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Abstract

In the last decade, studies on wildlife worldwide have discovered key epidemiological aspects of the sylvatic cycle
of Toxoplasma gondii. However, despite the known role of wild felines as definitive hosts in the transmission and
maintenance of this parasite, few studies have focused on the involvement of these animals. Brazil exhibits the largest
number of wild felid species in the Americas, all of which have a critical conservation status. However, serological
detections, epidemiological studies and some molecular characterizations of T. gondii have primarily used Neotropical
felid populations that are maintained in captivity, which does not reflect the disease behavior in free-living conditions. A
systematic review of the worldwide scientific literature was conducted focusing on toxoplasmosis in small Neotropical
felids. This review covered a number of aspects, including the state of scientific research, parasite transmission in the
wild, the genetic characteristics of isolates, the relationship between these genetic characteristics and the pathogenicity
of the parasite, and the risk factors linked to conflicts with humans. The present review shows the relevance of studying
these felid populations based on their frequent interactions with humans in peri-urban areas and the need for further
comprehensive studies to establish the real significance of T. gondii in public and animal health in tropical and temperate
regions.
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Resumo

Na ultima década, pesquisas em animais silvestres no mundo todo, tem demonstrado aspectos importantes na
epidemiologia do ciclo silvestre de Toxoplasma gondii. No entanto, apesar do papel conhecido dos felinos silvestres como
hospedeiros definitivos na transmissio e manutencio desse parasita, ha poucos estudos sobre o envolvimento desses
animais. O Brasil possui a maior quantidade de espécies de felinos silvestres do continente americano, todas em estado
critico de conservagéo. Porém, a detecgdo sorologica, pesquisas epidemiologicas e algumas caracterizagdes moleculares
do T. gondii nestas espécies, utilizaram principalmente populagdes de felinos neotropicais mantidos em cativeiro, o
que nao reflete o comportamento da doenga em condigoes de vida livre.Uma revisao sistemdtica da literatura cientifica
mundial foi realizada focando a toxoplasmose em pequenos felinos neotropicais, abrangendo aspectos como o estado
da pesquisa cientifica, transmissdo do parasita na vida silvestre, caracteristicas genéticas dos isolados e sua relagio com
a patogenicidade, além dos fatores de risco ligados aos conflitos com o homem. Esta revisdo mostra a importancia do
estudo dessas populagdes de felinos, em funcao das frequentes interagdes com o homem em dreas peri-urbanas e a
necessidade de estudos mais abrangentes, que estabelecam a real importancia do T. gondii no tangente 4 satide publica
e saude animal nas regides tropicais e temperadas.

Palavras-chave: Toxoplasma gondii. Felinos silvestres. Felinos neotropicais. Toxoplasmose.
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populations has been discussed for decades, and a
consensus acknowledging the insufficiency of data on
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among researchers. A recent study highlights the lim-
ited availability of data quantifying the relative risk for
human health, particularly the risk of zoonotic dis-
eases with interspecies transmission'?.

In the case of wild felids, some pathogens have been
described, but little progress has been made toward
understanding the natural history and especially the
epidemiological interactions of wild felids with do-
mestic felids and human populations. Given its widely
known zoonotic characteristics, Toxoplasma gondii is
a key agent that impacts public health’.

Excluding Puma concolor, Lynx rufus in the Unit-
ed States and Lynx canadensis in Canada’, all of the
other Neotropical felid species are classified into
different categories of risk’ due to anthropogenic
actions on biodiversity®, particularly the only two
South American endemic species (Leopardus guig-
na (kodkod) from Chile and L. jacobita (Andean
cat) from the Andes mountain range. In this unfa-
vorable scenario, there is little biological, ecological
or infectiological knowledge on the twelve species

of wild felids that inhabit the American continent.
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Toxoplasmosis in small Neotropical
felids

Theoretically, the 15 genera and 41 species of felids
grouped into the subfamilies Felinae and Pantherinae,
including the domestic cat, are definitive hosts of T.
gondii’. Studies have shown the experimental and nat-
ural elimination of oocysts in six of the eight species
of Brazilian Neotropical felids (Table 1): ocelot (Leop-
ardus pardalis), margay (L. wiedii), oncilla (L. tigri-
nus), Geoffroy’s cat (L. geoffroyi), colocolo (Leopardus
colocolo), jaguarundi (Puma yagouaroundi), cougar
(P. concolor) and jaguar (Panthera onca)®*'.

