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Abstract

Background: Knowledge about parasitic infections is crucial information for animal health, particularly of free-rang-
ing species that might come into contact with livestock and humans.

Methods: We investigated the seroprevalence of three tissue-cyst-forming apicomplexan parasites (Toxoplasma
gondii, Neospora caninum and Besnoitia besnoiti) in 506 individuals of 12 wildlife species in Namibia using in-house
enzyme linked immunosorbent assays (indirect ELISAs applying purified antigens) for screening and immunoblots

as confirmatory tests. We included six species of the suborder Feliformia, four species of the suborder Caniformia and
two species of the suborder Ruminantia. For the two species for which we had most samples and life-history informa-
tion, i.e. cheetahs (Acinonyx jubatus, n=250) and leopards (Panthera pardus, n = 58), we investigated T. gondii sero-
prevalence in relation to age class, sex, sociality (solitary, mother-offspring group, independent sibling group, coalition
group) and site (natural habitat vs farmland).

Results: All but one carnivore species (bat-eared fox Otocyon megalotis, n=4) were seropositive to T. gondii, with

a seroprevalence ranging from 52.4% (131/250) in cheetahs to 93.2% (55/59) in African lions (Panthera leo). We also
detected antibodies to T. gondii in 10.0% (2/20) of blue wildebeest (Connochaetes taurinus). Adult cheetahs and
leopards were more likely to be seropositive to T. gondii than subadult conspecifics, whereas seroprevalence did not
vary with sex, sociality and site. Furthermore, we measured antibodies to N. caninum in 15.4% (2/13) of brown hyenas
(Hyaena brunnea) and 2.6% (1/39) of black-backed jackals (Canis mesomelas). Antibodies to B. besnoiti were detected in
3.4% (2/59) of African lions and 20.0% (4/20) of blue wildebeest.

Conclusions: Our results demonstrate that Namibian wildlife species were exposed to apicomplexan parasites at
different prevalences, depending on parasite and host species. In addition to serological work, molecular work is also
needed to better understand the sylvatic cycle and the clear role of wildlife in the epidemiology of these parasites in
southern Africa.
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epidemiology, particularly the sylvatic cycle, is not fully
understood. Wildlife species may act as an important res-
ervoir for parasites that can potentially infect livestock
and humans, but are also sentinels for evaluating the cir-
culation of the parasites in the environment.

Toxoplasma gondii is an obligate intracellular proto-
zoan, spread worldwide in many domestic and wild carni-
vore and herbivore species and may cause multisystemic
diseases in endotherms [2]. For carnivores and omni-
vores, including humans, infection with T. gondii pre-
dominantly occurs via ingestion of raw meat containing
encysted bradyzoites, while for all host species transmis-
sion also occurs transplacentally or via ingestion of water,
feces or vegetation contaminated with sporulated oocysts
derived from felid feces [2]. Many warm-blooded ani-
mals can serve as intermediate hosts, wherein the asexual
cycle takes place [3]. In contrast, sexual reproduction of
T. gondii is limited to the definitive hosts, i.e. the domes-
tic cat (Felis catus) and wild feline species (particularly
in regions where domestic cats are not prevalent) [2]. It
is currently unknown to which extent wild felids, other
than feral cats, such as cheetahs (Acinonyx jubatus) and
leopards (Panthera pardus), contribute to the T. gondii
life-cycle in southern Africa. The high density of wild and
domestic animals in Africa living sympatrically and the
lack of a clear spatial separation between livestock and
wildlife might also result in a high pathogen transmission
between wild animals, livestock and humans [4].

Neospora caninum and B. besnoiti are closely related
to T. gondii, but have rather economic than public health
importance [5, 6]. Neospora caninum is an obligate intra-
cellular parasite that forms tissue cysts in its intermedi-
ate hosts, represented by both domestic and free-ranging
herbivores [7]. The only known definitive hosts of N. can-
inum are canids such as domestic dogs (Canis familiaris),
coyotes (C. latrans), wolves (C. lupus) and dingoes (C.
lupus dingo) that shed environmentally resistant oocysts
with their feces [7-12]. Similar to T. gondii, N. caninum
can be transmitted to definitive hosts by ingestion of raw
tissues infected with the parasite, to intermediate and
definitive hosts by ingestion of water or food containing
sporulated oocysts and particularly in intermediate hosts
also transplacentally [13]. The economic losses to dairy
and beef industries due to N. caninum infections are
substantial [14], due to abortions and neonatal mortality
caused by the parasite. Neosporosis may also affect wild-
life but its importance as an abortifacient in wild animals
is not yet clear [7, 15—17]. For the African continent, few
studies have been carried out in domestic or wildlife spe-
cies, thus knowledge on the host range of N. caninum is
lacking, though it is expected to be high due to both the
diversity of potential hosts and the cattle herding in many
regions.
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Besnoitia besnoiti is also an economically important
cyst-forming parasite, known to affect cattle in southern
Africa and currently emerging in Europe [6, 18, 19]. The
severe economic losses experienced are due to weight
loss, a decrease in milk production, abortion, infertility
and reduced value of hides for leather production [19].
Most likely the life-cycle of this parasite is similar to T.
gondii and N. caninum, with the exception that it can
also be transmitted mechanically by a number of blood-
sucking insects [19]. However, as the definitive host of B.
besnoiti is unknown, there is a limited understanding on
the routes of transmission [20, 21].

