Three of the 5 raccoons that shed virus developed an-
tibodies to the Al virus (H4N8) isolate, including raccoon
262, which was not inoculated but contracted the virus from
adjacent, infected raccoons (Table 3). Raccoon 259 was
humanely killed on 8 dpi because of an unrelated physical
condition (tooth abscess), presumably before detectable an-
tibodies were produced. Raccoon 256 shed virus only on 1
dpi yet developed detectable antibodies to Al virus (H4N8)
by 9 dpi. However, the other raccoon that shed virus on 1
dpi (275) did not develop a detectable immune response,
which indicated that virus detected in the swab was prob-
ably residual inoculum. Raccoons 263 and 262 had preex-

isting antibodies to a different subtype of Al virus that did
not prevent infection and seroconversion to the other Al
virus (H4N8) inoculum.

We observed no overt clinical signs of disease in these
animals. Rectal temperatures showed no obvious trends
and were probably confounded by stresses of anesthesia
and handling. Most of the animals appeared lethargic, pos-
sibly because of confinement and manipulations occurring
during daytime (raccoons are nocturnal). All other animals
ate and drank well and most gained weight over the course
of the experiment (data not shown).

Influenza Virus Receptors in Raccoons

The predominant receptor for Al virus is SA linked
02,3 to galactose. In waterfowl, these receptors are lo-
cated primarily in intestinal epithelium, which is why
Al is primarily a disease of the digestive tract in avian
species. In contrast, humans have SA linked 02,6 to ga-
lactose that is located predominantly in the respiratory
system (2). Tissues from raccoon respiratory tracts were
examined for avian and human influenza virus receptors

Table 3. Antibody production in raccoons experimentally infected with avian influenza virus (H4N8)*

Day postinoculation Final
Raccoon ID 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 subtypet
264 N N N N N N N N
275 N N N N N N N N
256 N N N N N WP SP SP H4N8
253 N N N N N N N N
260% N NS N N N N N N
262t P P P P P P WP WP H4N8§
258 N N N N N N N N
257 N N N N N N N N
259 N N N N N 1 -
263 SP SP SP SP SP SP SP SP H4AN8§

*Antibodies were detected by agar gel immunodiffusion, and final subtyping was determined at the National Veterinary Services Laboratories (Ames, IA,
USA). N, negative; WP, weakly positive; SP, strongly positive; NS, not sampled; P, positive.

TH, hemagglutinin; N, neuraminidase.
FUninoculated raccoons housed in adjacent cages to infected raccoons.

§These raccoons had preexisting antibodies (262:H10N7, 1:10; 263:H4N6 1:40).

fIRaccoon humanely killed 8 days postinoculation.
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by staining with lectins specific for each type of receptor
(Figure). Raccoons have both receptor types in their respi-
ratory systems, similar to swine but with uneven distribu-
tion among tissues. In the upper trachea epithelium, the
overwhelmingly predominant receptor is the human type
SAa2,6 (Figure, panel A). As one examines tissues from
deeper in the respiratory tract, increasing amounts of the
avian SA 2,3 receptor are found until the 2 types of re-
ceptors are in roughly equal amounts in the lungs (Figure,
panels B, C, and D).

Experimental Infection of Raccoons
with Human Influenza Virus

The presence and distribution of human type receptors
in raccoons led us to infect a new cohort of raccoons with
human influenza virus (H3N2). Daily monitoring showed
that inoculated animals shed virus nasally for up to 8 dpi
(Table 4, Figure). The amounts of virus shed were larger
than in the Al experimental infection study but no transmis-
sion to either co-housed, virus-free raccoon was detected.
All 4 inoculated animals subsequently developed antibod-
ies against this virus by 14 dpi (data not shown). One rac-
coon (272) shed small amounts of virus rectally (0.25 EID,
equivalents) on 5 dpi, but no other rectal shedding of vi-
rus was detected. As with Al virus infection, no obvious
clinical signs of disease were observed in these animals.
Infected raccoons were also capable of shedding moderate
amounts of human influenza virus, although no transmis-
sion to virus-free animals was observed.

Discussion

The ecology of Al is complicated. Knowledge of the
roles of wild birds and mammals in the epidemiology of
the disease and how viral reassortants and variants arise are
critical for the planning and preparation of future pandem-
ics, vaccine development, and meaningful human health
and agricultural risk assessments (9,10). However, other
than a survey of small rodents in Pennsylvania, New Jer-
sey, Maryland, and Virginia after an outbreak of influenza
caused by virus subtype H5N2 in 1983-84 (11), no sys-
tematic investigation of wild mammals in influenza disease
ecology has been performed.

Figure. Raccoon respiratory tissues stained with lectins specific for
sialic acids (SAs) with a2,6- and a2,3-linkages. A) Upper trachea;
B) lower trachea; C) bronchus; D) bronchiole. Arrows indicate
endothelial lining of the tissues indicated. Green staining shows a
reaction with fluorescein isothiocyanate—labeled Sambucus nigra
lectin, which indicates SAs linked to galactose by an a2,6-linkage
(SAa2,6Gal). Red staining shows a reaction with biotinylated
Maackia amurensis lectin (detected with Alexa Fluor 594—
conjugated streptavidin), which indicates an SAa2,3Gal linkage.
Tissues were counterstained with 4,6,-diamidino-2-phenylindole
dihydrochloride. Original magnification x40 in panels A, B, and D
and x100 in panel C.

Raccoons can carry a variety of etiologic agents. In
Florida, raccoons are known to harbor 132 parasites, dis-
ease agents, and environmental contaminants, more than
any other species of wild mammal (12). Viral diseases in-
clude rabies, canine distemper, pseudorabies, and poxvirus
disease. To this list we can add West Nile virus (13,14) and
now, from this study, avian and human influenza viruses.