The amount of T. gondii oocysts eliminated by cats
in feces is high, but the diagnosis is difficult given the
short period of excretion (approximately three weeks)
and the fact that further eliminations may occasion-
ally occur'’. In wild felids, this elimination is some-
times associated with diarrheal episodes. In Belgium,
a Siberian tiger had a 14-day diarrhea outbreak with a
concentration of 200,000 oocysts/g of feces' . In addi-
tion, Felis silvestris, Prionailurus bengalensis euptilura

and Leopardus geoffroyi in captivity displayed several

Table 1 - Elimination of Toxoplasma gondii oocysts by Neotropical wild felids

No. of Positives /

Species of Wild Felids No. Examined Animals Infection Author
Geoffroy’s cat (Leopardus geoffroyi) ND N a
1/1 N b
Colocolo (Leopardus colocolo) ND N a
Ocelot (Leopardus pardalis) 2/2 E c
2/8 N d
Jaguarundi (Puma yagouaroundi) 1/1 E
ND N a
Cougar (Puma concolor) 1/1 E e
1/2 N f
P. c. vancouverensis 1/16 N g
Jaguar (Panthera onca) 1/25 N d

References: a. Pizzi, Rico and Pessat'% b. LukeSova and Literdk'’; c. Jewell et al.'%; d. Patton et al.'*’; e. Miller, Frenkel and
Dubey'; f. Marchiondo, Duszynski and Maupin'*’; g. Aramini, Stephen and Dubey'*
Abbreviations: N: Natural; E: Experimental; ND: No data available

Source: Modified from Elmore et al.®
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diarrheal episodes, all of which included the elimina-
tion of oocysts". However, little is known about the
quantity and period of elimination of oocysts in wild
animals. In P. concolor, the concentration was estimat-
ed to be in the range of 2.4x10° to 12.5x10° oocysts/g
of feces'.

The annual environmental contamination is estimated
to be in the range of 94 to 4671 oocysts/m” of feces of
naturally infected domestic felids'*. However, higher lev-
els can occur in wild felids based on the fact that some
behavioral habits may contribute to oocyst dispersion.
The reproduction of lions (Panthera leo) is programmed,
and litters of cubs coexist in the same area. Thus, im-
mediately following primary infection by T. gondii, these
areas would receive large parasitic loads'.

The defecation sites or latrines of Neotropical felids
are considered areas of territorial marking and social
gathering of adults and cubs'” and concentrate two or
more feces from different times of elimination, which
indicates the repeated use of these sites. Most of these
areas are found in middens and tree bases (68%) and
between rocks (17%) and trails (15%), as shown by
studies conducted on L. geoffroyi using 182 fecal sam-
ples collected in the Monte Deserto in Argentina'® and
1,274 samples from 357 defecation sites in five natural
parks (an average of 6.1 fecal samples were collected
per site)". Feces concentrated in an area that exhibits
direct contact with susceptible animals would facili-
tate the transmission and maintenance of the sylvatic
cycle of T. gondii'>***.

The two classical transmission routes of T. gondii
comprise the ingestion of viable tissue cysts found in
nearly all warm-blooded animals and the contamina-
tion of food and water by the oocysts that are shed in
felid feces.

The epidemiological impact of oocysts on the envi-
ronment was recorded in Canada in 1995. Although
the study of oocysts in the water reservoir was not
successful, fecal samples from one P. concolor individ-

ual captured in the region and the analysis of the feces
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collected in the environment showed that this animal
was directly responsible for the waterborne toxoplas-
mosis that affected the human population with the
TgCgCal isolate!**>*,

Waterborne toxoplasmosis was reported in 39 of
600 American soldiers in Panama?** and in 155 inhab-
itants of Santa Isabel do Ivai, Parand, in Brazil®. The
biological and molecular characteristics of the para-
site isolated in the latter outbreak showed the pres-
ence of the regionally widespread BrI genotype (out-
break 1, outbreak 2 and TgCatBr85)*. The involve-
ment of the atypical genotype GUY-2004-JAG (now
called type 12)* as the cause of fatal toxoplasmosis in
immunocompetent patients was confirmed in French
Guiana®. All of these studies found an association be-
tween untreated water consumption, the presence of
domestic and wild felids and serious clinical implica-
tions’.

In the Americas, Neotropical felids were incorpo-
rated into pre-Columbian cultures through a mysti-
cal-religious relationship that still prevails in several
Amerindian communities. Moreover, Neotropical fe-
lids, in addition to other wild animals, are part of Bra-
zilian traditional medicine in zootherapeutic prac-

2829 and are used as

tices for the treatment of diseases
amulets® and food by indigenous communities in the
Colombian Amazon and New Guinea®'. Studies con-
ducted in indigenous communities in Panama, Ven-
ezuela and the Brazilian Amazon?3»33343%3637.383940 g q
recently in Columbian jungle army soldiers*' conclud-
ed that, in the absence of domestic cats, the presence
of wild felids is a risk factor linked to the transmission

of toxoplasmosis.
Food chain and role in toxoplasmosis
epidemiology

The impact of wildlife species on the transmission
and epidemiology of toxoplasmosis has been the sub-

ject of many studies in the last decade. These studies



have aimed to establish the genetic diversity and syl-
vatic and/or domestic population structure of the par-
asite*”. Several research studies involving the serology,
molecular detection and isolation of T. gondii have
been conducted in different orders of Brazilian mam-
mals?36:43:4445:46,47,48,49,50.,51,52,53,54,55,56,57,58,59,60,61,62,63.64,65 A] -
though debatable, these studies indicate that asexual
reproduction in these intermediate hosts is responsi-
ble for the clonal expansion of T. gondii and sufficient
for the maintenance of the parasitic cycle, which, in
the absence of felids, traverses the food chain through
carnivorism®.