Currently, data on the host range for T. gondii, N. cani-
num and B. besnoiti in African regions is limited. Thus,
the first objective of this study was to identify the host
range of these apicomplexan parasites using serological
tests that demonstrate the circulation of the parasites
in various African wildlife species. The second objec-
tive was to identify intrinsic (age class, sex and sociality)
and extrinsic (presence/absence of humans and domestic
animals) risk factors for apicomplexan seroprevalence.
For cheetahs and leopards, we had sufficient life-history
information to investigate these factors in more detail
Since carnivores are mainly infected by ingestion of
infected intermediate hosts, and the chance to have
acquired infection with a particular pathogen rises during
life, seropositivity should increase with age as shown for
domestic cats [22—-24]. Therefore, we predicted a higher
T. gondii seroprevalence in adult cheetahs and leopards
than in subadults. The likelihood to ingest infected mate-
rial might be similar for males and females or solitary
animals and animals in groups, thus we expected that sex
and sociality do not influence the level of seroprevalence
to T gondii in cheetahs and leopards. Since domestic
cats are the main reservoir of 7. gondii and occur in large
numbers in some areas in southern Africa [25], we argue
that seroprevalence will be higher in sites where humans
and their domestic animals live, such as on freehold
farmland and communal farmland, compared to natural
habitat, such as national parks.

Methods

Study animals and sample collection

Between 2002 and 2015, a total of 506 individuals from
12 different species were blood sampled, including
six Feliformia species [cheetah (1=250); African lion
(n=059, Panthera leo); leopard (n=>58); caracal (n=15,
Caracal caracal); brown hyena (n=13, Hyaena brun-
nea); and spotted hyena (n=11, Crocuta crocuta)], four
Caniformia species [black-backed jackal (n=39, Canis
mesomelas); honey badger (n=10, Mellivora capensis);
African wild dog (n=7, Lycaon pictus); and bat-eared
fox (n=4, Otocyon megalotis)], and two Ruminantia
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species [blue wildebeest (n =20, Connochaetes taurinus)
and springbok (n =20, Antidorcas marsupialis)]. All ani-
mals were free-ranging, either in (i) national parks (NP)
in northern Namibia (Etosha NP, #=136) and north-
eastern Namibia (Khaudum NP, n=3; Bwabwata NP,
n=9; Mudumo NP, n = 4; Mamili NP, n=4), (ii) free-
hold farmland in central (z=2338), northern (z=28) and
south-eastern Namibia (#=1) or (iii) communal land in
north-eastern Namibia (#=3). Both freehold and com-
munal farmlands are inhabited by humans, which is why
we pooled these two sites for the analyses. Most animals
on freehold farmland were captured in box traps and
immobilized as previously described [26—28], whereas 22
animals were sampled post mortem. Of these, 19 animals
(10 black-backed jackals, 8 cheetahs, 1 leopard) were shot
by farmers because they suspected the carnivores to have
killed their livestock, two animals (1 black-backed jackal,
1 caracal) were road kills and one cheetah was killed by
a leopard. Animals from NPs and communal land were
captured and anaesthetized in the context of relocation
programs and different research projects [29-31]. All
handling of animals was performed by or under direct
supervision of the wildlife veterinarian responsible for
these areas, ensuring compliance with animal welfare
regulations. Animal immobilization and sample collec-
tions were authorized by the Ministry of Environment
and Tourism of Namibia and complied with the laws of
the country.

Venous blood was collected with sterile Vacutainer
serum tubes (Becton Dickinson, Franklin Lakes, USA)
and centrifuged within 24 h after sampling. Serum sam-
ples were subsampled and stored at —80 °C or in liquid
nitrogen containers until transport to Germany, in full
compliance with the Convention on International Trade
in Endangered Species (CITES). Until processing, sam-
ples were stored at — 80 °C.

