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Abstract: Trypanosoma cruzi and Leishmania spp. are parasites that infect multiple hosts including
canids, considered bioaccumulators of parasites. Deforestation in the Cerrado biome has resulted in the
exposure of wild canids to anthropized areas, where they may establish ecological and epidemiological
relationships with domestic dogs. We evaluated the infection by trypanosomatids in canids from a
Cerrado agroecosystem between 2013 and 2017. Samples of wild canids (blood, bone marrow and
skin) and dogs (blood) were collected for parasitological, serological and molecular diagnosis. A total
of 414 samples from wild (n = 131) and domestic (n = 283) canids were collected, including recaptures.
We obtained five positive hemocultures from Lycalopex vetulus (n = 2), Cerdocyon thous (n = 1) and
dogs (n = 2), all characterized as T. cruzi TcIII/V (18S rDNA) and TcIII/V/VI (gGAPDH); one positive
skin fragment for Leishmania sp. (C. thous), one positive skin culture (Chrysocyon brachyurus) and
one positive fresh blood examination from a dog. Infection by T. cruzi and Leishmania spp. was
serologically confirmed in 18% and 4% of the canids, respectively. Active transmission was attested by
seroconversion events and occurred despite the low rate of positive parasitological assays. Wild and
domestic canids infected by both parasites were detected sharing the same areas, pointing to a possible
spillover of parasites among them.

Keywords: agroecosystems; Brazilian Cerrado; Cerdocyon thous; Lycalopex vetulus; Chrysocyon
brachyurus; Canis lupus familiaris; Trypanosoma cruzi; Leishmania spp.; Neotropical mammals

1. Introduction

Vertebrate trypanosomatid parasites are transmitted by hematophagous invertebrates, and among
the different genera included in the Trypanosomatidae family, Trypanosoma and Leishmania are the most
studied due to their public health importance [1]. Most of these species are described as mandatory
heteroxenic; presenting enzootic or zoonotic life cycles and being transmitted, respectively, by insect
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vectors from orders Hemiptera (Reduviidae, Triatominae) and Diptera (Psychodidae, Phebotominae).
Trypanosoma and Leishmania are parasites characterized by high genetic, biochemical and molecular
diversity, which partly explains their expressive biological plasticity, which until now represents
an open question. Trypanosoma cruzi and at least the most prevalent Leishmania species from Brazil
(Leishmania infantum, L. braziliensis and L. amazonensis) are defined as multi-host parasites due to their
ability to infect hundreds of mammalian species in the wild [2,3]. They have complex life cycles,
often modulated by the trophic relationships of the associated taxa.

Neotropical wild canids comprise poorly studied taxa in terms of their possible role in the
transmission cycle of T. cruzi and Leishmania spp. in nature. Six canid species occur in different Brazilian
biomes: the short-eared dog Atelocynus microtis, the bush dog Speothos venaticus, the maned-wolf
Chrysocyon brachyurus, the crab-eating fox Cerdocyon thous, the pampas fox Lycalopex gymnocercus and
the hoary fox Lycalopex vetulus [4]. Except for A. microtis and L. gymnocercus, the other species are
widely observed in the Brazilian savannah biome, the Cerrado, with L. vetulus being an endemic
species of this ecosystem [5,6]. Most of them are omnivorous, including in their diet a wide variety of
items of animal origins and fruits, both vertebrate and invertebrate [5,7–9]. Occupying high levels
in the trophic net, for preying on mammals, lizards, snakes, frogs and insects, wild canids can be
considered bioaccumulators of parasites, especially those that may be orally transmitted such as T. cruzi.
Members of the Canidae family may be long-lived and may maintain the infection by trypanosomatid
parasites during their whole life, being considered excellent study models for following up natural
infections [10].