The infection rate by carnivorism is proportional
to the prevalence of coccidia in preyed animals>'®.
Theoretically, all species from different biological lev-
els may contain parasitic cysts, but there are differ-

ences in prevalence according to the animal’s biotic
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preference (strictly arboreal, arboreal and terrestrial
or strictly terrestrial)®’.

There are large variations in the diet composi-
tion of Neotropical felids as a result of the biogeo-
graphical distribution of the fauna and climatic
seasonality (Table 2)**%. This feeding plasticity is
reflected in the epidemiology of sylvatic cycle dis-
eases. The ocelot (L. pardalis) is a generalist felid
with a diet consisting of arboreal mammals under
100 g and likely larger species, including Dasyproc-
ta punctata (Central American agouti), Choloepus
didactylus (Linnaeus’s two-toed sloth), Xenarthra
and Neotropical primates (Alouatta guariba clami-
tans)®707b72737475 The margay (L. wiedii) skillfully
seeks marsupials, birds and reptiles’””. Geoffroy’s
cat (L. geoffroyi) is an opportunistic terrestrial,
arboreal and semiaquatic predator of small mam-
mals (<400 g) and waterbirds (<200 g)**7%7°. The

Table 2 - Occurrence (percentage, %) of wild species preyed on by small Neotropical felids

Preyed Order or Class % (Reference)

Felid Species
Marsupials Xenarthra Rodentia Primates Carnivora Reptiles  Artiodactyla Birds Lagomorpha  Invertebrates
Leopardus . 18.2¢ 10.9¢ 29.1¢ .
wiedii e 3.6° 182 9.1! 36.4 36 9.1
(Margay) : **80.7" 9.7 3.2f
Leopardus . . ! !
A 6.1 37.7 K 2.0 29.6 1 1
%ﬁgfffw 2.3m 83.3m 1.0 1.om 11.8" L5 17.3
6.0° : 57.0¢ . 16.0°
Leopardus 18.5¢ &0 25.9¢ 7.0° - et 14.8¢
pardalis 3.2° b 42.4> 4.3b i S 22.3! 5.6!
(Ocelot) 16.8! 315 50.1' 5.6 3.0 3.0m
1.5™ 92.4™
79.7¢ 4.4 16.1° .
Lfgﬁfg"’lz‘s 2.8 86.2° 1.2¢ *39.4¢ 115'29g 13.1"
fGeoff{O . 172 0.8" 4528 14.5 0.9 9.7¢ b 6.0"
cat) Y 58.3" 5.3 7.3h :
79.0" 19.9"
Leopardus
colocolo 92.0' 5.2! 2.7
(Colocolo )
Puma ??31 0.8m 6843§‘ 1166?: 43 4L.7¢ 8.6
yagouaroundi 4 ém 1 5 77 '6m 1:3 5 l-Sj 10.4™ 20.0'
(Jaguarundi) i ) -y : : 21.0
6.2) 30.0

References: a. Bisceglia et al.'%; b. Moreno, Kays and Samudio Jr.’; c. Abreu et al.”%; d. Martins, Quadros and Mazzolli’’; e. Bianchi et al.”%; f. Cinta-
Magallén et al.”’; g. Canepuccia, Martinez and Vassallo™®; h. Pereira, Walker and Novaro”; i. Garcia et al.*; j. Tofoli, Rohe and Setz®; k. Wang and
MacDonald"; 1. Rocha-Mendes et al.'®’; m. Silva-Pereira et al.'’; n. Sousa and Bager'’; o. Bisceglia et al.'®®

*Waterbirds; **Includes Soricomorpha (Soricidae)
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oncilla (L. tigrinus) ingests rodents and some larger
mammals, including Bradypus variegatus (brown-
throated sloth)”. The colocolo’s (L. colocolo) food
habits are insufficiently recorded, although the
rodent species Lagidium viscacia, Phyllotis sp. and
Ctenomys spp. have been described as some of its
prey**®. The jaguarundi (Puma yagouaroundi) in-
cludes several species of birds and Didelphidae in
its diet”s*.

In some circumstances, the predator can become
the prey. In fact, rare cases of a Puma concolor indi-
vidual preying on Leopardus pardalis®® and a P. concol-
or preying on Pyagouaroundi” as well as infrequent
cases of cannibalism among L. pardalis®* have been
recorded.