The serologic survey of raccoons for Al virus expo-
sure showed geographic variation in prevalence. Al in wild
birds is relatively common; as much as 30% of the local
waterfowl population can be infected (15). Raccoons often
reside in these areas and can contact Al virus from their
food and environment. However, the premise that areas
of high waterfowl concentrations promote high antibody

Table 4. Nasal shedding of human influenza virus by experimentally inoculated raccoons*

Day postinoculation

Raccoon ID 2 4 5

6

7 8 10 11 12 13

2.4

265
267
269t
268t
271
272

0.2
3.2

0.2

0.5
2.0

2.0
0.2

0.3

0.3
0.2 -
1.2

*Shedding was determined by real-time reverse transcription—PCR of nasal swabs compared with standard curves generated from avian influenza virus
stocks of known concentrations and expressed as 50% log;o egg infectious dose equivalents. —, no viral RNA detected.

TUninoculated raccoons housed in cages adjacent to infected raccoons.
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prevalence in raccoon populations was not always sup-
ported by these data. Raccoons in Georgia were sampled
from the northwestern corner of the state, where wild fowl
populations are small, and the prevalence of antibodies was
0%. In Maryland, which has one of the highest popula-
tions of overwintering and migrating waterfowl on its east
coast (16), the prevalence of antibodies was 2.4%. Thus,
data from these 2 states were logical on the basis of the
waterfowl population size. However, Texas and California,
with large seasonal populations of waterfowl, showed no
evidence of Al virus exposure in raccoons. Wyoming and
Colorado, with relatively small waterfowl populations, had
the highest exposure rates of any states examined (25% and
12.8%, respectively). The reasons for higher prevalences in
Wyoming and Colorado are unclear but may be related to
concentrations of raccoons and waterfowl in riparian cor-
ridors in these semi-arid areas.

Wild waterfowl are the primary natural reservoir of
Al virus, and different subtypes to which these raccoons
were exposed are relatively common in avian populations
(17-22). Clearly, raccoons are exposed to Al virus in the
wild, and experimental studies confirm they can become
infected with this virus and shed virus capable of infect-
ing healthy animals. Also, we showed that raccoons can
become infected with human influenza virus and shed mod-
erate amounts of virus. The higher amounts of human in-
fluenza virus shed by raccoons than Al virus may indicate
that human influenza virus is better adapted to mammalian
physiology. The fact that we detected measurable levels of
viral shedding with avian and human influenza viruses in
infected raccoons is important. If one considers that only 2
uninfected raccoons were available to detect transmission
of human influenza virus in this study, the fact that we did
not detect transmission does not rule out the possibility that
human influenza virus is also capable of being transmitted
by raccoons and warrants additional research.

The abundance and distribution of avian and human
influenza receptors found in raccoon tissues are similar to
those in human respiratory tracts (23,24). The presence of
human and Al virus receptors in raccoon respiratory sys-
tems creates the possibility of co-infection with multiple
types of influenza virus and, as in swine, genetic reassort-
ment and creation of new, possibly highly virulent strains
are distinct risks.

Risks associated with wild raccoons and influenza are
compounded by several factors. Raccoons are highly mo-
bile with relatively large home ranges that include a variety
of ecologic landscapes (5). They routinely travel between
wetlands, forests, agricultural operations, and urban and
suburban settings. Consequently, a raccoon that acquired
Al virus in a marsh from scavenging a diseased bird could
easily transport and transmit the virus to poultry and swine
operations and to residential areas.
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Raccoons apparently are not adversely affected by
low pathogenic Al or human influenza viruses and thus
remain active and potentially able to transmit virus over
large areas. Because of their nocturnal habits, raccoons can
be largely invisible to humans but can achieve large popu-
lation densities. In fact, in some areas more raccoons can
inhabit suburban areas than rural areas, reaching >90 rac-
coons/km? (25,26).

In summary, the raccoon, a common, peridomestic,
wild mammal is capable of becoming infected, transport-
ing, and potentially transmitting avian and human influenza
viruses. The risks associated with raccoons and influenza
to agriculture and human health are unknown but clearly
warrant further research. These results underscore the im-
portance of investigating the roles of other peridomestic
species in the disease ecology of influenza.
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Enzootic Rabies Elimination
from Dogs and Reemergence in
Wild Terrestrial Carnivores,

United

States
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and Charles E. Rupprecht

To provide molecular and virologic evidence that do-
mestic dog rabies is no longer enzootic to the United States
and to identify putative relatives of dog-related rabies vi-
ruses (RVs) circulating in other carnivores, we studied RVs
associated with recent and historic dog rabies enzootics
worldwide. Molecular, phylogenetic, and epizootiologic evi-
dence shows that domestic dog rabies is no longer enzo-
otic to the United States. Nonetheless, our data suggest
that independent rabies enzootics are now established in
wild terrestrial carnivores (skunks in California and north-
central United States, gray foxes in Texas and Arizona, and
mongooses in Puerto Rico), as a consequence of different
spillover events from long-term rabies enzootics associated
with dogs. These preliminary results highlight the key role
of dog RVs and human-dog demographics as operative
factors for host shifts and disease reemergence into other
important carnivore populations and highlight the need for
the elimination of dog-related RVs worldwide.

abies virus (RV) is the prototype member of the genus

Lyssavirus, which causes acute encephalomyelitis in
mammals, including humans, throughout the world. The
disease is independently maintained by several species of
mammals within the orders Carnivora and Chiroptera (1).
Intraspecies RV transmission maintains the disease within
geographically discrete (2,3) areas by distinctive virus vari-
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DOI: 10.3201/eid1412.080876

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 14, No. 12, December 2008

ants and lineages, which can be identified either by panels
of monoclonal antibodies or by genetic analysis (4,5). In-
terspecies transmission of rabies often results in ecological
bottlenecks and epidemiologic dead ends (1,4,6). However,
during rabies epizootics or long-term enzootics, novel ra-
bies reservoirs may emerge and produce outbreaks involv-
ing closely related RV variants (7,8).

