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Abstract

Tularemia, a highly infectious zoonotic disease caused by Francisella tularensis, occurs sporadically in Japan.
However, little is known about the prevalence of the disease in wild animals. A total of 632 samples obtained
from 150 Japanese black bears, 142 Japanese hares, 120 small rodents, 97 rats, 53 raptors, 26 Japanese
monkeys, 21 Japanese raccoon dogs, 20 masked palm civets, and three Japanese red foxes between 2002 and
2010 were investigated for the presence of antibodies to F. tularensis by competitive enzyme-linked
immunosorbent assay (cELISA) and the commonly used microagglutination (MA) test. Seropositive cELISA
and MA results were obtained in 23 and 18 Japanese black bears, three and two Japanese raccoon dogs, and two
and one small rodents, respectively. All MA-positive samples (n = 21) were also positive by cELISA. Six of
seven samples that were only positive by cELISA were confirmed to be antibody-positive by western blot
analysis. These findings suggest that cELISA is a highly sensitive and useful test for serosurveillance of
tularemia among various species of wild animals. Because this is the first study to detect F. tularensis–
seropositive Japanese raccoon dogs, these could join Japanese black bears as sentinel animals for tularemia in
the wild in Japan. Further continuous serosurveillance for F. tularensis in various species of wild animals using
appropriate methods such as cELISA is important to assess the risks of human exposure and to improve our
understanding of the ecology of F. tularensis in the wild.
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Introduction

Tularemia is a highly infectious zoonotic disease
caused by an intracellular Gram-negative bacterium,

Francisella tularensis, which is considered a viable biolog-
ical warfare agent (Dennis et al. 2001). It is highly virulent in
humans and animals such as rodents and lagomorphs. It is
transmitted to humans mainly through handling of infected
animals, arthropod bites, ingestion of contaminated water or
food, and inhalation of infectious aerosols (Ellis et al. 2002).
In humans, the clinical manifestation of the disease varies
depending on the route of infection and virulence of the
bacterial strain. The symptoms may range from skin ulcers to
life-threatening pneumonia (Dennis et al. 2001). In animals,

the severity of the disease varies among species. Highly
susceptible animals such as rodents and lagomorphs die soon
after infection. Other animal species, such as cats, dogs, and
cattle, are relatively resistant to infection (Hopla 1974).

Tularemia surveillance data in wild animals are indis-
pensable for understanding the host species responsible for
maintenance of the pathogen in the wild and for assessing the
risk of human exposure. Over the past few decades, the ser-
oprevalence of tularemia has been assessed in North Amer-
ican and European countries using serum samples obtained
from wild animals, such as bears (Chomel et al. 1998), hares,
rabbits (Shoemaker et al. 1997), and wild boars (Al Dahouk
et al. 2005). A serosurveillance study in Germany recently
identified raccoon dogs and foxes as biological indicators of
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tularemia (Kuehn et al. 2013). However, in Asia, the ecology
of tularemia is not well understood because of a paucity of
surveillance studies. In Japan, Japanese black bears have
been reported as a candidate sentinel species for tularemia
(Hotta et al. 2012); however, there have been no other studies
aiming to elucidate the distribution of F. tularensis among
various wild animals.

Most serosurveillance studies that have been conducted to
determine the distribution of F. tularensis in the wild have
been based on the detection of serum antibodies (Al Dahouk
et al. 2005, Hotta et al. 2012, Kuehn et al. 2013). The mi-
croagglutination (MA) test is the most commonly used
method for tularemia screening across multiple animal spe-
cies. However, the MA test is not very sensitive, requires
large sample volumes, and cannot be used with hemolyzed
sera. The indirect enzyme-linked immunosorbent assay
(iELISA) is frequently used for serological surveys of tula-
remia and has high sensitivity (Al Dahouk et al. 2005);
however, its usefulness in seroepidemiological studies of
various wild animals is limited because of the unavailability
of species-specific secondary antibodies. We recently de-
veloped a highly sensitive and specific monoclonal antibody
(mAb)-based competitive ELISA (cELISA) for use in tula-
remia patients (Sharma et al. 2013). In the present study, we
used this novel cELISA to examine the seroprevalence of
tularemia among wild animals in Japan. We tested not only
wild hares and bears (Hotta et al. 2012) but also rodents,
birds, raccoon dogs, monkeys, foxes, and masked palm civets
located in an area in which human tularemia is known to be
endemic.