The infection levels of prey animals are related to
the species susceptibility, the environmental con-
tamination by oocysts and the lifespan. Burrowing
animals and terrestrial and/or arboreal mammals
are more exposed to T. gondii, whereas species with
a shorter lifespan have a lower probability of exposure
to the agent**%.

Species with a high body mass have high titers of
anti-T. gondii antibodies. In the infection of Felis ca-
tus, rodents, lagomorphs and birds have a higher im-
pact on the prevalence of felids®, with a lower titer of
the reactive serum in areas with a high occurrence of
birds. Males were found to be five times more likely to
contract the parasite because females mostly eat small
rodents, whereas males prey on all levels of the food
chain and have larger territories.

Additionally, ethological changes in the interme-
diate host can significantly increase the predation
rate by felids and other carnivorous animals, which
ensures the parasite’s transmissibility. In rodents,
chronic infection with T. gondii affects the sensory,
locomotor, spatial and defensive memory functions,
which decreases anxiety and neophobic behavior
(fear of novelty and of felid odor)***” and thereby con-

tributes to their predation by felids.

Braz. J. Vet. Res. Anim. Sci., Sdo Paulo, v. 50, n. 1, p. 50-67,2013

Seroepidemiology of T. gondii in wild

Neotropical felids

Seroepidemiological studies of toxoplasmosis in
wild felids show widespread and worldwide exposure
to the parasite’. The first reports of the detection of
antibodies against T. gondii in Brazil date from 1977.
In the Sdo Paulo Zoo, six of the nine L. tigrinus and
tive of the six L. pardalis individuals studied were
found to be positive in the Sabin-Feldman test, al-
though these individuals were found to be negative
through the mouse bioassay®.

Despite the little information available, serologic
tests usually show good diagnostic agreement, as
noted in domestic species. The study of 33 samples
of naturally infected exotic wild animals indicated
that the ELISA-IgG immunoassay performs better
than the latex agglutination (LAT) and the hemag-
glutination inhibition (HI)®* tests. The assessment
of 88 Neotropical felid samples suggests that the
sensitivity of LAT is lower than that of MAT (modi-
fied agglutination test)®. The analysis of the sera of
captive Neotropical felids showed that results from
the MAT and HI tests were in agreement in only
eight positive (38.1%) and three negative (14.3%)
samples of the 21 samples analyzed®.

Prevalence studies in wild animals are scarce, and the
data mostly correspond to zoos and wildlife protec-
tion centers in the Americas and other regions (Table
3). Two large-scale studies in Brazilian zoos’"** found
52.8% (253/481) and 59.6% (65/109) prevalences in L
colocolo, L. tigrinus, L. wiedii, L. pardalis, L geoffroyi
and P. yagouaroundi and concluded that feeding adult
animals (>3 years old) raw meat that was frozen for
less than seven days or road-kill carcasses are risk fac-
tors for the infection and persistence of T. gondii in
conservation centers. Moreover, captured animals are
three times more susceptible to infection than those

born in captivity”.
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Table 3 - Studies on anti-Toxoplasma gondii antibodies in small Neotropical felids

Captivity wild
Species S i : : . : : Countr Author
Name No. of Positives Diagnostic Test No. of Positives Diagnostic Test y
/ No. Tested (Cutoff Point) / No. Tested (Cutoff Point)
Leop ard_us Geoffroy’s cat 2/8 HI (=16) Bolivia a
geoffroyi

10/ 12 MAT (>20) Brazil b

1/1 MAT (>16) Brazil c

Leopardus wiedii Margay 1/2 MAT (=32) Guatemala d
34/63 MAT (>20) Brazil b

4/4 IFAT (>25) Brazil e

10/17 MAT (=16) Brazil c

Leopardus pardalis Ocelot 5/6 SF (2256) Brazil f
1/1 IFAT (=50) United States g

1/1 IFAT (>40) Slovakia h

10/10 HI (=16) Bolivia a

3/3 MAT (=25) Brazil i

97 /168 MAT (>20) Brazil b

4/5 IFAT (>16) Brazil j

6/8 MAT (=16) Brazil k

28 /42 IFAT (=25) Brazil e

3/3 MAT (=25) Brazil 1

10/ 14 MAT (>16) Brazil c
18/26 LAT (=32) Mexico m

Leopardus tigrinus Oncilla 6/9 SF (>256) Brazil f
1/1 IFAT (>40) 1/1 KELA (>48) Bolivia n

66 /131 MAT (>20) Slovakia h

22/35 IFAT (>25) Brazil b

15/22 MAT (=16) Brazil e

Brazil [

]C“gl(ziirl‘;us Colocolo 1/8 MAT (=20) Brazil b
1/3 IFAT (=25) Brazil e

fzggzmun i Jaguarundi 1/1 ELISA (>64) United States 0
1/1 IFAT (>40) Slovakia h

1/1 IFAT (>16) Brazil j

49/99 MAT (>20) Brazil b

1/2 MAT (216) Brazil k

10/ 25 IFAT (=25) Brazil e

2/3 MAT (>16) Brazil c

References: a. Fiorello et al.'®; b. Silva et al.?; ¢. Ullmann et al.”’; d. Lickey et al.”%; e. André et al.”’; f. Sogorb, Jamra and Guimaraes®; g. Spencer,
Higginbotham and Blagburn'®%; h. Sedlak and Bértova'*®; i. Whiteman?’; j. Rivetti et al.'®; k. Silva®™; 1. Minervino et al.”’; m. Rendén-Franco et al.’; n.