®

Putative factors for T. gondii infection

Cheetahs and leopards were part of a long-term study,
thus their sample sizes were larger and life-history infor-
mation more detailed than for the other species. We
assessed putative effects of sex, age class (subadults and
adults) and sociality on T. gondii seroprevalence status.
For cheetahs, sociality categories were solitary adult
males and females, mothers with offspring, sibling groups
independent from their mothers and coalitions of two
or three adult males [32]. For leopards, the categories
were solitary adult males and females, and mothers with
offspring.
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Laboratory analyses

ELISA

Sera were screened by ELISA as previously described,
making use of purified antigens that are highly spe-
cific towards the three investigated parasites, i.e.
TgSAG1 (p30) [33-38], NcSRS2 (p38) [39] and the
APure-BbELISA antigen [40-43]. We used an anti-cat
conjugate (anti-cat (goat) IgG (H&L) peroxidase (#102-
035-003; Dianova, Hamburg, Germany) for all Feli-
formia species including both hyena species. We used
an anti-dog conjugate (anti-dog (rabbit) IgG (H&L)
peroxidase (#304-035-003; Dianova) for all Cani-
formia species including the honey badger since there
is no anti-mustelid conjugate available. For Ruminan-
tia, an anti-bovine conjugate (anti-bovine (rabbit) IgG
(H&L) peroxidase (#301-035-003; Dianova) was used.
The applied serum dilution was 1:100 and the conju-
gate dilution 1:4000. For serological analysis, heter-
ologous conjugates were used, directed against both
the H and the L chain of IgGs from domestic cat, dog,
cattle, pig and horse. Previous and present experience
demonstrated that these conjugates are fairly species-
unspecific and react strongly with immunoglobulins of
related species [16, 44, 45]. Because no previous vali-
dations of the ELISAs for the animal species examined
were available, nor was it possible to conduct such
validations, ELISA cut-offs were arbitrarily selected
based on the distribution pattern of reactions observed.
ELISA reactions higher than the selected cut-offs
were recorded and the respective sera re-examined by
immunoblot as a confirmatory test using (i) 7. gondii
tachyzoite antigens [46]; (ii) B. besnoiti tachyzoite and
bradyzoites antigens [47]; and (iii) N. caninum tachy-
zoite antigens [46, 48].

In cases of dichotomous distribution of ELISA reac-
tions, the cut-off was selected visually, by separat-
ing both distributions, i.e. the weak reactions from
strong reactions. In case of two peaks of strong reac-
tions, we decided to select the lower cut-off, separat-
ing weak reactions from both peaks of strong reactions
to be as sensitive as possible. In the cases where there
was no obvious dichotomous distribution of reactions,
the ELISA cut-oftf was selected separating 95% of the
weak reactions from 5 % of the strong reactions. In
both cases, sera with strong reactions were subjected
to immunoblot analysis. As positive controls, we used
sera from naturally or experimentally positive Feli-
formia (cat sera in case of Toxoplasma and Besnoitia),
experimentally positive Caniformia (fox sera in case
of Toxoplasma and Neospora) and naturally or experi-
mentally positive Ruminantia (a sheep serum in case
of Toxoplasma and cattle sera in case of Neospora and
Besnoitia). For Neospora analyses no cat serum was
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available and it was necessary to test Feliformia with a
dog serum as a positive control. In case of Besnoitia, no
positive dog serum was available and Caniformia were
examined by using a feline serum as a control. As nega-
tive controls, naturally or experimentally negative sera
matching the species of positive control sera were used.

Immunoblot

For immunoblots (non-reducing conditions, transfer of
antigens to polyvinylidene fluoride membranes), a total
lysate of tachyzoites (T. gondii, N. caninum, B. besnoiti) or
bradyzoites (B. besnoiti) was used. Immunoblots using T.
gondii tachyzoite, N. caninum tachyzoite and B. besnoiti
tachyzoite and bradyzoite antigens were performed as
previously described for bovine and porcine sera [40, 44,
46]. In short, we used the same peroxidase conjugates as
for the ELISAs and applied a serum dilution of 1:100.
The conjugate dilution for testing against 7. gondii and
N. caninum was 1:4000, and 1:1000 for B. besnoiti. Sam-
ples that showed specific reaction patterns, resembling
those of truly (i.e. confirmed or experimental) infected
animals were regarded as positive. To reduce the risk of
cross-reactions and thus false positives, we only accepted
an immunoblot reaction as positive, if more than a sin-
gle band of the banding patterns regarded as specific was
recognized (for details refer to the captions of Figs. 2, 3,
4). As positive and negative controls, we used the same
sera as described for the ELISA.