Dog rabies has been recognized since the first human
civilizations (9). However, the possible origins of disease in
this species likely pre-date its direct associations with hu-
mans. Over time, RVs have had the opportunity to evolve
within the context of the human—dog bond and to generate
a suite of genetically distinguishable and geographically
circumscribed variants and lineages (10-12). Dog RVs
cause >55,000 human deaths annually, mostly in Asia and
Africa (13). In the Americas, despite a 90% reduction of
cases during past decade, the domestic dog still poses the
greatest public health hazard with regard to rabies (14).

During the first half of the 20th century, canine rabies
was enzootic throughout the United States (15). By the
1970s, the primary dog RV variant had been eliminated by
extensive mass vaccination programs and effective control
of stray animal populations (1,15). During the late 1980s,
the domestic dog—coyote RV variant became enzootic in
the coyote (Canis latrans) population along the United
States—Mexico border (16). In 1994, this variant expanded
by translocation into Alabama and Florida, causing a local
outbreak in domestic dogs (17). In 1988, a second canine
RV variant, the Texas gray fox variant, was found associ-
ated with enzootic rabies in gray foxes (Urocyon cinere-
oargenteus) in west-central Texas (16,17). Aggressive oral
vaccination programs in the region eliminated the domestic

1849



RESEARCH

dog—coyote RV variant by 2004, while circulation of the
Texas gray fox variant was substantially constrained (18).
Thus, the United States became the most recent country to
eliminate enzootic dog rabies (19).

To provide molecular and virologic evidence that do-
mestic dog rabies is no longer enzootic to the United States
and to identify putative relatives of dog-related RVs circu-
lating in other carnivores, we studied RVs associated with
recent and historic dog rabies enzootics worldwide. We
compared historical surrogates that circulated in the United
States with RV isolates suspected of being dog related, col-
lected over the past 15 years.

Materials and Methods

Viruses

A total of 228 samples were sequenced, generating
both full and partial RV nucleoprotein gene data. The 152
samples from the United States were obtained from 136
dogs and coyotes from Texas during 1991-2007; 1 dog,
1 bat, and 1 skunk from New Mexico, 2006-2007; 1 gray
fox from Arizona, 1986; 3 dogs from Florida, 1994; 1 dog
from Alabama, 1994; 2 mongooses and 1 dog from Puerto
Rico, 2004-2006; 1 dog from New York, 1949; 1 person
from California, 1954; 1 coyote from San Diego, Califor-
nia, 1990 (20); 1 dog from California, 2007; and 1 dog
from Alaska, 2007. Most samples were from Texas, where
canine-associated RVs have been found, although believed
to be independent of dog rabies, after enzootic dog rabies
was eliminated from the United States during the 1970s
(1,15). The 76 samples from other countries came from 58
dogs from Mexico, representing all dog-related lineages
described to date during 1961-2003 (20,21); 2 gray foxes
from Sonora and Chihuahua, 1994-2002 (21); 3 skunks
from Baja California Sur, 1998-2007 (20,21); 2 skunks
from Durango and Sonora, 2001-2003 (20,21); 1 dog from
Honduras, 2001; 1 person from El Salvador, 2002; and 9
vampire bats from Mexico, 2002-2004. To entail a global
perspective, we compared these sequences with historical
and recent sequences associated with major dog and terres-
trial wildlife rabies foci in the United States and elsewhere
(11,12,20-24). Vaccine strains with known American ori-
gin were included as surrogates of enzootic dog RVs in the
United States. They were represented by Flury strains low
egg passage and high egg passage, originally isolated from
a person in Georgia in 1939 (25) and by Street-Alabama-
Dufferin B19 and Evelyn Rokitniki Abelseth derivatives,
obtained from a rabid dog in Alabama in 1935 (26). Sur-
rogates of enzootic dog RVs from the Old World were also
incorporated in the global analysis. Pasteur’s derivatives,
originally obtained from a rabid cow in Paris, France, in
1882, such as Pasteur virus, Pitman-Moore, an avirulent
mutant derived from challenge virus standard AvO1, and
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challenge virus standard, were also considered in this re-
gard (27).

Sequence Analyses

We performed multiple alignments of the partial and
entire nucleoprotein RV sequences by using ClustalW
(www.ebi.ac.uk/clustalw/index.html). To verify the robust-
ness of the phylogenetic inferences, we conducted the anal-
ysis by using phenetic and cladistic methods with MEGA
2.1 (28) and MrBayes (www.mrbayes.net) programs. Cor-
rected nucleotide substitutions were calculated by using the
Kimura 2-parameter and general time reversible model for
neighbor joining and MrBayes, respectively. Confidence
limits were estimated by a bootstrap algorithm applying
1,000 iterations (29). To contrast RV associated with terres-
trial carnivore species, we also used consensus sequences
associated with bat rabies in Mexico and the United States
to construct the phylogenies. We included other lyssavirus
species as outgroups: European bat lyssavirus 1, European
bat lyssavirus 2, and Australian bat lyssavirus (11,23).

