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ABSTRACT

Toxoplasma gondii (T gondii) and Neospora caninum (N. caninum) are apicomplexan parasites with definitive
hosts from the order Carnivora and with a wide range of intermediate hosts. Information concerning the
prevalence of antibodies to these parasites in wild animals is limited. In the current study, sera samples from
four Israeli zoological gardens (n=110) and from free-ranging wild animals in Israel (n=149) were tested. All
sera were analyzed by Modified Agglutination Test (MAT) for initial screening, followed by confirmation
of all positive samples and a portion of negative samples by in-house Immunofluorescence Antibody Test
(IFAT). Antibodies to 7" gondii were detected in 67 of 259 animals (25.87%). Antibodies to N. caninum were
detected in 18 of 259 animals (6.95%). 7. gondii exposure tended to be higher in zoo animals as compared
to free-ranging wild animals (30.9%) and (22.15%), respectively; (p=0.056), showing almost significantly
higher risk of infection for zoo animals (OR=1.57 (CI (p (95%)): 0.9-2.75)). N. caninum exposure was found
to be significantly higher in free-ranging animals (10.07%) as compared to zoo animals (2.73%, p=0.021),
showing a higher risk of infection for free-ranging animals (OR=3.99 (CI (p (95%)): 1.13-14.15)). In addition,
seropositivity to 77 gondii was found to differ significantly between zones of different climates, with the lowest
exposure measured in desert climates and the highest in Mediterranean climates with an average of up to
600 ml precipitation per year (p=0.008). The results of this study indicate that wild animals in Israel are more
exposed to 7. gondii than to N. caninum. In addition, it appears that zoo animals are at higher risk for 7" gondii
infection and at lower risk for N. caninum infection when compared to free-ranging wildlife. Moreover, our
results suggest that MAT can be used as an efficient screening technique for 7 gondii exposure in wildlife.
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INTRODUCTION and prevalence of these parasites in wildlife is scarce and has
Toxoplasma gondii (T. gondii) and Neospora caninum (N. cani- DOt been fully clarified to date.
num) are protozoan parasites with worldwide distribution, Serological analysis of 7" gondii and N. caninum in wildlife
both parasites are known to infect and have a significant  is complicated. Species-specific secondary antibodies are
economic effect on farm and wild animals as well as on in-  often unavailable and the specificity, sensitivity and cutoff

house pets (1,2, 3, 4, 5). Information regarding the impact ~ values for many of these tests have not been evaluated in
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many wild species (6, 7). Furthermore, the use of at least
two different serological methods has been suggested for
confirmation of positive results in wild animals (7, 8).

Exposure to 7. gondii has been reported in captive and
free-ranging asymptomatic wild animals worldwide (9, 10,
11). Antibodies to 7" gondii were detected in 34.7% of tested
zoo animals in the Czech Republic, with 63.1% tested spe-
cies being seropositive (12). Certain species of zoo animals,
including new world primates, wallabies and kangaroos, are
considered to be highly susceptible to toxoplasmosis (13,
14, 15). Previous studies examining the prevalence of 7.
gondii in free-ranging wild mammals reveal percentages of
seropositivity ranging from 24% in the USA (16) to 90% in
Portugal (17).

Information regarding toxoplasmosis in wild animals,
both free-ranging and in captivity, in Israel is limited.
Toxoplasmosis outbreaks were documented in captive wildlife
(18,19, 20). Apart of a study showing high seroprevalence
of T gondii using Modified Agglutination Test (MAT) in
free-ranging crows and griffon vultures (Spenicus demersus),
(21), the seroprevalence of toxoplasmosis in free-ranging wild
animals in Israel is unknown.

The route of transmission and infection of 7 gondii is
not always clear. Currently, there is no consensus on the di-
agnostic test to be implemented for the detection of oocyst
contamination of soil and water (22, 23, 24). However, risk
factors such as cat presence, contaminated food and water
sources and/or soil contamination (affected by moisture, rain-
fall etc.) are often suspected as major routes of transmission
in cases of 7. gondii (19, 24,25, 26, 27,28, 29, 30, 31).