Statistical analyses

We used the statistical software environment R version
3.5.1 for all statistical analyses [49]. We conducted two-
tailed tests and set the level of significance to a=0.05.
Generalized linear mixed-effects models (GLMM) were
established to determine which predictor variables influ-
enced the seroprevalence status to 7. gondii in cheetahs
and leopards by using the packages lme4 and car [50,
51] in R. Some animals (cheetahs: n=4; leopards: n=3)
did not enter the analyses due to missing information on
life-history traits. For modeling, seropositivity for T. gon-
dii (positive or negative) was treated as a dichotomous
response variable. Errors were assumed to be binomi-
ally distributed, and a logit link function was applied.
We included the following predictor variables in the
initial statistical model: species (cheetah, leopard); sex
(male, female); age class (subadult, adult); sociality (soli-
tary, mother-offspring group, independent sibling group,
coalition group); and site (NP, freehold/communal farm-
land). The identity of the respective social group (e.g.
coalition 1) was added as random variable to the models
to control for non-independence of several individuals
within one group. We dropped non-significant predictors
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to increase model parsimony and chose a final model
according to the Akaike’s information criterion (AIC).

Results

Toxoplasma gondii antibodies

In Feliformia (African lions, brown hyenas, caracals,
cheetahs, leopards and spotted hyenas) and Caniformia
(African wild dogs, bat-eared foxes, black-backed jack-
als and honey badgers), a dichotomous pattern of reac-
tions in the TgSAG1 ELISA was observed (Fig. 1a) and a
positive cut-off was selected at an ELISA index of 0.5. In
contrast, in Ruminantia (blue wildebeest and springbok),
there was no clear dichotomous pattern of reactions in
the TgSAG1 ELISA (Fig. 1a) and a positive cut-off was
selected at an ELISA index of 0.056, which represented
the 95% quantile of all reactions observed.

In total, 303 of 506 (67.0%) of the tested individu-
als were seropositive against T. gondii (i.e. ELISA posi-
tive and confirmed by immunoblot). The seroprevalence
against T. gondii by species after re-checking positive
samples by immunoblot ranged from 0% (bat-eared fox,
n=4; springbok, n=20) to 93.2% in African lions (n=59,
Table 1).

In Feliformia, we detected by ELISA positive sam-
ples in all six species and confirmed all ELISA positives
in all species by immunoblot (Table 1, Fig. 2). We found
the lowest seroprevalence in cheetahs (52.4%) and the
highest in African lions and brown hyenas (93.2% and
92.3%, respectively). In Caniformia, we detected ELISA
antibodies against 7. gondii in all species, but confir-
mation by immunoblot was not possible for all samples
(Table 1). The final seroprevalences ranged from 0% (bat-
eared fox) to 66.7% (black-backed jackal). In Ruminantia,
we only detected two ELISA positive blue wildebeests
(10.0%) which were confirmed as positive by immunoblot
(Table 1, Fig. 2).

We detected positive samples in animals from free-
hold/communal farmland (African lion, brown hyena,
caracal, cheetah, honey badger, black-backed jackal and
leopard) as well as national parks (African lion, African
wild dog, blue wildebeest, cheetah, honey badger, black-
backed jackal, leopard and spotted hyena).

Neospora caninum antibodies
There was no dichotomous pattern of reactions in the
NcSRS2 ELISA neither in Feliformia, Caniformia nor
in Ruminantia. In Feliformia, a cut-off was selected at
an ELISA index of 0.531, in Caniformia, at 0.106 and in
Ruminantia at 0.103 (Fig. 1), which represented the 95%
quantile of the reactions observed in the respective spe-
cies group.

In total, 3 of 506 (0.6%) of the tested individuals were
seropositive against N. caninum (ELISA positive and
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Fig. 1 Pattern of reactions in TgSAG1 ELISA (a), NsSRS2 ELISA (b) and APure-BbELISA (c) when tested with sera from Feliformia, Caniformia and
Ruminantia. Arrows indicate selected cut-offs. In case of a dichotomous distribution, the lower cut-off was chosen to be as sensitive as possible,
otherwise the cut-off was selected where 95% of the weak reactions separated from 5% of the strong reactions

confirmed by immunoblot). In Feliformia, we detected
by ELISA positive samples in brown hyenas, caracals,
cheetahs and spotted hyenas. By immunoblot, we con-
firmed two positive samples in brown hyenas (n=13,
15.4%), but none in the other species (Table 1, Fig. 3).
In Caniformia, only three positive black-backed jackals

were found by ELISA, one was confirmed by immu-
noblot, yielding a final prevalence of 2.6% (n=39;
Table 1, Fig. 3). In Ruminantia, although we found
one positive blue wildebeest and one springbok with
ELISA, the results could not be confirmed by immuno-
blot (Table 1).
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Table 1 Number of seropositive and tested individuals (prevalence) for Toxoplasma gondii, Neospora caninum and Besnoitia besnoiti