Results

Elimination of Enzootic Dog RVs
from the United States

The domestic dog—coyote RV variant lineage was
found in a total of 122 samples from either dogs or coyotes.
Most (118) of these were found in Texas during 1991-2004
(Figures 1, 2; online Appendix Figure, available from www.
cde.gov/EID/content/14/12/1849-appG.htm). The overall
genetic identity among members of this lineage in the pe-
riod analyzed was 98.9%. This lineage was monophyletic
with an extinct enzootic dog rabies lineage distributed in
central Mexico and west-central Mexico until the year
2000. An average identity value of 97.6% was noticed be-
tween these 2 lineages (Figure 2). A consensus amino acid
change at position 134 (V replaced by I) within the nucleo-
protein gene was observed in both lineages. However, a
unique amino acid change at position 426 (S replaced by T)
was characteristic for the domestic dog—coyote RVs. Simi-
larly, the Sonora dog lineage, distributed along the west-
ern United States—Mexico border until 1994, was mono-
phyletic with extant lineages circumscribed southward in
west-central Mexico, southeastern Mexico (Chiapas), and
Central America (Figures 1, 2). The overall genetic dis-
tance among samples within this lineage was 0.017 (98.3%
identity). When compared with its closest relatives in south-
eastern Mexico and Central America, the identity value was
97.7% (Figures 1, 2). An amino acid change at position 40
within the nucleoprotein gene (C replaced by S), common
to dog-related rabies enzootics in Africa and Asia (Africa
2 and 3, arctic fox and Arctic-like, plus all dog-related lin-
eages in Asia and India), was found in this lineage. Within
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Figure 1. Neighbor-joining phyogenetic tree reconstructed by using
entire nucleoprotein sequences that show the consensus topology
observed with maximum-likehood and Bayes methods (www.
mrbayes.net). The hierarchy encompassing phylogroups, clades,
groups, lineages, and taxa of rabies viruses throughout the world
is shown. SAD, Street-Alabama-Dufferin; RV, rabies virus; ABLV,
Australian bat lyssavirus; EBL, European bat lyssavirus. Scale bar
indicates number of nucleotide substitutions per site.

the United States, the Sonora dog lineage was detected in 2
dogs, 2 coyotes, and 1 bobcat in counties bordering north-
east Mexico in 1993, 1995, and 1996, respectively, and in 1
dog in San Diego, California, in 1990.

The domestic dog—coyote RV variant and Sonora dog
lineage enzootics were expected to be related because of
their geographic proximity (Figure 2). However, the phy-
logenetic data demonstrated that the Sonora dog lineage
originated from independent dog rabies enzootics trans-
located from Central America, Honduras, Nicaragua, and
Michoacén in west-central Mexico (Figures 1, 2).

The Texas gray fox RV variant was detected in Texas
only, from 8 dogs and 3 coyotes during 1991-1995, and in
20 coyotes in the western part of Texas during 2007 (online
Appendix Figure). Members of the Texas gray fox variant
or lineage presented a consensus amino acid change within
the nucleoprotein gene at position 247 (K replaced by R)
and an overall identity value of 99.1%. In 1986, a rabid
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gray fox from Arizona was found with the Arizona gray
fox RV variant. This variant was also found circulating in
northwestern Mexico (Figures 1,2); 3 consensus amino acid
changes within the nucleoprotein gene at positions 9 (K re-
placed by R), 13 (Q replaced by H), and 421 (I replaced
by V) characterized Arizona gray fox RV variant samples
among all other extinct and extant enzootic canine-related
variants and lineages circulating throughout the world. The
average identity value for members of the Arizona gray fox
RV variant lineage was 98.8%.

The Texas gray fox RV variants are enzootic to Tex-
as, and the Arizona gray fox RV variants are enzootic to
Arizona and northwestern Mexico, respectively; average
identity value between variants is 92.9% (Figure 2). Dis-
tinctive consensus amino acid and nucleotide changes at
the nucleoprotein gene have become fixed and have re-
mained stable over time in these RVs circulating in gray
fox populations in the southern United States. All lineages
were monophyletic with historic RV (Flury high egg pas-
sage and low egg passage, CA human 1954, and NY dog
1949) obtained from virus repositories or vaccine strains
that were originally recovered from canine rabies cases that
occurred in the United States before dog rabies elimination
(Figure 1). The topology in group II (Figure 1) details the
circulation of at least 2 canine rabies lineages representing
different dog rabies enzootics (before dog rabies elimina-
tion in the United States): one closely related to the Texas
gray fox variant circumscribed in California (CA human
1954) and the other widely circulating over the East Coast,
related to the Flury and NY dog sequences. This group also
encompassed surrogates of enzootic dog rabies in Europe,
which indicated an epidemiologic link between dog rabies
epizootics on both continents (Figure 1).

The Puerto Rico mongoose RV variant was found in
2 mongooses and 1 dog. This lineage presented a homo-
geneous identity value of 99.1% and had common amino
acid changes with Africa 1b and Africa 3 at position 254
(R replaced by K) and with the Arctic-like and Street-
Alabama-Dufferin B19 RV at position 135 (S replaced by
P), consistent with an Old World origin of these viruses.
A characteristic amino acid change for this lineage was
found at position 181 (I replaced by V). This variant was
monophyletic with 2 North American lineages: the north-
central skunk and the west Canada skunk RV. These skunk
lineages, and the Puerto Rico mongoose lineage, were
also monophyletic with Street-Alabama-Dufferin B19 de-
rivatives and with a California skunk lineage, integrating
group VI, which presented a low bootstrap value (Figure
1). Nonetheless, group VI was consistent when different
methods for phylogenetic reconstruction were used (maxi-
mum likelihood and Bayes data are available on request).
Skunk RVs in the north-central United States, south-
western Canada, and California were monophyletic with
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Figure 2. Current distribution of major rabies virus (RV) lineages
associated with terrestrial carnivores and dogs in the United States
and Mexico. Translocation movements proposed on the basis
of the phylogenetic analysis (bidirectional arrows in colors) and
confirmed translocations events on the basis of descriptive and
epizootiologic investigations are shown. Boldface indicates RV
lineages associated with rabies enzootics autochthonous for the
New World (not associated with dogs).