Several studies have been conducted worldwide regard-
ing N. caninum infection in wildlife, both in captivity and
free-ranging (4, 7, 12, 32). Seroprevalence of N. caninum
in asymptomatic wild animals worldwide ranged from
zero to 78% per species (in studies in which n>100) (1).
Seroprevalence of V. caninum in free-ranging wild canids in
Israel was estimated to be 2.7% in one study (33). A more
recent survey conducted on free-ranging wild animal species
in Israel, documented seropositivity in 6 out of 11 species
tested (n=871), ranging from 3.2% (n=189) in golden jackals to
66.7% (n=18) in water buffaloes (Bubalus bubalis) (34). To the
best of our knowledge, no previous information is available
on the prevalence of N. caninum in zoo animals in Israel.

Information regarding the survival of V. caninum oocysts
in the environment is scarce. Nevertheless, several risk fac-

tors for V. caninum infection have been identified including
presence of dogs, population density and high environmental
temperatures (1, 35, 36).

In the current study, we evaluated the exposure to 7
gondii and N. caninum in both free-ranging and captive
wild animals in Israel, using two serological methods. Risk
factors for seropositivity in these two populations of wild
animals as well as the agreement between MAT and IFAT
(Immunofluorescence Antibody Test) were assessed.

MATERIALS AND METHODS

Study Design

A total of 259 serum samples from animals of 42 differ-
ent species were available for our study. The samples were
obtained from free-ranging wildlife throughout the country
(n=149) and from four different zoos in Israel: the Jerusalem
Biblical Zoo (28 samples), the Israeli Primate Sanctuary (64
samples); the Safari-Zoological Center (8 samples) and Gan
Garoo (10 samples). Samples were collected for clinical and
husbandry indications between 2001 and 2019 with the
majority collected during the time of the study (2016-2019).
Samples used which were stored as leftovers were not espe-
cially collected for this study.

Five additional available samples of the species meerkats
(Suricata suricatta) presenting clinically with toxoplasmosis
and previously confirmed as positive for 7. gondii (20), were
used as a positive control.

Serological Methods

In the current research, MAT was used to test all samples
for both N. caninum and T gondii. The test was carried out
as previously described (6, 34, 36, 37). The cutoft value
for positive results was set at a dilution of 1:50. Briefly, V.
caninum and T gondii tachyzoites were propagated in Vero
cell cultures as previously described (38). Free tachyzoites
from heavily infected cells were passed through a 25-gauge
needle and subjected to centrifugation at 70xg for 5 min. The
supernatant containing the parasites was then centrifuged at
900xg for 20 min and the pelleted parasites resuspended in
PBS. The parasites were washed at least three times in PBS.
The final pellet was resuspended in 2-3 ml of PBS to 6%
formaldehyde (37% pure). Parasites were fixed at 4°C, for
at least 16h until use. Before the performance of the test,
the tachyzoites were resuspended in alkaline buffer adjusted
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to pH 8.7, containing 7.02 g NaCl, 3.09 g H3BO3, 24 ml
1N NaOH, 4 mg/ml of bovine albumin (fraction V), 50 mg
eosin Y and 1.0 g sodium azide per liter, counted in Neubauer
chamber to obtain a final dilution of 107 tachyzoites/ml
and stored at 4°C. Next, 50 pl of the antigen suspension in
alkaline buffer were distributed in each well to U-shaped
well microtiter plates and dilutions of test sera were then
applied. Positive samples produced agglutination that could
be graded, while negative samples produced a ‘button’ of
precipitated tachyzoites at the bottom of the well.

The cutoff value for positive results was set at a dilution
of 1:50 (39). To serve as controls, each plate contained three
positive samples and four negative controls (three negative
samples and one PBS without serum) previously verified by
IFAT. Positive and negative controls had different combina-
tions of 7" gondii and N. caninum positive/negative in order to
monitor cross-reactivity between the parasites. After testing
all samples by MAT, all positive samples and part of the
negative samples by MAT were tested by IFAT to confirm
seropositivity, to validate the MAT results and to examine
its validity as a screening test in wild animals.

Samples were considered positive when both MAT and
IFAT were positive. Since previous studies in wild animals
(34) showed that the sensitivity of the MAT was high but its
specificity was low (compared to IFAT and/or WesternBlot),
samples that were positive by MAT and negative by IFAT
were considered negative.