Species No. positive for T. gondii No. positive for N. caninum No. positive for B. besnoiti
ELISA Seroprevalence after  ELISA Seroprevalence after  ELISA Seroprevalence
n/N (%) IB confirmation n/N (%) IB confirmation n/N (%) after IB
n/N (%) n/N (%) confirmation
n/N (%)
Feliformia
African lion 55/59(93.2) 55/59(93.2) 0/59 (0) 0/59 (0) 11/59 (18.6) 2/59 (34)
Brown hyena 12/13(92.3) 12/13(92.3) 2/13(154) 2/13(15.4) 0/13 (0) 0/13(0)
Caracal 10/15 (66.7) 10/15 (66.7) 1/15 (6.7) 0/15 (0) 0/15 (0) 0/15(0)
Cheetah 131/250 (52.4) 131/250 (52.4) 17/250 (6.8) 0/250 (0) 1/250 (0.4) 0/250 (0)
Leopard 47/58 (81.0) 47/58 (81.0) 0/58 (0) 0/58 (0) 4/58 (6.9) 0/58 (0)
Spotted hyena 10/11 (90.9) 10/11 (90.9) 1/11(11.0) 0/11 (0) 5/11 (45.5) 0/11(0)
Caniformia
African wild dog 5/7 (71.4) 4/7 (57.1) 0/7 (43.6) 0/7 (0) 0/7 (0) 0/7 (0)
Bat-eared fox 1/4 (25) 0/4 (0) 0/4 (0) 0/4(0) 0/4 (0) 0/4(0)
Black-backed jackal 26/39 (66.7) 26/39 (66.7) 3/39(7.7) 1/39 (2.6) 3/39(7.7) 0/39(0)
Honey badger 7/10 (70) 6/10 (60.0) 0/10(0) 0/10 (0) 0/10 (0) 0/10(0)
Ruminantia
Blue wildebeest 2/20(10.0) 2/20(10.0) 1/20 (0.05) 0/20 (0) 4/20 (20.0) 4/20(20.0)
Springbok 0/20 (0) 0/20 (0) 1/20 (0.05) 0/20 (0) 0/20 (0) 0/20 (0)

Notes: Samples were tested with ELISA and confirmed by IB. Percentage of seropositive results are shown in parentheses

Abbreviations: n, number of seropositive individuals; N, number of tested individuals; IB, immunoblot
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Fig. 2 Immunoblots were used to confirm positive reactions in a Toxoplasma gondii TgSAG1 ELISA. The figure displays examples of T. gondii positive
reactions in sera from Feliformia (African lion, brown hyena, caracal, cheetah, leopard and spotted hyena), Caniformia (wild dog, black-backed
jackal and honey badger) and Ruminantia (blue wildebeest). Reactions to 5 antigen bands were recorded, based on Huskinson et al. [79]. A
positive reaction with at least 2 of the 5 specific antigen bands (< 1-5) was regarded as a positive immunoblot reaction. Abbreviations: <1, 55 kDa;
<2,35kDa; <3,30kDa; <4, 22 kDa; <5, 6 kDa relative molecular weight (M (kDa)); Ink, India ink staining of antigen; Pf, Pc, Pr, positive controls for
Feliformia, Caniformia and Ruminantia, respectively; Nf, N, Nr, negative controls for Feliformia, Caniformia and Ruminantia, respectively; Lion,
African lion; Wild dog, African wild dog; Jackal, Black-backed jackal; H. badger, honey badger; Wildebeest, blue wildebeest
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jackal) and Feliformia (brown hyena). Reactions to 5 antigen bands
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Fig. 4 Immunoblots were used to confirm positive reactions in a
Besnotia besnoiti ELISA (APure-BbELISA). The figure displays examples
of B. besnoiti positive reactions in sera from Ruminantia (blue
wildebeest) and Feliformia (African lion) against B. besnoiti tachyzoite
(a) and bradyzoite (b) antigens. Reactions to 10 antigen bands were
recorded, based on Schares et al. [47]. A positive reaction with at
least 4 of the 10 antigen bands (< 1-10) was regarded as a positive
immunoblot reaction. Abbreviations: M (kDa), reative molecular
weight; Ink, India ink staining of antigen; Pr, Pf, positive controls for
Ruminantia and Feliformia, respectively; Nr, Nf, negative controls for
Ruminantia and Feliformia, respectively; Wildebeest, blue wildebeest;
Lion, African lion
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The positive samples from brown hyenas and black-
backed jackals were from animals sampled in freehold/
communal farmland.

Besnoitia besnoiti antibodies

There was no dichotomous pattern of reactions in the
APure-BbELISA ELISA, regardless of the species group.
In Feliformia, a cut-off was selected at an ELISA index of
1.951 and in Caniformia at 7.164 (Fig. 1), which repre-
sented the 95% quantile of the reactions observed within
the respective species group. In Ruminantia, the cut-off
was selected at an ELISA index of 1.7 (Fig. 1), which is
based on published validation results in cattle [40]. Based
on the 95% quantile rule, a cut-off of 3.21 would have
been suggested, which we did not use here.