Deem, Davis and Pacheco'®’; 0. Lappin et al.*

Abbreviations: ELISA Enzyme-Linked Immunosorbent Assay; IFAT: Indirect Fluorescent-Antibody Test; HI: Hemagglutination Inhibition Assay;
MAT: Modified Direct Agglutination Test; SF: Sabin-Feldman [Dye] Test; KELA: Kinetics-Based Enzyme-Linked Immunosorbent Assay

Source: Modified from Dubey?

The difficulty in collecting samples from wild fe-
lids restricts the performance of further enhanced
surveys, and population studies of toxoplasmosis

are still scarce. A seroepidemiological study on P

concolor (76/346) and L. rufus (26/52), which was
conducted in 15 countries in the Americas, showed
that there were geographic differences: the highest T.

gondii prevalence was found in South American wild
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cougar females. Moreover, the geographic differences
were found to be correlated with the type and sus-
ceptibility of prey**. Wild adult and female bobcats in
the United States showed the highest prevalence with
83% (109/131) MAT-positive animals®. In Mexico,
these variables were analyzed in 26 ocelot individuals,
and an increased prevalence was found among males
and sub-adults when the prevalence was assessed by
LAT®S. In Brazil, MAT seropositivity was recorded in
all three captured L. pardalis individuals from Para®.

The co-infection of T. gondii with immunosup-
pressive agents occurs in domestic and wild felids®.
Exotic captive felids in Thailand® were reactive to T.
gondii and feline leukemia virus. In the United States,
wild cougars and captive Pallas’s cats reacted con-
comitantly to feline immunodeficiency virus'*'*!,
In the Bolivian Chaco, the prevalence of T. gondii in
wild L. geoffroyi and L. pardalis individuals that test
positive for canine distemper virus, feline calicivirus
and feline panleukopenia virus was 63.2%'>'. The
sera of wild Brazilian L. tigrinus (2/2) and L. parda-
lis (1/1) reacted when tested for feline herpesvirus-1
(FHV-1), feline calicivirus (FCV), feline coronavi-
rus (FCoV), feline parvovirus (FPV) and Bartonella
henselae'*, which are infectious agents that were
also detected in captive Neotropical felids from Bra-
zilian zoos with prevalences of 19.6% FHV-1, 52.9%
FCV, 68.6% FPV, 25.2% FCoV, 0.7% Ehrlichia canis
and 50% B. henselae'®.

The presence of these agents in South American
populations of wild felids concerns researchers who
are attempting to understand the type of interactions
that occur when populations of domestic cats over-
lap with wild populations and the role of these hosts
in the spillover or spillback of feline immunosup-

pressive virus'®.

Clinical toxoplasmosis in wild felids

With the exception of Lynx rufus, there are no re-

ports of clinical toxoplasmosis in the American con-
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tinent that involve small wild Neotropical felids, and
the reports available regard wild, exotic felids in cap-
tivity’.

Infected wild felines are seropositive asymptomatic
or exhibit unspecific signs of infection'””. The infec-
tion severity is related to parasite virulence and ge-
netic variability, host immune response*® and co-in-
fection with other immunosuppressive agents'®®. Neu-
rological symptoms, including encephalitis, mydria-
sis, muscle atrophy, hind limb ataxia, pneumonia and
myocarditis, occur in the generalized form?, whereas
atypical lesions, including retinal degeneration and
necrosis of the lymph nodes of the digestive tract, are
found in the severe forms'*!".

The sand cat (Felis margarita) and Pallas’s cat (Oto-
colobus manul)'*®!"! are, thus far, the two most sus-
ceptible species, in which the congenital transmission
of this parasite occurs and is associated with a high
neonatal mortality (50-58%). The cubs of seropositive
female Pallas’s cats fail to acquire immunity at birth''2.
The explanation for this finding likely lies in co-evo-
lution with Toxoplasma because domestic cats are not
pets in Tibetan culture and extreme environmental
conditions (temperature and altitude) preclude oo-
cyst sporulation, which would limit host exposure to
the agent and thus lead to immunity'*"'*.

The affinity of T. gondii for the tissues and organs
of infected animals is still unknown, and the prefer-
ence of this parasite for the central nervous system is
assumed based on mouse infection models, in which
the number of cysts produced and their spatial loca-
tion are not related to the inoculum concentration.
However, there may be a relationship between the oc-
currence of cysts in specific brain areas and the host
behavioral changes''*.