Materials and Methods

Blood samples from wild animals

A total of 632 blood samples obtained from nine different
wild animal species between 2002 and 2010 were used in
this study (Table 1). The blood samples from the Japanese
black bears (Ursus thibetanus japonicus) and Japanese hares
(Lepus brachyurus angustidens) were the same as those used
in our previous study (Hotta et al. 2012). Sera or plasma
samples from 150 Japanese black bears were obtained from
six prefectures (Iwate, Fukushima, Ibaraki, Nagano, Gifu,
and Hyogo) between 2002 and 2007, and 21 of these were
identified as MA-positive ( ‡ 1:10) in our previous study
(Hotta et al. 2012). A total of 142 samples from Japanese
hares were collected from six prefectures (Aomori, Iwate,
Akita, Yamagata, Fukushima, and Niigata) between 2006
and 2009. It appears that the healthy wild hares were shot by
licensed hunters. Of the 142 samples, 97 blood samples from
these hares were collected on filter paper (Toyo-roshi Ltd.
Tokyo, Japan) and extracted from the paper in phosphate-
buffered saline (PBS) containing 0.5% (vol/vol) Tween 20.
Because the extracts from the filter paper were regarded as
1:50 dilutions of sera, the MA test was not applicable. The
remaining 45 samples were collected in tubes and processed
using standard protocols to obtain sera. These 45 sera sam-
ples did not show positive agglutination in the MA test (Hotta
et al. 2012).

A total of 120 sera samples from three species of small
rodents, namely the small Japanese field mouse (Apodemus
argenteus), the large Japanese field mouse (A. speciosus), and

the Japanese grass vole (Microtus montebelli), were collected
between 2008 and 2010 and tested. The remaining samples
included 97 sera samples from rats (Rattus norvegicus and
Rattus rattus), 53 sera samples from different species of
raptors (Accipiter gentilis, Buteo buteo, Falco peregrinus,
F. tinnunculus, Haliaeetus albicilla, Milvus migrans, and
Strix uralensis), 21 sera samples from Japanese raccoon dogs
(Nyctereutes procyonoides viverrinus), 20 sera samples from
masked palm civets (Paguma larvata), and three sera sam-
ples from Japanese red foxes (Vulpes vulpes japonica) col-
lected between 2003 and 2008. All the above-mentioned
samples were collected from wild animals captured from the
Aomori, Fukushima, and Hokkaido prefectures, which are
part of an area in northeastern Japan where tularemia is
known to be endemic (Ohara et al. 1996).

cELISA

cELISA was performed to detect antibodies to F. tular-
ensis in the blood samples of the wild animals, using previ-
ously described protocols with some modifications (Sharma
et al. 2013). In brief, 96-well microtiter plates (Greiner Bio-
One, Frickenhausen, Germany) were coated with purified
lipopolysaccharide (LPS) from F. tularensis holarctica
(strain NVF1, a Japanese isolate from a wild hare in 2009) in
carbonate–bicarbonate buffer (pH 9.6) (2.5 lg/50 lL per

Table 1. Seroprevalence of F. tularensis

among Various Wild Animals in Japan Based

on a Novel Competitive Enzyme-Linked

Immunosorbent and the Microagglutination Test

No. of positive

Animal species
No. of

samples cELISA MA

Japanese black bear
(Ursus thibetanus japonicus)

150 23 18

Japanese hare (Lepus
brachyurus angustidens)

142 0 0a

Small rodents (Apodemus
argenteus, A. speciosus,
Microtus montebelli)

120 2 1

Rats (Rattus norvegicus,
R. rattus)

97 0 0

Raptorsb 53 0 0
Japanese monkey

(Macaca fuscata)
26 0 0

Japanese raccoon dog
(Nyctereutes procyonoides
viverrinus)

21 3 2

Masked palm civet
(Paguma larvata)

20 0 0

Japanese red fox
(Vulpes vulpes japonica)

3 0 0

Total 632 28 21

aOnly 45 of the 142 Japanese hare samples were tested using the
MA test. All samples were obtained from animals captured in
northeastern Japan, an area in which tularemia is endemic, and all
were diluted 100 times.

bRaptors include Accipiter gentilis, Buteo buteo, Falco peregri-
nus, F. tinnunculus, Haliaeetus albicilla, Milvus migrans, and Strix
uralensis.