In total, 6 of 506 (1.19%) of the tested individuals were
seropositive against B. besnoiti (ELISA positive and
confirmed by immunoblot). In Feliformia, by ELISA we
found 11 positive African lions, one positive cheetah,
four positive leopards and five positive spotted hyenas.
By immunoblot, we confirmed only two positive African
lion samples, yielding a seroprevalence of 3.4% (n=>59;
Table 1, Fig. 4). In Caniformia, we found three ELISA
positive samples from black-backed jackals, but an
immunoblot confirmation was not achieved (Table 1). In
Ruminantia, by ELISA we found four positive samples in
blue wildebeest which were also confirmed to be positive
by immunoblot (20%, »=20; Table 1, Fig. 4). All B. bes-
noiti serologically positive samples (ELISA positives con-
firmed by immunoblot) were collected in the Etosha NP.

Serological indications for co-infections

In total, the serological results (i.e. ELISA-positive and
immunoblot confirmed) of four animals suggested mixed
infections by apicomplexan parasites. One brown hyena
and one black-backed jackal tested positive for T. gondii
and N. caninum. Two African lions were seropositive for
T. gondii and B. besnoiti. Detailed data on all individuals
are provided in Additional file 1: Table S1.

Table 2 AIC values for different models predicting T. gondii
serologically positive findings in cheetahs and leopards

Model predictor variables AlC
Full model 3609
Sex+ Age class + Species + Sociality + Site

Age class + Species + Sociality + Site 358.1
Age class + Species 4 Sociality 362.1
Age class 4 Species + Site 3529

Age class + Species 356.6
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Effect of life-history traits and site on T. gondii
seroprevalence in cheetahs and leopards

Several GLMMs with different combinations of predic-
tor variables were established to model T. gondii sero-
positivity in cheetahs and leopards. The most appropriate
one (i.e. the model with the lowest AIC; Table 2) was
the model containing age class, species and site as fixed
effects. The remaining predictor variables (sociality and
sex) did not have a significant effect on T. gondii sero-
prevalence. Age class explained a significant proportion
of variance in the likelihood of seropositivity to T. gondii.
Adult individuals were more likely to be seropositive than
subadults (GLMM, estimate=2.54, SE=0.66, Z=23.87;
P=0.01). Furthermore, the final model revealed a sig-
nificantly higher seropositivity in leopards (n=46) com-
pared with cheetahs (n=255; GLMM, estimate=3.45,
SE=1.03, Z=3.35; P<0.001, n=301). Seropreva-
lence did not vary with site (GLMM, estimate=33.28,
SE=5.268e+06, Z<0.01; P=1). The estimated standard
deviation of the random variable (social group) was 3.63.

Discussion

Our results show that infections with apicomplexan
parasites, particularly T. gondii, are common in Namib-
ian wildlife, but species-specific. T. gondii seroprevalence
and thus exposure of wildlife and domestic animals to
T. gondii seemed to be much higher than to N. caninum
and B. besnoiti. Infections with N. caninum and B. bes-
noiti seemed to be restricted to a few species (N. cani-
num: brown hyenas and black-backed jackals; B. besnoiti:
African lions and blue wildebeest) and occurred at a low
prevalence indicating these parasites may have a more
specific sylvatic cycle and occur in a restricted intermedi-
ate host spectrum.

Our approach may underestimate the number of posi-
tive samples. In case the ELISA test was not sufficiently
sensitive, we may have missed positive samples by not
conducting the immunoblot test with ELISA negative
samples. Serological assays are useful tools to investi-
gate the evidence of antibodies to apicomplexan pro-
tozoans in wild animals ante- or post mortem, however,
comparison of results across different studies should be
done with caution. Different studies might use different
serological techniques (e.g. immunofluorescent anti-
body tests (IFAT), immunoblots, agglutination test, ELI-
SAs), different cut-off values, work in different climatic
and geographical environments and lack test validations
in non-domestic species [7, 52]. In our study, by focus-
sing on particular banding patterns in immunoblots we
most likely were able to exclude non-specific reactions
to additional antigens and thus reduced the number of
false positive findings. In addition, to increase the speci-
ficity of the immunoblot, we only accepted the reactions
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of a serum as positive, if more than a single specific band
was recognized by immunoblot. Nevertheless, we can-
not entirely rule out that also a few false positive sam-
ples were recorded. However, the extremely low level of
indications for mixed infections observed in only four
animals suggests that cross-reactions between the api-
complexan parasites under examination (7. gondii, N.
caninum and B. besnoitia) were negligible in our study.
Cross-reactions to other related parasites, as for example
cross-reactions between Hammondia hammondi and T.
gondii cannot be excluded and molecular studies are nec-
essary to confirm the presence and to estimate the preva-
lence of H. hammondi in African wildlife. A recent study
in African rodents did not find indications for the pres-
ence of H. hammondi [53].