Street-Alabama-Dufferin B19 and Pasteur virus strains,
both surrogates for enzootic dog rabies before its elimina-
tion in the United States and Europe, respectively. These
results clearly illustrate the association of enzootic skunk
rabies with historic dog rabies enzootics (Figure 1).

To underscore the importance of transcontinental
translocation of dog-related rabies into the United States
and also to illustrate that such phenomena still occur in the
21st century, during 2007 we studied a rabid dog imported
from India into Washington state and then transported into
Alaska. The infecting strain was determined to be the arctic
fox—like variant, which is mainly enzootic in dog popula-
tions in northern India and central Asia (Figure 1).

Conversely, interspecies transmission of rabies into
domestic dogs and wildlife was also observed in this study.
Two dogs, 1 from Texas and the other from New Mex-
ico, were typed as the Tadarida brasiliensis RV variant,
whereas 1 coyote from Texas was identified with the south-
central skunk RV variant. These findings illustrate that the
interspecies transmission of rabies is a process that also
may occur with regularity.

Canine and Wildlife Rabies in the United States
within a Historical and Global Context

To better understand dog rabies epizootiology in the
United States, we also conducted a global analysis. Sam-
ples were divided into 2 main phylogroups, 1 associated
with terrestrial carnivores and the other associated with bat
rabies in the Americas. The terrestrial phylogroup was in-
tegrated by the cosmopolitan clade (CosC) that comprised
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at least 8 monophyletic groups (I to VIII, Figure 1). CosC
encompassed 2—4 lineages representing independent enzo-
otics associated with not only different species of Canidae
(domestic dogs, jackals, wolves, gray foxes, red foxes, arc-
tic foxes, raccoon dogs, Corsac foxes, crab-eating foxes,
coyotes) but also with other species of terrestrial carni-
vores (mainly skunks, such as the Baja California skunk in
Mexico and California skunks in the United States). Each
of these groups consistently presented at least 1 lineage
associated with rabies enzootics in domestic dogs (either
extinct or extant). The remaining lineages were associated
with rabies enzootics in terrestrial carnivores. The excep-
tions were groups VII and VIII, associated with either do-
mestic dogs (Africa 4) or the Baja California spotted skunk
Spilogale putorious (Figure 1). These phylogenetic pat-
terns were consistent throughout Europe, Africa, and the
Americas, where enzootic dog rabies was introduced (Fig-
ure 1). In addition, several other independent dog-related
RV lineages were geographically circumscribed in differ-
ent countries of the Americas, such as Argentina, Colom-
bia, Bolivia, Peru, Ecuador, Nicaragua, and the Domini-
can Republic, and belong to the CosC as well (only partial
nucleoprotein sequences available; tree available from the
authors on request).

The average genetic distance among all members
within CosC was 0.071%, equivalent to 93% average iden-
tity. The highest genetic distance observed between groups
pertaining to this clade was 0.104 (89.6% average identity)
and occurred between group III and group VIII (Figure 1).
Meanwhile, the lowest genetic distance observed was be-
tween group I and group I1 0.073 (92.7% average identity),
followed by the same genetic distance of 0.074 (92.6%) be-
tween groups [V-V, IV-VI, and V-VI (Figure 1). The ter-
restrial phylogroup also encompassed independent groups
and lineages associated with enzootic dog rabies in Asia
(this group was the most divergent with an average genetic
distance of 0.126, 87.4%, encompassing lineages from Chi-
na, Thailand, Vietnam, and India), Africa (Africa 2, group
IX with an average genetic distance of 0.079, 92.1%), the
arctic fox and the arctic fox—like lineages (Arctic/Arctic-
like group IX, with an average genetic distance of 0.044,
95.6%), and the African mongoose lineage (Africa 3, with
an average genetic distance of 0.021, 97.9%).

Conversely, the bat phylogroup comprised RV lineages
and variants associated with independent rabies enzootics
maintained by different species of bats and 2 independent
enzootics established in raccoons (raccoon variant) and
skunks (south-central US skunk and Mexican north-central
skunk), which may represent autochthonous RV lineages
in the New World (Figures 1, 2). These lineages have an
average genetic distance of 0.155 (84.5%) to 0.158 (84.7%)
when compared with RV lineages associated with the ter-
restrial carnivore clade.
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Discussion

On the basis of phylogenetic analysis in conjunction
with historic and recent epizootiologic data on rabies, we
found no evidence of enzootic dog rabies in the United
States for the past 13 years, (1,15,16,18,19,30). Our find-
ings suggest that independent rabies enzootics are now es-
tablished in wild terrestrial carnivores (skunks in California
and the north-central United States, gray foxes in Texas and
Arizona, and mongooses in Puerto Rico), as a consequence
of different spillover events from the long-term rabies en-
zootics associated with dogs (31).

The concept of dog-related lineages spilling into
wildlife species with further host shifts was consistent for
all phylogentic groups shown as part of CosC (I to VI)
(8,10,21-24, 31-34). This tendency was also consistent for
other groups outside the CosC, such as group IX (35,36).
Dog rabies epizootics in the Americas seem to be charac-
terized by the circulation of multiple geographic or tem-
poral lineages that have either become extinct or merged
over time (2,3,8,10,21,22,32-34). Such a tendency was
clearly observed in groups I, I, and VI and was implicit
in groups III, IV, V, and VII (2,3,5,8,10,12,21-23,31-33,
35,36). After European colonization in the 15th century,
multiple dog-related RV lineages have been introduced and
evolved over time in the United States and elsewhere in the
Americas (5,8,10-12).