cELISA, competitive enzyme-linked immunosorbent assay; MA
test, microagglutination test.
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well) at 37�C overnight. Thereafter, unbound antigens were
removed and blocking was performed with 3% (wt/vol) skim
milk in PBS containing 0.1% (vol/vol) Tween 20 (PBST)
(150 lL/well). Duplicate 50-lL volumes of 1:100 dilutions of
each sample in PBST containing 1% (wt/vol) skim milk were
then added to the wells, and the plates were incubated at 37�C
for 90 min. After the wells were washed three times with
PBST, a biotin-labeled anti-LPS mAb (clone M14B11 rec-
ognizing F. tularensis LPS, 50 lL/well, 1:5000 dilution) was
added to each well, and the plates were then incubated at
37�C for another 60 min. The bound biotin-labeled anti-LPS
mAb was detected by subsequent reactions with streptavidin–
peroxidase (Thermo Scientific, Rockford, IL) (50 lL/well,
1:5000 dilution) and 100 lL of 3,3¢,5,5¢-tetramethylbenzidine
(TMB) enzyme substrate (SureBlue Reserve, TMB Microwell
Peroxidase Substrate, KPL, Gaithersburg, MD). Finally,
100 lL of stop solution (1 N HCl) was added, and optical
density (OD) was measured at 450 nm using a plate reader
(Bio-Rad, iMark Microplate Reader) (BioRad, Hercules, CA).
The cELISA percent inhibition (PI) values were calculated
using the following formula: [1 - (ODsample - ODbackground)/
(ODMAb - ODbackground)] · 100, where ODsample and ODMAb

were the absorbances observed in the presence and absence of
samples, respectively, and ODbackground was obtained in the
absence of a sample or labeled mAb. The cutoff value for
cELISA was determined by calculating the mean PI + 3 stan-
dard deviations (SDs) of all MA-negative (n = 514) blood
samples.

MA test

The MA test was performed as described previously (Hotta
et al. 2012). In brief, 25 lL of two-fold serial dilutions
of serum were mixed with an equal volume of formalin-
inactivated F. tularensis holarctica whole-cell suspension
(referred to as whole-cell antigen) (OD560 = 1.0) in a 96-well
round-bottomed microtiter plate (IWAKI, Tokyo, Japan).
Agglutination reactions in the plates were observed at 18 h
after incubation at 37�C. Agglutination titers were expressed
as reciprocals of the highest serum dilution showing agglu-
tination with the antigen. A sample was considered sero-
positive for F. tularensis if the agglutination titer was ‡ 10.

Western blot analysis

To confirm the presence of antibodies to F. tularensis in
blood samples showing positive results in cELISA but not in
the MA test, western blot analysis was performed using pu-
rified LPS of the F. tularensis NVF1 strain. The LPS antigens
were initially subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using 12.5%
gels and were electrophoretically transferred to a polyvinyl-
idene difluoride (PVDF) membrane (Immobilon; Millipore
Corporation, Bedford, MA). After blocking the membrane
with 3% skim milk in PBST at room temperature for 1 h and
five washes with PBST, the membrane was incubated with
the samples at 1:1000 dilution. After a further five times
washing of membrane with PBST, horseradish peroxidase
(HRP)-conjugated recombinant protein A/G (ICN Pharma-
ceuticals, Cappel) was applied at 1:50,000 dilution. The re-
actions were detected with an Amersham ECL Prime
Western Blotting Detection Reagent kit (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) using a VersaDoc Imaging

System (Bio-Rad Laboratories, Hercules, CA). The typical
LPS ladder-like banding pattern was considered to indicate
presence of specific antibodies in the samples.

Results

The presence of antibodies to F. tularensis in 632 blood
samples collected from various wild animals was assessed by
cELISA and the MA test (Table 1). Of the 535 samples
subjected to the MA test, 21 showed agglutination of F. tu-
larensis whole-cell antigen and were thus considered MA
positive. Distribution of the cELISA PI values of the 514
MA-negative and 21 MA-positive blood samples is shown in
Figure 1. The cutoff value for cELISA was determined based
on the mean PI and SD of the 514 MA-negative samples. The
MA-negative samples had a mean PI of 11.1% with an SD of
10.4. The cutoff value of cELISA was therefore set as 40%
(approximate mean + 3 SD), and samples showing more than
40% inhibition were considered to be positive in cELISA.
A total of 28 (4.4%) of the 632 samples assessed by cELISA
and 21 (3.9%) of the 535 samples assessed by MA were
seropositive.