In carnivores, the seroprevalence to T. gondii was high-
est in meat-eating Caniformia and Feliformia (52-93%),
zero to low in Ruminantia (0—10%) and zero in the insec-
tivore bat-eared fox. This is in line with results from a
study in free-ranging mammals in the Czech Republic
(carnivores, 12%; herbivores, 0% (ruminants); and insec-
tivores, <1% [54]). Similar to our study, free-ranging
African lions, spotted hyenas and caracals had high sero-
positivity to T. gondii in other studies. African lions had
values between 92% and 100% in Botswana, Namibia,
South Africa, Tanzania and Zimbabwe [25, 55, 56], spot-
ted hyenas had values of 93% in Tanzania [56] and cara-
cals of 83% in an urban environment in South Africa [57].
However, in these studies IFAT or ELISAs without con-
firmatory immunoblot tests were used, thus the preva-
lences may be in general higher than in our study. The
seroprevalence to T. gondii in free-ranging leopards was
reported to be 50-100% in southern Africa [25, 55]; how-
ever, sample sizes were low (a total of 10 individuals in
four study sites). The same study reported a much lower
seroprevalence for cheetahs (0-33%; [55]). A more recent
study from South Africa detected also antibodies against
T. gondii in honey badgers, and also confirmed the pres-
ence of the parasite [58]. Insectivorous species seem to
be more protected from infection with this parasite, as
bat-eared foxes showed no antibodies in our study and
in a previous study from Tanzania [56]. In herbivores the
seroprevalence is low, but varies between species, which
might be partially associated with their feeding strategy
(e.g. browsers vs grazers) or in the selection of water sites
that could be contaminated with oocysts at different
rates: greater kudus (Tragelaphus strepsiceros) and impa-
las (Aepyceros melampus) were seronegative to 7. gon-
dii in South Africa, although tissue samples of a greater
kudu had tested positive for the parasite [58]. Similar to
our study, in wild ungulates in the Mediterranean region,
the seroprevalence to T. gondii was low, ranging from 6 to
19% [52]. In that study, sympatric domestic ungulates had
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a higher seroprevalence than wild ungulates which may
be due to more contact to domestic cats. Thus, in the
Mediterranean region sympatric domestic ungulates may
serve as reservoir hosts for T. gondii [52]. It is currently
unknown whether the three main clonal lineages (type I,
IT or III) occurring in North Africa and Europe also pre-
dominate in Namibian wildlife [59, 60] or whether other
T. gondii genotypes such as African 1, 2, 3 or other so-
called atypical genotypes prevail in southern African
wildlife [53, 61]. Further molecular work is needed to
understand the sylvatic cycle and the clear role of wildlife
in the epidemiology of T. gondii in southern Africa.

As predicted, adult cheetahs and leopards were more
likely to be seropositive to T. gondii than subadults. Indi-
vidual cheetahs and leopards may be repeatedly exposed
to T gondii throughout their life and antibodies are likely
to persist and accumulate lifelong [62-64]. A cumulative
effect of age on the likelihood of T. gondii infection has
been previously suggested for many free-ranging species,
e.g. spotted hyenas in Tanzania [56], feral cats in South
Africa [65] and Iberian lynx (Lynx pardinus) in Spain
[66].

In line with our predictions, we did not find an associa-
tion between sex and seroprevalence to T. gondii, which
may be related to similar group sizes and feeding habits
for both sexes in cheetahs and leopards. No association
between sex and seroprevalence to T. gondii has also
been reported in domestic cats in Brazil [67] and Iberian
lynx [66]. However, in feral cats in South Africa, male
cats were more likely to be seropositive to 7. gondii than
female cats [65], but in contrast to our study the effects
of sex were not assessed by statistical modeling. We did
not find evidence for an effect of sociality on the sero-
prevalence, which confirms the predominant horizontal
transmission of 7. gondii via contaminated prey animals
rather than transmission by contact with conspecifics
[3]. Leopards were seropositive to T. gondii at a higher
proportion than cheetahs, which may be related to dif-
ferences in feeding habits. Cheetahs and leopards may
feed on different numbers of individual prey animals and
potentially also on different animal species. In contrast to
our prediction, site of sample origin did not influence the
seroprevalence to 1. gondii, i.e. animals living in national
parks had similar exposure to the parasite than those
living in freehold/communal farmlands. Although the
presence of domestic cats has been associated with high
environmental contamination [68], our results suggest
that also in an environment with several wild felid spe-
cies, high prevalence and exposure can be maintained.