The distribution of T. gondii in experimentally
infected cats was assessed using a mouse bioassay
model in two studies''>''¢. In the first study, the iso-
lation of the parasite was achieved in the heart (5/7),
skeletal muscle and spinal cord (4/7) and brain (3/7);



in the second study, a greater presence was record-
ed in the tongue (9/9), heart (5/9), brain (4/9) and
eyes (1/9). Subsequently, the density of T. gondii was
shown to be lower in the brain (7/54) of naturally
infected cats in Brazil, as demonstrated using the
mouse bioassay; however, better results were found
in the skeletal muscle (9/15) and heart (13/15) using
the bioassay in cats'"”.

Although the molecular detection of T. gondii
using the B1 gene and a homogenate of the heart
tissue, muscle or brain of the jaguarundi exhibited
negative results, the isolation was successtul in the
bioassay using skeletal muscle, which indicates that
this tissue exhibited a higher concentration of the
parasite''®. The authors emphasize the DNA amount
of T. gondii present in the primary samples without

replication in the mouse model'".

Genetic diversity of T. gondii in wild
felids

The traditional study of the virulence or pathoge-
nicity of the infection in mice is insufficient to explain
the marked differences between isolates resulting from
polymorphisms in the parasitic genome. The poly-
morphisms were identified using multilocus PCR-
RFLP genotyping and molecular markers'**'*"122, and
their identification has enabled significant advances
in the study of the population structure of T. gondii.

Typically, isolates from Europe and North Amer-
ica are classified into genetic strains type I, II and
II1"'8. The clonal structure characterized in different
hosts from distant geographic regions displays a ge-
netic divergence of less than 1% between strains'*.
A greater divergence is found in the virulence. In
experimental infections, the type I strain results in
a high lethality in mice with a rapid parasite replica-
tion. In contrast, the type II strain leads to chronic
infection with a slow replication and the formation

of tissue cysts, whereas the type III strain, although
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less frequent and with a low virulence, can cause
the death of inoculated mice within a few weeks or
months after inoculation'.

Other studies propose a clonal structure consist-
ing of the worldwide distribution of the SA1 and SA2
(South and Central America), RW (Europe, Asia, Af-
rica and North America) and WW strains'*. The ge-
netic distances between isolates led to the hypotheses
that T. gondii originated in South America, where it
exhibits its greatest genetic variability, and that RW
and WW populations were disseminated in the six-
teenth century and appeared in the American conti-
nent soon after this dissemination.

The scenario is different in Brazil, where a high ge-
netic diversity of T. gondii was evident using the mo-
lecular markers SAG1, SAG2, SAG3, BTUB, GRAG®6,
€22-8, ¢29-2, L358, PK1, Apico and CS3. Upon the
typification of 48 genotypes in 125 isolates of domes-
tic animals, the clonal strains BrI, BrII, BrIII and BrIV
were defined as the most frequent strains. Unlike in
the rest of the world, these four strains, in addition
to several other distinct and less prevalent strains, ex-
hibited an epidemic population structure with little
clonal expansion in Brazil'*.

The book “Toxoplasmosis of animals and hu-
mans”? describes the attempts of several researchers
to isolate T. gondii in wild felids. Studies have shown
that given the low parasitic load in the tissue or the
collection of very small tissue fragments, the detec-
tion of this parasite using PCR was often not pos-
sible, despite some animals being seropositive for
the agent'”’. A summary of the studies conducted is
shown in table 4.

In the United States, the first viable isolate of T
gondii from in situ wild felids was prepared from
the brain tissue of L. rufus, and, although it was not
genetically characterized, this isolate exhibited a
low virulence through the mouse bioassay'?®. Sub-
sequently, in six L. rufus that were seropositive for
T. gondii (MAT 25), five viable isolates of medium
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Table 4 - Toxoplasma gondii isolates obtained from wild felids (both in the wild and in captivity) worldwide