Eighteen samples from Japanese black bears (U. thibeta-
nus japonicus), two samples from Japanese raccoon dogs
(N. procyonoides viverrinus), and one sample from a small
rodent (M. montebelli) agglutinated the whole-cell antigen in
the MA test with titers ranging from 10 to 80. On the other
hand, 20 black bears, three raccoon dogs, and two small ro-
dents showed a positive reaction in cELISA, with PIs ranging
from 41.0% to 88.5%. All MA-positive (n = 21) samples from
the bears, raccoon dogs, and small rodents were also positive
in cELISA. Seven samples (five bears, one raccoon dog, and
one mouse) were positive in cELISA but negative in the MA
test. Further testing of these seven samples by WB analysis
showed typical ladder-like bands using LPS antigen, except
for the mouse sample (Fig. 2, lane 6). No antibodies were
detected in the samples from the Japanese hares, Japanese

FIG. 1. Inhibition of the binding of the F. tularensis li-
popolysaccharide (LPS) monoclonal antibody (mAb) in the
514 microagglutination (MA)-negative and 21 MA test-
positive serum samples in competitive enzyme-linked im-
munosorbent assay (cELISA). The percent inhibition at a
serum dilution of 1:100 is plotted. On the basis of the dis-
tribution of these sera samples, the cELISA cutoff value was
set at 40% (mean + 3 standard deviations [SD]).
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monkeys, rats, raptors, foxes, or masked palm civets by either
cELISA or the MA test.

Discussion

Tularemia is an important zoonotic disease with complex
transmission cycles including mammals and vectors as well
as aerosolized air-borne transmission and water-borne
transmission (Ellis et al. 2002). Although human cases of
tularemia have occurred sporadically during recent years in
Japan, the status of tularemia infection in various wild ani-
mals is not clearly understood. Therefore, to better under-
stand the presence of tularemia in the wild, we attempted to
study various wild animal populations with the aim of de-
tecting F. tularensis antibodies using a novel cELISA and the
traditional MA test.

Although the MA test is widely used for screening the sera
of many animal species, its low sensitivity and cross-reaction
with antibodies to bacteria such as Brucella spp. and Yersinia
spp. make this assay less reliable (Behan and Klein 1982,
Bevanger et al. 1988). We therefore used cELISA, which is
well suited to samples from multiple animal species. De-

termination of the optimal cutoff value for cELISA was
difficult because no standard positive and negative wild an-
imal samples were available. Instead, we calculated the cut-
off value from the mean PI and SD of 514 MA-negative blood
samples (Fig. 1). With a cutoff value of 40% (mean + 3 SD),
all of the samples that showed positive agglutination in the
MA test (n = 21) clearly inhibited MAb binding to LPS in
cELISA (Fig. 1). Furthermore, six of seven samples that were
seropositive in cELISA but not in the MA test were con-
firmed to be seropositive by reacting with the LPS in the WB
analysis (Fig. 2). These findings indicate that cELISA is a
useful and sensitive test for tularemia screening in various
species of wild animals.

In our previous study, Francisella novicida immunized
sera exhibited slight inhibition (11%) in the cELISA, and no
cross-reaction to antibodies to other possibly related bacterial
species, such as Brucella spp. and Yersinia spp., was ob-
served (Sharma et al. 2013). In the present study, the cutoff
value in the cELISA for animal specimens was set as 40%,
thus cross-reaction of antibodies to F. novicida was negligi-
ble. This might be supported by the previous report that
showed no cross-reaction between F. tularensis and F. no-
vicida (Grunow et al. 2000). Antibodies detected in the wild
animals by the cELISA are therefore considered to be specific
to F. tularensis LPS. However, it is important to note that we
did not test this assay broadly against other Francisella spp.
except F. novicida.

In Japan, a total of 1372 human tularemia cases were re-
ported between 1924 and 1994 (Ohara et al. 1996). Most of
these cases occurred in the northeastern part of Japan. The
number of human tularemia cases declined from the 1960s
(Ohara et al. 1996), but over the last 10 years, five human
cases of tularemia have been reported (Infectious Diseases
Weekly Report Japan, January 19, 2009). The only surveil-
lance studies of tularemia conducted among wild animals in
Japan have studied feral raccoons (Inoue et al. 2011) and wild
hares and bears (Hotta et al. 2012). In the present study, we
tested samples from wild hares and bears, which were similar
to those tested in our previous study. These samples were
subjected to the novel cELISA, and we found an additional
five seropositive bear samples. This indicates that cELISA is
more sensitive for detecting antibodies to F. tularensis in
wild bears than the MA test. Although no clinical signs of
tularemia have been observed in bears, the presence of an-
tibodies to F. tularensis indicates that bears may be capable
of surviving F. tularensis infection. They might be infected
either through contact with the infected carcasses of hares or
rodents or by bites from infected ticks. Bears may be a can-
didate sentinel species for F. tularensis infection in Japan,
although they are not a major source of transmission of tu-
laremia to humans (Hotta et al. 2012). A similar proportion of
bears have been reported to be infected with the bacterium in
Idaho in the United States (Binninger et al. 1980).