The IFAT was carried out as previously described (20, 34,
40, 41). The cutoff value for seropositivity was set at a dilu-
tion of 1:50. The final titer were not evaluated and samples
were examined at titers of 1:50 and 1:100.

The choice of secondary antibodies for the IFAT in the
current study was based on selecting the closest relatives to a
given species for which secondary antibodies were available.
Species with no close relatives for which secondary antibodies
were available were tested with protein-G (abcam, native
protein G (FITC) ab7459) as a multispecies secondary an-
tibody (42) (Table 18).

Statistical methods

The required sample size was determined using the software
‘winpepi’, version 11.63 (Abramson JH, Peritz E: Calculator
Programs for the Health Sciences. New York: Oxford
University Press; 1983), based on 12.

Comparison of continuous variables was done using either

independent samples t-test or Mann-Whitney test. Discrete
variables were examined using either the chi-squared test or
the likelihood ratio test. Finally, logistic regression models
with multiple variables were conducted in order to identify
risk factors for 77 gondii and N. caninum seropositivity in
different climates. The significance level of all tests was set
at p<0.05.

The agreement between MAT and IFAT was evaluated
by calculating Kappa values.

RESULTS

Exposure to Neospora caninum and Toxoplasma gondii

A total of 259 serum samples were available for this study
(free-ranging animals n=149, zoo animals n=110), includ-
ing 42 species representing 23 families and 6 orders. The
prevalence of 7. gondii and N. caninum antibodies by species
is presented in Table 1.

The overall exposure to 7 gondii in this study was 25.87%
(CI (p (95%)) 20.54%-31.2%). Seropositive samples were
identified in 20 of 42 species tested (Table 1).

The overall exposure to N. caninum in this study and was
6.95% (CI (p (95%)) 3.85%-10.05%) Seropositive samples
were identified in 6 of 42 species tested (Table 1).

Co-infection with 7 gondii and N. caninum was identi-
fied in 12 of 259 samples (4.6% (CI (p (95%)) 2.4%-7.6%)),
including two zoo animals and ten free-ranging animals
(Table 1).

Considering the different orders examined, seropositiv-
ity to both parasites were observed in the following orders:
carnivora (only in golden jackals), in ungulate and in primates
(only in one griver that was co-infected with 7! gondii and
N. caninum). Seropositivity for 1" gondii was also observed
in several ungulate and primate species (Table 1). In the aves
order 7. gondii seropositivity was observed only in two Griffon
vultures and in the order diprotodontia in Eastern grey kan-
garoo. In the order rodentia only one Indian crested porcupine
was examined and found seronegative to both parasites.

Risk factors

T gondii exposure tended to be higher in zoo animals when
compared to free-ranging wildlife (34/110 (30.9%), 33/149
(22.15%), respectively. P-value=0.056). N. caninum exposure
rate was significantly higher in free-ranging wildlife com-

pared with zoo animals ((15/149(10.07%), 3/110 (2.73%),

Vol. 81 (1) » March 2026

Israel Journal of Veterinary Medicine

Toxoplasma gondii and Neospora caninum in wild animals

17



18

Research Articles

Table 1: Exposure to 7" gondii and N. caninum in wild animals in Israel.

Order St No. T gondii N. fa.m'num Origin of
Tested | Seropositive Samples | Seropositive Samples |  samples
South American coati (Nasua nasua) 1 0 0 Z
. Jungle cat (Felis chaus) 1 0 0 FR
Carnivora - -

Cheetal (Acinonyx jubatus) 1 1 0 Z
Golden jackal (Canis aureus) 75 24 8 FR

Plains zebra (Equus quagga) 4 2 0 Z

African wild donkey (Equus africanus) 2 0 0 B

Fallow deer (Dama dama) 2 0 0 Z
Persian fallow deer (Dama dama mesopotamica) 7 0 0 FR

Wild goat (Capra aegagrus) 3 0 1 B

Arabian oryx (Oryx leucoryx) 19 1 0 B
Ungulate Nubian ibex (Capra nubiana) 16 3 4 FR
addax (Addax nasomaculatus) 1 0 0 FR
Dorcas gazelle (Gazella dorcas) 1 0 0 FR
Mountain gazelle (Gazella gazella) 13 4 3 FR