No. of
Species Condition P(;sliqti)\jes Type of Sample Detection (Ng,e(l;;) ;Zg:glge s) Name of Isolate Country Author
Examined
(Lﬂggc%us wild 1/11 Brain Bioassay NA NA USA a
Lynx rufus Bioassay
(]}?jobcat) wild 5/6 Heart Genotype II (5) NA USA b
SAG2
Bioassay
Atypical TeCgCal
Puma concolor SAGI, SAG2, reconyﬁﬁnant TgCgCa2
vancouverensis Wwild 2/2 Feces SAG3, BTUB, Cougar2 Canada c
(Puma) GRAG6, c22-8, genotype I-II- Cougar
C29-2, 1358, @) COUG
PK1, Apico.
Lynx rufus . . Atypical X (3)
(Bobcat) wild 2/4 Brain Genotype I (2) d
Pectoral muscle ~ SAGI1, GRA6, (1 Type X USA
Tongue BI1. enotype II ( ) ype
Puma concolor wild 5/26 Heart Recombinant R
uma - 1
(P ) II-1IT (1)
GRA6, TUB2
Panthera onca . d > . Type X (type 12) French
(Jaguar) wild 1/1 Heart W%51,8T1g31\1/17-A, Atypical X (1) GUY-2004-JAG Guiana f
Felis silvestris nSAG2, SAG3,  Genotype I1(2) TgFsGER02
silvestris Brain BTUB, GRAG, TgFsGERO3
wild 4/12 €22-8,¢29-2, & Germany g
(European Lung L358, PK1 Genotype
wildcat) Apico vttt TgFsGERO1
é’%ﬁ;?sm tigris Captivity 1/1 Heart GRA7, SAG2 Genotype II NA France h
Bioassay .
II-JILel:rgt SAGL. SAG2 Atypical TgSandCatUAE1 Lif:;id
Felis margarita Captivit 4/4 Eye muscle alt-SAG2, genotype (3) %ggagggztgigg Emirates .
(Sand cat) puvity Skeletal muscle SAG3, BTUB, g>a !
Kﬁgvtiy GC§£ g’ Ii2325_8€f’ Genotype II (1) TgSandCatQA1
PK1, Apico Qatar
Bioassay
Puma Heart SAGI, SAG2, Atypical
yagouaroundi Captivity 1/1 Skeletal muscle ~ BTUB, GRA6, eno}t]p e (1) TgJagBrl Brazil j
(Jaguarundi) Brain c22-8,¢29-2, 8 YP
L358, PK1,
Apico
Bioassay
Leopardus SAGL SAG2,
g . Brain nSAG?2, SAG3, Atypical :
Egﬁgﬁfa) Captivity 1/1 Heart BTUB. GRAG, genotype (1) Novo 5 Brazil k
c22-8, ¢29-2,
L358, PK1,
Apico, CS3

References: a. Walton and Walls'*; b. Dubey et al."'%; c. Dubey et al."*’; d. Miller et al.”*'; e. Miller et al.'’; f. Demar et al.*; g. Herrmann et al."*’
h. Alerte'”; i. Dubey et al.'®; j. Pena et al.*; k. Vitaliano'**

Source: Modified from Dubey?

virulence (18 to 31 days), as determined using the The atypical genotypes of wild Neotropical felids

heart tissue bioassay, were obtained and typified as and their relationship with human toxoplasmosis

genotype II'". were initially studied in Canada'*'*’. T. gondii oocysts
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collected from P. concolor feces were inoculated in
mice, which exhibited moderate virulence manifesta-
tion (9-16 days), and the subsequent bioassay in cats
showed the fecal elimination of oocysts. A decade af-
ter cryopreservation, the isolate from sample B was
typified by genotyping as recombinant I-II-III (TgC-
gCa2), whereas sample A differed from previous ar-
chetypes (TgCgCal, Cougar2, Cougar or COUG)"".

In situ, 30 wild felid samples were characterized in
the United States using PCR-RFLP of gene Bl and
the loci SAG1 and GRA6. Genotypes I and II were
found in P. concolor, whereas recombinant II-III and
atypical-X were found in L. rufus and in both species,
respectively. This last genotype (atypical-X) is corre-
lated with the contamination of coastal California and
the introduction of toxoplasmosis into the region’s
seals'?”13!,

Subsequently, this genotype was characterized in
French Guiana in wild Panthera onca and was linked
to toxoplasmosis in immunocompetent humans
(GUY-2004-JAG) by sequencing using six microsatel-
lite markers; the felid heart tissue bioassay caused the
death of all of the mice (11 to 33 days after inocula-
tion)®. In Germany, T. gondii DNA was detected in
four primary brain and heart samples of Felis silvestris
silvestris, three of which were characterized as geno-
type II (TgFsGER02, TgFsGER03) and one of which
was found to be the type I allele variant in the locus
Apico (TgFsGERO1) using nine molecular markers.
These findings are in agreement with the parasite’s
clonal distribution in Europe, which is predominantly
type 112

In ex situ wild felids, the heart tissue homogenate
from one Panthera tigris altaica of the Amneville
200 (France) was inoculated into mice. The isolate
was classified as archetype II using the restriction en-
zymes Hha I in locus SAG2 and Mbo II and EcoRI in
locus GRA7'*. This archetype II was also isolated in a
sand cat (Felis margarita) in Qatar (TgSandcatQA1l),
and others three atypical genotypes, which had been
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previously reported in dogs in Sri Lanka, were record-
ed in a study conducted in the United Arab Emirates
(TgSandcatUAE1-3)'%.