To our knowledge, so far this is one of the largest stud-
ies in southern Africa on seroprevalence to N. caninum.
We found by ELISA and confirmed by immunoblot a
low seroprevalence to N. caninum in only two species,
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namely brown hyenas (15%) and black-backed jackals
(3%). Similarly, no antibodies against N. caninum have
been detected by IFAT or ELISA followed by immuno-
blot in free-ranging cheetahs, leopards, African lions,
honey badgers, white-tailed mongoose (Ichneumia albi-
cauda) and greater kudus in Botswana, Namibia, South
Africa and Kenya (East Africa) [55, 58, 69]. This supports
the suggestion of Lukasova et al. [70] that N. caninum
oocysts are either not widely spread in the environment
or not resistant to the dry and hot climate of southern
Africa. However, in Kruger NP, South Africa, one of 18
African lions (17%), and in a breeding and research center
in South Africa, one of 16 cheetahs (6%), were seroposi-
tive to N. caninum using IFAT [55]. Further, Ferroglio
et al. [69] found a seroprevalence to antibodies against N.
caninum of 30% in African lions, 33% in spotted hyenas,
20% in cheetahs and 59% in zebras (Equus burchielli) in
Kenya. This high seroprevalence is surprising and might
be due to using a Neospora agglutination test without
confirmatory testing.

The reported seroprevalence to N. caninum is relatively
low compared with T. gondii in free-ranging animals.
Nevertheless, it is important to monitor the occurrence
of N. caninum in wildlife to better understand the poten-
tial sylvatic transmission due to its potential to infect
domestic animals [71-73], particularly in a country such
as Namibia where cattle breeding is an important part of
the economy, and abortion due to neosporosis may result
in substantial economic losses to the farmers.

Since its description in 1966 in South Africa, to the
best of our knowledge, there have been no studies inves-
tigating the seroprevalence to B. besnoiti in African wild-
life [74]. We detected B. besnoiti in blue wildebeest with a
seroprevalence of 20%, which suggests a sylvatic cycle [6].
As African lions were serologically positive too, it should
be studied whether lions might serve as a definitive host
of the parasite. In line with this, the bobcat (Lynx rufus)
in North America was proven to be the definitive host
for a closely related parasite species (B. darlingli) after
experimental infection of mice with oocysts derived
from bobcat feces [75]. Since the tested African lions
had antibodies against the tachyzoite stage of B. besnoiti,
these animals could also act as intermediate hosts. Fur-
ther, blue wildebeests and impalas could serve as natu-
ral intermediate hosts in southern Africa [6] and may
transmit the parasite to domestic cattle [76]. Previously,
Besnoitia-like parasites, antigenically closely related to
B. besnoiti, were found in blue wildebeest, greater kudus,
impala and warthogs (Phacochoerus aethiopicus) (6, 77,
78]. Future studies may focus on African lions as possi-
ble natural definitive hosts and blue wildebeest as natural
intermediate hosts by using additional detection meth-
ods, e.g. fecal floatation, immunochemistry histology
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and/or (real-time) polymerase chain reaction (PCR). Due
to its known detrimental effect on domestic animals, par-
ticularly cattle and in wildlife, it is important to continue
the inclusion of this parasite in health surveys of African
wildlife and further investigate the putative sylvatic cycle
of B. besnoiti in this region.

Conclusions

Our study is one of the largest reports on seropreva-
lence of antibodies against apicomplexan protozoans
in African wildlife. We found that T. gondii infections
are widespread among free-ranging wildlife species in
Namibia. The effect of apicomplexan parasite infec-
tions on the health status and conservation of wildlife
populations as well as their zoonotic potential remain
to be investigated. Thus, as a safety measure, thorough
cooking of game meat is highly advised. The contact
between domestic animals or humans and wildlife
in Namibia could result in cross-species transmis-
sion and thus foster the prevalence of apicomplexan
parasites also in livestock and pets due to their role
as an intermediate or definitive host. Limiting contact
(either by physical barriers or avoiding temporal over-
lap) between wildlife and domestic animals may reduce
spill-over events of pathogens from wildlife to livestock
and humans. Future studies might investigate the prev-
alence of viable infections, i.e. tissue cysts in intermedi-
ate hosts and oocysts in fecal samples to delineate the
definitive host range and also the strains circulating in
this region. Furthermore, including livestock would be
beneficial to better understand host-parasite relation-
ships in southern Africa.
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0rg/10.1186/513071-019-3871-3.

Additional file 1: Table S1. Data table of ELISA and IB results contain-
ing information on all samples (species, suborder, site, ELISA, IB and final
results for T gondii, N. caninum and B. besnoiti, respectively).
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