The historical background in Europe and the Middle
East supports the suggestion that enzootic red fox rabies
was derived from a dog rabies epizootic in Europe (5,8,10—
12). However, none of the surrogates representing Euro-
pean enzootic dog rabies early in the 19th century (Pasteur
virus, Pitman-Moore, AVO01, or challenge virus standard)
segregated with enzootic RVs circulating in European
wild terrestrial carnivores. These observations suggest that
host-switching events may have occurred from other likely
extinct dog RV lineages or, alternatively, from extinct lin-
eages contemporary to Pasteur virus yet pertaining to inde-
pendent dog rabies enzootics (8,10-12).

There is no cultural, historical, or epidemiologic evi-
dence of enzootic dog rabies in the New World before Eu-
ropean colonization (8,10). One of the oldest rabies enzoot-
ics associated with wild canines in North America occurred
in arctic and red foxes (37,38). This fox rabies enzootic
was found to be associated with the expansion of arctic fox
rabies from northern Asia (35). We did not find any direct
phylogenetic linkage between CosC and arctic fox rabies,
as exists between arctic fox—like rabies epizootics in Asia
and arctic fox rabies prevailing in the circumpolar Arctic
region (36).

The global origin of enzootic rabies in dogs and in
other terrestrial carnivores remains unknown but likely pre-
dates the origin of dogs 15,000-100,000 years ago (39).
A higher mitochondrial DNA haplotype diversity found
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in dog breeds from eastern Asia correlates with a higher
genetic diversity of dog-related RV lineages in the same
region (8,10,35,36,39). The latter observations raise ques-
tions about the possible coevolution of wild canines and
RVs, the role of dog domestication in the dissemination of
rabies, and the emergence of rabies enzootics in other wild
terrestrial carnivores elsewhere. Nonetheless, independent
rabies enzootics that persist in raccoons in the eastern Unit-
ed States and among skunks in the south-central United
States and north-central Mexico seem to have their origin
in RVs associated with indigenous bats species (8,31).

Global migration, social factors, and trading ac-
tivities continue to promote and enhance long-distance
movements of rabies-infected animals, increasing the po-
tential risk of reintroducing the disease to regions where
the problem has been eliminated. This trend poses new
challenges for the regulation of animal movements to at-
tain sustainable elimination.

Clearly, canine rabies elimination is needed on a glob-
al level. Vaccination of dogs should be maintained until all
dog-related lineages and biotypes currently circulating in
wildlife have been eliminated. The canine origin of these
viruses makes them prone to return to dogs, where the
disease may easily become enzootic again without proper
attention related to laboratory-based surveillance, preven-
tion, and control.
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Genetic Characterization of
Toggenburg Orbivirus, a
New Bluetongue Virus, from
Goats, Switzerland

Martin A. Hofmann, Sandra Renzullo, Markus Mader, Valérie Chaignat, Gabriella Worwa,
and Barbara Thuer

A novel bluetongue virus (BTV) termed Toggenburg or-
bivirus (TOV) was detected in goats from Switzerland by us-
ing real-time reverse transcription—PCR. cDNA correspond-
ing to the complete sequence of 7 of 10 double-stranded
RNA segments of the viral genome was amplified by PCR
and cloned into a plasmid vector. Five clones for each ge-
nome segment were sequenced to determine a consensus
sequence. BLAST analysis and dendrogram construction
showed that TOV is closely related to BTV, although some
genome segments are distinct from the 24 known BTV se-
rotypes. Maximal sequence identity to any BTV ranged from
63% (segment 2) to 79% (segments 7 and 10). Because
the gene encoding outer capsid protein 2 (VP2), which de-
termines the serotype of BTV, is placed within the BTV se-
rogroup, we propose that TOV represents an unknown 25th
serotype of BTV.

luetongue is a vectorborne disease affecting all ru-

minant species but causing clinical disease mostly in
sheep; cattle and goats are usually considered asymptom-
atic reservoir hosts (1). The disease occurs worldwide and
is caused by bluetongue virus (BTV), which belongs to
the genus Orbivirus within the family Reoviridae. Other
species of the orbiviruses are African horse sickness virus,
epizootic hemorrhagic disease virus (EHDV), and some
lesser-known viruses such as Peruvian horse sickness vi-
rus, Chuzan virus, Saint Croix River virus, and Yunnan
orbivirus (2). The virus has a segmented double-stranded
RNA genome consisting of 10 segments that code for 11
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viral proteins. BTV is transmitted between its ruminant
host mainly by blood-feeding midges of the Culicoides
spp. Twenty-four serotypes of BTV can be distinguished
on the basis of the antigenic profile of its major outer capsid
protein VP2 (3).

In Europe, several serotypes of BTV were detected
sporadically in the 1990s (4). From 1998 through 2006, a
total of 5 serotypes (1, 2, 4, 9, and 16) became established
in southern Europe (5), but they were kept confined to this
area, most likely because their main insect vector, C. imi-
cola, has never been detected north of the Alps in Europe
(6). A BTV-monitoring program in cattle herds has been in
effect in Switzerland since 2003 in Ticino Canton, south of
the Alps (7-9). However, no BTV has been detected until
now in this region of the country. Furthermore, northern
Europe had never been affected by bluetongue before 2006,
although BTV can also be transmitted by other Culicoides
species, such as C. obsoletus and C. pulicaris (6), which are
native to this area.