F. tularensis is known to infect various wild animals
(Hopla 1974). Therefore, we tested samples from various
wild animal species using cELISA and the MA test as well as
western blot analysis. Three of 21 raccoon dogs were found to
be seropositive by cELISA, and this is the first time the
species has been shown to be seropositive for F. tularensis in
Japan (Table 1). Raccoon dogs might be a sensitive indicator
of tularemia in the wild, and our findings support previous
reports from Germany (Kuehn et al. 2013). Like raccoons,

FIG. 2. Western blot for confirmation of samples that
tested positive in competitive enzyme-linked immunosor-
bent assays (cELISA) but not in the microagglutination
(MA) tests (n = 7). Each well contains F. tularensis lipo-
polysaccharide (LPS) as an antigen. Typical LPS ladder-like
bands were present in six of the seven samples positive in
cELISA but not in the MA test. The serum sample from a
mouse (lane 6) was negative in western blot. Lanes 1–5, 6,
and 7 show the western blot patterns of the blood samples
obtained from Japanese black bears, a small rodent and a
Japanese raccoon dog. Lanes 8 and 9 show the western blot
pattern of hyperimmune rabbit (positive control), and a nor-
mal rabbit (negative control) serum samples, respectively.
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raccoon dogs are scavengers (Berrada et al. 2006) that might
become infected by preying on sick or dying tularemia-
infected animals. The serum sample from a small rodent
(M. montebelli) showing positive reaction in cELISA only
and not in the MA test did not show positive LPS ladder like
bands in the WB analysis (Table 1 and Fig. 2). The reason for
these different reactions is not clear. However, they might be
because of differences in the sensitivity of the assays or
differences in the ability of the immunoglobulins in wild
mice sera to recognize the epitopes of the LPS used in the
assays. The isolation of the bacteria or positive PCR results
from the specimens of the cELISA-positive animals would
have confirmed the F. tularensis infection. However, we
could not demonstrate the bacteria in the tissue specimens
because they were not available. Protocols involving bacte-
rial isolation or genome detection rather than serosur-
veillance are therefore preferable for surveillance of small
rodents, although a few seropositive small rodent species
have been reported in Europe (Omland et al. 1977).

Although most cases of human tularemia in Japan have
been associated with direct contact with wild hares (Ohara
et al. 1991), we did not find any seropositive Japanese hares
through cELISA and the MA test, which confirms the find-
ings of a previous report in Japan (Hotta et al. 2012). It is
likely that the majority of infected hares die before rais-
ing an immune response because they are highly susceptible
to F. tularensis infections (Mörner and Addison 2001).
In contrast, in European brown hares, 5.1% seropositivity has
been reported (Gyuranecz et al. 2011). The different ser-
oprevalence rates might be because of the different suscep-
tibilities of the Japanese and European brown hares to
F. tularensis infection.

In the tularemia-endemic regions of the United States and
Europe, antibodies to F. tularensis are frequently detected in
sera samples from wild animals such as beavers, coyotes,
wild boars, and foxes (Morner and Sandstedt 1983, Gese
et al. 1997, Al Dahouk et al. 2005). However, except for wild
bears and raccoon dogs, the wild animals examined in this
study were all seronegative (Table 1). Testing of a large
number of samples is necessary because animal species, such
as the red fox, masked palm civet, and raptors, are known to
prey on mice and hares, which might be a source of F. tu-
larensis infection. A study in Bulgaria reported that raptors
were infected with F. tularensis and that the bacteria could be
transmitted from birds to humans (Padeshki et al. 2010).
However, 53 samples from seven different species of raptors
tested in our study were all seronegative. More careful sur-
veillance of raptors may be necessary.

In this study, raccoon dogs and Japanese black bears were
found to be seropositive for F. tularensis antibodies. There-
fore, it is important that continuous serological surveillance
of wild animals be conducted using suitable methods such as
cELISA to assess the risks of F. tularemia infection in
humans and to further understand the ecology of F. tularensis
in the wild.
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