In a study conducted in animals from Parque Dois
Irmaos zoo in Recife, Pernambuco in Brazil*, T. gon-
dii was isolated for the first time in P. yagouaroundi
using the mouse bioassay, and a new virulent geno-
type (TgJabBrl) was identified through molecular
typing. Another isolate of L. tigrinus, which was ob-
tained from the same zoo, was classified as NOVO 5,
and the molecular virulence marker CS3 identified
this sample as the type I allele, which corroborates the
virulence results found in the bioassay (100% mortal-

ity and 17-day survival of inoculated mice)"**.

Wild felids in the sylvatic cycle of
Toxoplasma: Implication on public
health

In Europe and North America, the domestic cat (or
other domestic or wild animals) is generally involved
in the transmission of T. gondii. It is estimated that
80% of the immunocompetent human population
is asymptomatic to classical infection with T. gondii,
which is caused by clonal strain type II, and 15 to 20%
of the immunocompetent human population exhibit
fever and lymph node symptoms. A severe form can
occur in primary-infected pregnant women and im-
munosuppressed patients infected with the type III
strain, which displays variable virulence, or the highly
virulent type I strain, which results in encephalitis,
chorioretinitis, congenital infection and neonatal
mortality?>136137,

In contrast, “Amazonian toxoplasmosis”, which is
also known as “wild rain forest toxoplasmosis”, and
“French Guiana toxoplasmosis’, is the most severe
form of the clinical disease in immunocompetent
patients. In this cycle, wild felids and the majority of
forest mammals and birds are intermediate hosts of

the parasite. The transmission occurs either by inges-
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tion of cysts present in the meat of these animals or by
consumption of non-drinkable water contaminated
by oocysts shed in the feces of felids®.

In French Guiana, 44 primary-infected humans
were recorded from 1997 to 2005 (seven children, two
cases of mother and child and 33 patients unrelated to
the epidemic). Three atypical, pathogenic genotypes
of T. gondii were genotyped in this outbreak (GUY-
2002-KOE, GUY-2003-MEL and RMS-2003-DJO)"3.
Two weeks after infection, the patients showed clinical
signs of fever, mental changes, diarrhea, chorioretini-
tis and severe pulmonary compromise, which resulted
in widespread toxoplasmosis with a mortality rate of
6.8%. The authors suggest that atypical genotypes are
less adapted to the human immune system'*.

Although little information is provided, the
studies reveal ample genetic diversity, which is re-
lated to the parasite’s pathogenic characteristics in
the host'”®. However, the effect on the ecosystem
health is complex and poorly studied'*. Studies are
needed to clarify the movement of the parasite in the
environment, which occurs through environmental
contamination with oocysts eliminated by Brazilian
wild felids'! in areas where the contact between
humans and domestic and wild animal has been in-
creasing?®42143 144145146 147, 148,149,150

Despite some restrictions in habitat, all wild felid
species display a wide distribution in the Neotropical
zoogeographic region: from Southwest Texas in the
United States to the southern tip of Argentina. In fact,
the population of small Neotropical felids is estimated
to be between 800,000 and 3 million individuals'®'.

In Brazil, the number of encounters of wild felids
with the human population has grown from spo-
radic to increasingly frequent. In 2012, at least 57
events were recorded using the Google alerts tool;
these events involved ocelots (24), cougars (20),
oncillas (9) and jaguars (4) in urban centers and
rural areas and included attacks on humans and
road-Kkills.
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Low- and high-traftic highways are critical barriers
to the movement of wildlife between different biomes
and thus attractive places for felids because these are
easy places to find road-kill. The probability that a
wild felid will be found on a road is seven times higher
than the probability of finding a wild felid in the inte-
rior of forests'*.

Studies of wildlife road-kill on Brazilian roads reveal
alarming data. In Santa Catarina (BR-116, BR-282
and BR-470), 257 individuals (five L. tigrinus, four P
yagouaroundi and one L. wiedii)'>* were run over. In
the province of Serrana de Caceres - MT (BR 070),
traffic collisions with 211 individuals, including P
concolor, L. pardalis, P. yagouaroundi and L. colocolo,
were recorded throughout the course of one year'**. In
the southern region of Brazil, the mortality of native
species in BR-101 and RS-389 was 869; these included
92 species and a single specimen of L. tigrinus'>.
The numbers may be higher for wild felids because
some injured animals flee into the woods and other
carnivorous animals may even carry the carcasses

from the site in which the animal was run over.

Final considerations

Some questions should be answered. a) Is the risk
of transmission of wild isolates in urban centers equal
to that described in forest regions? b) What is the
probability that T. gondii isolates originating from wild
felids would circulate in urban areas? c) How signifi-
cant is the involvement of these isolates in the disease
epidemiology? Moreover, from the predation stand-
point, an additional question should be addressed. d)
What is the true role of wild felids in the sylvatic cycle
of toxoplasmosis: environmental contamination by
oocysts or the conservation and genetic exchange of
the parasite?

Accordingly, knowledge of the role of wild felids in
the epidemiology of T. gondii is relevant for the intro-
duction of control techniques and to the study of the

parasite dynamics in the sylvatic cycle.
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