In 2006, BTV serotype 8 (BTV-8) of likely African
origin was introduced into Belgium by an as yet unknown
mechanism (8). This virus spread throughout many north-
ern European countries. By mid-2008, BTV-8 had caused
numerous clinical bluetongue cases in sheep and cattle in
the Netherlands, Belgium, Germany, Luxembourg, France,
Denmark, Czech Republic, United Kingdom, Italy, Spain,
and Switzerland (5).

The first clinical case of bluetongue caused by BTV-8
in Switzerland was detected in October 2007 on a dairy
cattle farm (10). Because Switzerland was already includ-
ed in a surveillance zone and, after detection of the first
BTV-8 infection, a protection zone, all animals were tested
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serologically and virologically before trade. Four addition-
al cases of BTV-8 infection were detected from October
through November 2007 (10,11).

Early in 2008, several BT V-positive, clinically healthy
animals were detected in a goat flock in northeastern Swit-
zerland (V. Chaignat et al., unpub. data) by BT V-specific
antibody ELISAs and viral RNA detection, by using a
BTV-specific real-time reverse transcription-PCR (rRT-
PCR) (10,12). However, levels of antibody and viral RNA
were unexpectedly low. Furthermore, presence of BTV
RNA could not be confirmed by use of other BT V-specific
rRT-PCR protocols (13,14), and amplification curves ob-
tained in the screening rRT-PCR suggested that the target
sequence on RNA segment 10 of this virus might be dif-
ferent from all known BTV strains (data not shown). For
this reason, we determined the nucleotide sequence of the
rRT-PCR amplification product.

Experimental infection of goats and sheep by subcuta-
neous and intravenous injection of blood from virus-posi-
tive animals from the herd in which the infection was first
discovered demonstrated that the virus is transmissible to
and replicates in goats, albeit without causing bluetongue-
specific clinical symptoms. In contrast, the virus could only
be sporadically detected in inoculated sheep (V. Chaig-
nat et al., unpub. data). On the basis of the sequence of
the rRT-PCR product, this newly detected virus, termed
Toggenburg orbivirus (TOV), could represent an unknown
orbivirus of low pathogenicity, or a new serotype of BTV.
Thus, we performed a detailed genetic characterization of
the TOV genome.

The complete coding sequence for the 7 RNA segments
(2,5,6,7,8,9, and 10) was determined. Segment 2 was
chosen because it encodes the viral structural protein VP2
that contains the serotype-specific determinants, whereas
the genome segments 5 through 10 are short enough to
enable sequencing of the cloned cDNA without the need
for internal sequencing primers. We present evidence that
TOV is genetically related to BTV but cannot be assigned
to any of the 24 known serotypes; instead, it likely repre-
sents a 25th BTV serotype.

Materials and Methods

Source of Viral RNA and Extraction of RNA

BTV-like orbivirus RNA and antibodies were detected
in several adult and newborn goats in a herd in the north-
eastern part of Switzerland (St. Gallen Canton) (V. Chaig-
nat et al., unpub. data). We used erythrocytes from blood
collected into tubes containing EDTA from 1 adult and 1
newborn goat, which had cycle threshold (C,) values of
22 and 32, respectively, in the rRT-PCR (10). Total RNA
was extracted from 250 uL of erythrocyte suspension by
using Trizol (Invitrogen, Basel, Switzerland) according to
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the manufacturer’s instructions. Precipitated purified RNA
was dissolved in 20 uL of RNase-free water.

RT-PCR for Full-Length cDNA Amplification,
Cloning, and Sequencing

Primers corresponding to inter-BTV serotype-con-
served 5’ and 3’ terminal sequences were designed for each
of the viral RNA segments to be analyzed (Table 1). Before
RT-PCR, 8 pL of extracted viral RNA was mixed with 50
pM of 2 RNA segment-specific forward and reverse prim-
ers and heat-denatured for 5 min at 95°C. Reverse transcrip-
tion of both RNA strands into double-stranded cDNA was
performed by using SuperScript III reverse transcriptase
(Invitrogen) in a final volume of 25 pL. A total of 8 uL of
cDNA was then added to a PCR mixture containing Plati-
num Taq High Fidelity Polymerase (Invitrogen) and am-
plified by 40 cycles at 95°C for 30 s, 50°C for 1 min, and
72°C for 1 min (for segments 5-10) or 72°C for 8 min (for
segment 2).

PCR-amplified cDNA of the expected length was puri-
fied by agarose gel electrophoresis and ligated into plasmid
vector pCR4-TOPO (Invitrogen). Clones of transformed
Escherichia coli harboring the TOV insert-containing vec-
tor were identified by PCR preps using insert-spanning M 13
primers. Miniprep DNA of >5 cDNA clones from each viral
genome segment was sequenced by cycle sequencing using
IRD800 and IRD700 infrared dye—labeled M13 (Eurofins
MWG Operon, Ebersberg, Germany) and TOV segment
2-specific internal primers. Sequencing reactions were
subjected to electrophoresis in a 4300L DNA sequencer
(LI-COR, Lincoln, NE, USA) and analyzed by using e-Seq
V3.0 and AlignIR V2.0 software (LI-COR). The coding re-
gion of each TOV genome segment analyzed in this study
was compared with published orbivirus sequences by using
online BLAST analysis (http://blast.ncbi.nlm.nih.gov/blast.
cgi). For phylogenetic analysis, TOV-specific sequences
were aligned to a selection of available corresponding se-
quences from GenBank that represented all orbivirus spe-
cies by using MEGA version 4.0 software (15) with default
parameters. The open reading frame (ORF) sequences of
the 7 analyzed genome segments of TOV were submitted to
GenBank under accession nos. EU839840 (S2), EU839841
(S5), EU839842 (S6), EU839843 (S7), EU839844 (S8),
EU839845 (S9), and EU839846 (S10).