White rhinoceros (Ceratotherium simum) 1 0 0 Z
Wild boar (Sus scrofa) 14 1 0 FR

vicuna (Vicugna vicugna) 1 1 1 Z

Asian elephant (Elephas maximus) 5 3 0 Z

Ring-tailed lemur (Lemur catta) 1 0 0 Z

common brown lemur (Eulemur fulvus) 1 0 0 Z

Barbary macaque (Macaca sylvanus) 6 0 0 Z

Sooty mangabey (Cercocebus atys) 1 1 0 V4

Hamadryas baboon (Papio hamadryas) 1 0 0 Z

Olive baboon (Papio anubis) 3 2 0 7

Crab-eating macaque (Macaca fascicularis) 18 3 0 Z

Diana monkey (Cercopithecus diana) 2 1 0 Z

Primates Grivet (Chlorocebus aethiops) 11 6 1 Z
Mandrill (Mandrillus sphinx) 4 0 0 Z

Angola colobus (Colobus angolensis) 3 3 0 Z

Rhesus macaque (Macaca mulatta) 2 0 0 Z

Collins' squirrel monkey (Saimiri collinsii) 1 0 0 Z

Tufted capuchin (Sapajus apella) 11 4 0 Z

White-faced saki (Pithecia pithecia) 1 0 0 Z

Black-headed night monkey (Aotus nigriceps) 3 1 0 Z

Red-handed tamarin (Saguinus midas) 1 1 0 Z

African penguin (Spheniscus demersus) 4 0 0 Z

Griffon vulture (Gyps fulvus) 2 2 0 Z

Aves Red-crowned crane (Grus japonensis) 1 0 0 Z
White stork (Ciconia ciconia) 1 0 0 Z

Black swan (Cygnus atratus) 1 0 0 Z
Diprotodontia | Eastern grey kangaroo (Macropus giganteus) 12 3 0 Z
Rodentia Indian crested porcupine (Hystrix indica) 1 0 0 7

Total Animals 259 67 18

Origin of samples: Z=z00 animals, FR= free-ranging animals, B= both
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Figure 1: Comparison of exposure to 7. gondii and N. caninum in zoo animals vs. free-ranging animals.
*Statically significant

respectively. P-value=0.0214) (Figure 1). Calculated
OR shows higher risk of exposure with 7. gondii for zoo
animals compared with free-ranging animals, (OR=1.57 (CI
(p (95%)): 0.9-2.75)) (Figure 1). Higher risk of exposure to
N. caninum was found in free-ranging animals when com-
pared to zoo animals, (OR=3.99 (CI (p (95%)): 1.13-14.15)
(Figure 1).

The lowest exposure to 7 gondii was found in the desert
climate followed by Mediterranean 2 (>600 mm precipitation
per year), semi-arid and finally, the Mediterranean 1 climate
(<600 mm precipitation per year) presented as the highest.
These differences were found to be significant (Pearson
Chi-Square test p-value=0.008), (Figure 2). No significant
differences where observed in seroprevelance of V. caninum
in different geographical areas.

3.3. Agreement between MAT and IFAT

A total of 74 samples positive and 14 samples negative for 7"
gondii antibodies by MAT were tested by IFAT. The precent-
age of observed agreement in detecting 7" gondii antibodies by
both MAT and IFAT was 88.64% of the observations (n=78),
when the number of agreements expected by chance is 60.4

(68.60% of the observations). Kappa=0.638 (SE=0.103, CI

(p(95%)): 0.436-0.840). The strength of agreement between
the two tests was therefore considered to be 'substantial'.
Sensitivity and specificity values of MAT for detection of
T.gondii antibodies as compared to IFAT as gold standard
were 66/68 (97.06%) and 12/20 (60.0%), respectively.

A total of 24 N.caninum positive and 8 negative samples
detected by MAT were also tested by IFAT. The percent-
age of observed agreements for detection of V. caninum
antibodies for both MAT and IFAT was 78.13% (n=25),
Number of agreements expected by chance: 16.5 ( 51.56%
of the observations). Kappa=0.548 (SE=0.135, CI (p(95%)):
0.257-0.772). The strength of agreement between the two
tests is considered to be 'moderate’. Sensitivity and specificity
values of MAT for detection of N. caninum antibodies as
compared to IFAT as gold standart were 17/17 (100%) and
8/15 (53.3%), respectively.