Despite the great richness and wide distribution of wild canids in the Americas, there are
few studies on Trypanosomatid infection in these animals. Canids are hosts of at least two genera
of trypanosomatids in the Americas: Trypanosoma and Leishmania [2,3]. Wild canids infected by
T. cruzi were observed by serological tests [10], and parasite isolation has already been registered
for hoary foxes [10,11]. The possible vector-borne transmission of T. cruzi among maned wolves
and Leishmania sp. infection of several mammal taxa maintained in a Brazilian zoo were recently
reported [12]. Still concerning infection by Leishmania spp., four wild canid species have already been
found serologically infected, and L. infantum isolation was obtained in one bush dog and L. infantum
and L. amazonensis in crab-eating foxes [13–15]. Domestic dogs Canis lupus familiaris are recognized as
the main reservoir of L. infantum, although they have also been found infected by at least six other
Leishmania species [16]. Its role as a T. cruzi reservoir varies in different regions: may be important
reservoirs in the Argentine Chaco, Venezuela and the southern United States [17–19] or present itself
infected (serologically positive), but rarely being infectious to the vector, as occurs in Brazil. In this
case, dogs have been important as sentinels of the parasitosis [20].

In general, wild canid species are known to explore large areas and different habitats [4],
important aspects for the dispersion of multi-host parasites. These traits, together with the
growing reduction of natural habitats, have been pressing wildlife to increasingly use human-altered
landscapes, where animals may cohabit more intimately with domestic dogs, favoring ecological
and epidemiological relations, including parasite’s spillover [21,22]. This is a common scenario in
the Brazilian Cerrado, an ecosystem that has been suffering high negative anthropic impact, leading,
in some cases, to the establishment of agroecosystems [23,24]. Agroecosystems consist of three
intermingled and strongly interacting sub-systems: the managed fields, referred to as the productive
sub-system; the semi-natural or natural habitats surrounding them and the human sub-system
composed of settlements and infrastructures [24]. In some areas of Central Brazil, as in the municipality
of Cumari, Goiás, a region such as Limoeiro has about 75% or more of the original vegetation already
transformed by any sort of human activity for production, especially exotic pastures (Urochloa sp.) for
cattle. However, it is not known to what extent this modification and closer contact between wild and
domestic canids impact parasite transmission.

Since 2008, wild canids in this area have been captured and monitored as part of a long-term
research and conservation program [25]. Individuals of hoary foxes, crab-eating foxes and maned
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wolves have been diagnosed positive for trypanosomatid infection [10]. Serological tests demonstrated
that the three canid species present in Limoeiro region were infected by T. cruzi and/or Leishmania spp.,
and T. cruzi DTU (Discrete Typing Unit) TcIII was also isolated from two L. vetulus [10,11]. In this region,
domestic dogs are owned by the cowboys who live on the farms and these animals stay loose and use
the area in a manner usually unknown by their owners [26]. Thus, domestic dogs and wild canids
share the same areas and reports of agonistic encounters are not exceptional [27,28]. In this paper,
we conducted a longitudinal study to evaluate the rate and pattern of infection by trypanosomatids in
wild and domestic canids that co-inhabit the same agroecosystem, discussing the consequences of the
spatial overlapping for transmission cycles.

2. Results

One hundred and eleven wild canids of the species C. thous (N = 72), L. vetulus (N = 29) and
C. brachyurus (N = 10) were captured between 2013 and 2017. During the same period, there were
20 recaptures (15%), including four animals that were recaptured more than once, totaling 131 sampling
events (Table 1).

Table 1. Wild canids captured (2013–2017) and domestic canids sampled (2014–2016) at Limoeiro
Region, municipality of Cumari, Goiás, Brazil.

Canids Scientific Names Sampling
Events

Number of
Individuals

Total of
Recaptures

Recaptured
Individuals

Individuals Recaptured
More Than Once

Domestics Canis lupus familiaris 283 187 94 66 28

Wild

Cerdocyon thous 78 72 6 5 1

Lycalopex vetulus 42 29 13 10 3

Chrysocyon brachyurus 11 10 1 1 0

Total wild canids 131 111 20 16 4

Samples from 187 different domestic dogs were collected between 2014 and 2016. A total of 96
dogs were evaluated in 2014, 88 in 2015 and 99 in 2016, totaling 283 sampling events. From those,
94 sampling events (33%) were performed in 66 dogs that were previously evaluated, including 28 of
them that were sampled in the three study-years (Table 1). There was a replacement rate of 59% from
2014 to 2015 and 36% for the following period.