Results

TOV was initially detected by using an RNA segment
10—specific rRT-PCR (10). Nucleotide sequencing of this
rRT-PCR product indicated that TOV is an orbivirus close-
ly related to, but not identical with, any known BTV sero-
type. The analyzed sequence showed a 1-base mismatch in
the probe region of the rRT-PCR target sequence (Figure
1, panel A), which could explain the unusual amplification
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Table 1. Terminal primers used to amplify complete Toggenburg orbivirus RNA segments

Name* Sequence (5" — 3)

RNA segment Forward primer
2 BTV4&10_S2_-21_F GGGTTAAAAGAGTGTTCYAC
5 BTV_S5_F GTTAAAAAAGTTCTCTAGTTGGCA
6 BTV4&10&11_S6_-30_F GTTAAAAAGTRTTCTCCTACTC
7 BTV_S7_-17_F GTTAAAAATCTATAGAGATGGAC
8 BTV_S8 -19 F GTTAAAAAAWCCTTGAGTCATG
9 BTV_S9 -15_F GTTAAAAAATCGCATATGTCAG
10 BTV_S10_F GTTAAAAAGTGTCGCTGCCAT

Reverse primer
2 BTV4&20_S2_R GTAAGTGTAAGAAGGCCACAG
5 BTV_S5_R GTAAGTTGAAAAGTTCTAGTAGAG
6 BTV4&10_S6_1618_R GTAAGTGTAATCTTCTCCCTC
7 BTV_S7_1142_R GTAAGTGTAATCTAAGAGACGT
8 BTV_S8 1106_R GTAAGTGTAAAATCCCCCCC
9 BTV_S9 1038_R GTAAGTRTGAAATCGCCCTAC
10 BTV_S10_R ACCTYGGGGCGCCACTC

*BTV, bluetongue virus.

curves (low delta Rn value, the magnitude of the signal gen-
erated by the given set of PCR conditions). Various addi-
tional rRT-PCR protocols all yielded negative results (data
not shown). When the primer and probe sequences of these
published rRT-PCR protocols for segment 1 (13,14) or seg-
ment 5 (14), respectively, were aligned to the correspond-
ing TOV sequences determined in this study, numerous
mismatches were found (Figure 1). These mismatches were
the likely reason for the failure of these assays to detect
TOV. Because sequence amplified by the rRT-PCR (Figure
1, panel A) was most closely related to several BTV-4 and
BTV-10 serotypes, RNA segment—specific primers bind-
ing to the conserved 3’ and 5’ untranslated regions were
designed on the basis of these serotypes whenever no con-
sensus sequence matching with all published sequences
(representing all 24 serotypes) could be found, i.e., for seg-
ments 2 and 6.

A

TEGATAMRGCEATCTCARA T CAACTGETGCA

CGCAARCACARARAR,

- 4 o o
GCGTTGGAAGTTTATATCART " HATAT " RACATGEAGTGCGCT TGARCCA -

GCGTTCGARGTTTACATCAAT
BTVrsa 221-311F-->

C

}\CCGTGGAGTGRACTTGRTCCG
<--RSA-BTV 341-320

GCGTTGGRAGTTTATATCART TCGATAT T RATATGEAGTGCECTTGAACCAGRGGA - AAT T I T TACGGAATTATAGAGTATCAARAGAGR

GCTTTTGAGGTGTACGTGARC

TGGAGTGARCTTGATCCGGRGGR

BTVuni 291-311F--> <-- BTV 346-323
TTARARTGCARTGGTCGCARTCACCGTGLGAGECEE . . . / /. . . GEGAGTGCGCTTGAACCAGA
TTARARTGCAATGGTCGCAATC CCGTGCRAGGTGC GGAGTGAACTTGATCCGGA

BTV S1 F 2-23--> <--BTV_S1 P 25-37 <==BTWV 51 R 343
GGCAACCACCAGRCATGGA L - T T T ITGAGGARGTATAATATCAGTGGAG - TT A TGCCAATGCRATAAGARCTTT
GGCAACYACCAAACATGGA TTGAGAAARTACAAYATCAGTGGRG GCWMTGCCACGAGRACTTT
BTV 85 F 1-19--> <--BTV_S5_P_49-27 -=BTV_55_R_76-
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GRAGGCTGCATACGCATCGTACGC .GARGCGTTTCGTGATGATGT

ARGCTGCATTCGCATCGTACGE GRAGCGTT
BTV_S10_P-->

CGTAB'[‘TBTBGAGTGTCTAGRGAG}\TGRCTG
<==BTVrsa 3B7-357R

CGTARATTATAX GTTTCAA GAGA

Although the amount of viral RNA in blood from in-
fected but clinically healthy goats was low (C. values >30
in the rRT-PCR) we could amplify the full-length cDNA
sequence for all 7 RNA segments analyzed, including the
2.9-kb fragment of segment 2. PCR products all showed the
expected length as predicted from the corresponding BTV
genome segment. After cloning into the pCR4-TOPO vec-
tor, both DNA strands of 5 clones were sequenced for each
genome segment. A consensus sequence could be unam-
biguously determined because the number of point muta-
tions in the clones was low, and never more than 1 of the
5 clones showed a difference from the consensus sequence
(data not shown).

BLAST analysis of the 7 TOV genome segments
showed in all cases the highest sequence similarity to BTV,
although the search algorithm had to be c