DISCUSSION

This is the first serological survey of 7 gondii and N. caninum
in captive wild animals and the first sero-survey of 7. gondii
in free-ranging animals in Israel. The results of this study
indicate that wild animals were exposed to both parasites.
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Figure 2: Comparison of exposure rate of 7. gondii in four different climate zones in Israel.

Seropositive rate to 7. gondii (25.87%) in wild animals was
higher than to N. caninum (6.95%). The seropositivity for
both parasites observed in this study resemble those of similar
studies performed worldwide (1,7, 12,16, 34), giving further
validation to the estimated rates of 7 gondii and V. caninum
in wild animals in Israel and in the world.

Seropositivity to N. caninum was found in 6 of 42 spe-
cies in the study: Nubian ibex, mountain gazelle, golden jackal,
vicuna, grivet, wild goat. Presence of antibodies in all spe-
cies, except for grivet, have been previously described (4, 34,
43). The grivet positive for N. caninum arrived at the Israeli
Primate Sanctuary from Khan Younes in the Gaza strip on
September 2016. The sample we tested was taken upon his
arrival. The grivet was positive for N. caninum at a dilution
of 1:50 and was positive for 7. gondii as well, at a dilution
of 1:100 (higher dilutions were not tested). The possibility
of cross-reaction between the two parasites must be con-
sidered. Further inquiry must be done into the possibility
of natural infection with V. caninum in primates. Exposure
rate to N. caninum in golden jackals in the current study was
higher than previously reported and reached 10.7%. A sur-
vey conducted in Israel in 2006 (which tested samples from

1999 to 2004), showed seroprevalence of 1.7% (33). Another
survey, conducted in 2018 showed a 3.2% exposure rate of
N. caninum in golden jackals (samples from 2006 to 2013)
(34). All golden jackal samples used in the current study were
collected between 2016 and 2018; therefore, it appears that
the exposure of jackals to V. caninum parasites has increased
in the last years.

The significant rise in exposure rates could be due to a
combination of factors. Golden Jackal population size and
complexity of controlling population growth (43), could be
affecting exposure rates. Urbanization and increasing loss of
natural open spaces in Israel, contribute to rising popula-
tion densities which consequently could lead to a closer
contact with domesticated dogs, thus exposing wild animals
to various pathogens including NV. caninum (44, 45). If this
hypothesis is correct, this finding emphasizes the possible
negative effects of urbanization and loss of natural open
spaces, on the epidemiology of disease transmission between
free-ranging wild animals and domesticated animals. The
high exposure to 7" gondii observed in jackals (32%) can
suggest a possibility of close relation between this species
and domestic animals. Rates of co-infection with 7" gondii
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and N. caninum (4.6%) resemble those evaluated in previous
studies (44; 46).

An increased, although not significant, rate of exposure to
T gondii was detected in zoos when compared to free-ranging
animals (30.9% versus 22.15%, OR=1.57). This fact could
be attributed to the large concentrations of cats roaming the
Z00s, contaminating the soil as well as food and water sources
(2,9,10, 19, 31). Additionally, population density in zoos
is a possible important risk factor. In a study performed in
Namibia, free-ranging cheetahs and leopards from different
sites were tested for 7" gondii seroprevalence and no difference
concerning location was observed (32). Thus, although higher
seroprevalence of 7 gondii in zoo animals was observed, it is
possible that the difference is not solely attributed to environ-
mental conditions. Additionally, it is important to note that
the species tested in zoos differ from those of free-ranging
animals. Thus, the difference in seropositivity observed can
be a result of different susceptibility of the examined animals
to 1" gondii parasites. Further studies comparing the same
animal species in different environmental conditions should
be performed to obtain a better understanding of this finding.

When comparing exposure rates of N. caninum in zoo
animals with those of free-ranging wildlife, significantly
higher rates were detected in free-ranging wildlife (10.07%
versus 2.73%, OR=3.99). This difference was found to be
statistically significant even when jackals were removed from
the analysis ((7/74 (9.46%) in zoo animals versus 3/110
(2.73%) in free-ranging animals, P-value = 0.047). The fact
that the final hosts of NV. caninum, canids, do not roam zoos
freely, could provide a feasible explanation as to why exposure
rates are significantly lower in zoos. Additionally, it must
be taken into consideration that the difference in exposure
between captive and free-ranging animals can be attributed
to the difference in animal species tested in each population
as discussed above concerning toxoplasmosis.

The high exposure rate in free-ranging animals could be
intensified by the fact that go/den jackals are carnivorous, have
close contact with and are natural predators of domestic ani-
mals such as sheep and cattle which are known to be endemic
for neosporosis in Israel (3,47, 48). The role of jackals in the
sylvatic life cycle and epidemiology of N. caninum is still not
fully understood. The proven definitive hosts of N. caninum
are canids and dogs (49), coyotes (50), gray wolves (51) and
dingoes (52). As jackals are also from the canids family and
closely related to the definitive hosts of V. caninum, they are

suspected to be definitive hosts of V. caninum thus potentially
having an important role in the epidemiology of neosporosis
in Israel. However, jackals are yet to be proven definitive hosts
of N. caninum and further studies demonstrating shedding of
oocysts should be conducted in order to verify their full role.

Our study demonstrated a possible effect of climate on
the prevalence of 7 gondii with lowest exposure rates detected
in desert climates (Figure 2). This can be explained by the
fact that 7. gondii oocysts are able to survive longer in humid
climates (26). Similar trends were found in a study that exam-
ined the prevalence of T gondii in crows and griffon vultures
in Israel, in which seroprevalence in crows was significantly
higher in areas with increased precipitation and humidity
(21). Notwithstanding, it must be taken into consideration
that the difference in exposure rates between climate zones
could also be a result of other characteristics not evaluated in
our study such as population density, urbanization, contact
between domesticated and wild species, all with the potential
of affecting possibility of exposure.

According to our study, MAT can be used as a first stage
screening technique for exposure to 7 gondii in large scale
surveys. This test was found to be accurate in 88.64% of the
cases and is an efficient, time and money-saving solution as
previously established (6,36, 53). This was not the case when
evaluating MAT as a screening test for N. caninum, where
agreement between the two tests was found to be moderate
(78.13%). A previous study showed similar results with MAT
presenting very high sensitivity and low specificity, thus being
efficient only for a first screening though not for assessing
true prevalence values of N. caninum (34).

Validation of the use of protein-G as a secondary anti-
body when a specific secondary antibody is not available for
IFAT was analyzed. Protein-G combined with protein-A at
a dilution of 1:1000 had previously been used for serological
analysis of bats (54). The combination of these two proteins
had also been tested in our work (data not shown). However,
no comprehensive results were obtained using various dilu-
tions. Thus, both proteins were tested separately in animals
with available secondary antibodies (data not shown) and
the best results were obtained with the use of protein-G at a
dilution of 1:250. Therefore, following validation, all samples
from species with no close relatives for which specific second-
ary antibodies are available were tested using Protein G.

One limitation we faced in this study was the amount of
serum obtained. As this study was performed with samples
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taken for clinical and husbandry purposes and not with
samples collected specifically for this study, the amount of the
serum was limited. Therefore, we chose to perform MAT and
IFAT for detection of antibodies against both Toxoplasma and
Neospora parasites as these are commonly accepted tests for
diagnostic of seroprevalence of wild animals. Unfortunately,
the evaluation of cross reactivity and validation of the tests
with a third method such as western blot could not be
performed. Yet, we observed that a portion of animals was
seropositive for Neospora caninum only or Toxoplasma gondii
only while others were co-infected with both parasites.

Another limitation is the fact that there is no gold stan-
dard for diagnose seroprevalence for 7. gondii and N. caninum
in wild animals thus we chose to use first a more sensitive
but less specific method (MAT) and then to confirm the
results with IFAT (55). Thus, it appears that the use of MAT
followed by IFAT could be a good choice for screening of
both parasites with specific and sustainably results.

In this study we report exposure to 7 gondii and N.
caninum in wild animals in Israel, showing high rates of 70
gondii exposure. Higher rate of seropositivity to 7. gondii
is documented amongst zoo animals compared with free-
ranging wildlife, whereas V. caninum exposure rate is higher
in free-ranging wildlife. In addition, we provide evidence
that MAT can be used as an efficient screening technique
for T gondii exposure in wild animals and protein-G can be
an alternative option when no specific secondary antibodies
are available.
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