2.1. Trypanosomatid Infection

We obtained five positive hemocultures, all of them characterized as T. cruzi, derived from
L. vetulus (N = 2), C. thous (N = 1) and C. l. familiaris (N = 2), as shown in Table 2. One skin
culture from a C. brachyurus (LBT 11484), captured in 2014, was positive for flagellates, but the
culture was not established, and the parasite characterization was not possible. Other skin fragment
preserved in ethanol from a C. thous (LBT 11465), captured in 2013, was positive for Leishmania spp.
kDNA (kinetoplast deoxyribonucleic acid), but negative in all the reactions performed targeting HSP70
(Heat Shock 70 protein) and ITS1 (Internal transcribed spacer region 1) primers. No bone marrow
culture or fresh blood examination from wild canids was positive. Only one fresh blood examination
from a domestic dog (LBT 7163), captured in 2014, was positive for flagellates, but the hemoculture
was negative.
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Table 2. Parasitological and molecular diagnosis of positive hemocultures derived from wild and
domestic canids from Cumari, Goiás, Brazil.

Species Year of
Capture

LBT
Number

COLTRYP
Number

Molecular Target and
T. cruzi Genotypes

GenBank Sequences
Access Number

18S rDNA gGAPDH

Lycalopex vetulus 2013 LBT 11477 00537 TcIII/V TcIII/V/VI MT705719
MT892929

Lycalopex vetulus 2014 LBT 6948 CP TcIII/V N.I. MT678509

Cerdocyon thous 2016 LBT 7984 CP TcIII/V N.A. MT678510

Canis lupus familiaris 2016 LBT 7202 00723 TcIII/V TcIII/V/VI MT705720
MT892930

Canis lupus familiaris 2016 LBT 8600 CP TcIII/V N.A. MT678511

COLTRYP, Coleção de Trypanosoma de Mamíferos Silvestres, Domésticos e Vetores; COLTRYP/Fiocruz (Oswaldo
Cruz Foundation, Rio de Janeiro, RJ/Brazil); 18S rDNA, Small subunit ribosomal DNA; gGAPDH, Glycosomal
glyceraldehyde-3-phosphate dehydrogenase; C.P., Culture Pellet; N.I., Not identified; N.A., Not amplified.

All samples that were positive in hemocultures were identified as T. cruzi DTU TcIII/TcV by the
18S rDNA gene. Of these samples, amplification by the gGAPDH target was possible for only two
of them, corresponding to cultures with parasite isolation (PP) and were characterized as T. cruzi
DTUs TcIII/V/VI (Table 2). This may be because gGAPDH is present in a lower number of copies in
the genome than the 18S target, which would decrease the chances of amplification. Because these
molecular targets are not able to separate hybrid genotypes from their parental ones, the DTUs involved
are grouped in the same branch of the phylogenetic tree (Figure 1). We did not observe double peaks on
the electropherogram of our sequences, indicative of co-infection, and after all alignment procedures,
no significant differences in nucleotides that could clarify the genotype(s) involved were observed.
However, as cellular cloning or Whole Genome Sequence was not performed, we cannot rule out the
possibility of hybridization event in these samples, or even co-infection with different T. cruzi DTUs.

The tree was inferred by maximum likelihood using the Kimura 2-parameter model with a
gamma-distributed rate of variation among sites (K2P + G) for 18S rDNA (= K80 + G, nomenclature
used by the phyML program) and the General Time Reversible model of substitution with invariant
sites (GTR + I) for gGAPDH, with bootstrapping at 1000 replicates.
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Figure 1. Phylogenetic analysis of (a) 18S rDNA (small subunit ribosomal gene) and (b) gGAPDH (glycosomal glyceraldehyde-3-phosphate dehydrogenase gene) 

sequences from positive hemocultures from wild and domestic canids captured in the Limoeiro region, Cumari, Goiás, Brazil. Red boxes were used to highlight our 

sequences grouped with the reference sequences identified as TcIII/V DTUs for 18S and TcIII/V/VI for gGAPDH, reinforcing that it is not possible to separate the 

hybrid genotypes through the molecular targets used. Three of them are sequences from culture sediment (parasite DNA from cultures that were positive at some 

point, but that did not establish: LBTs 8600; 6948 and 7984) and 2 (c0537  LBT 11,477 and c0723  LBT 7202) are pure cultures, available at Coltryp (Coleção de 

Trypanosoma de Mamíferos Silvestres, Domésticos e Vetores). The culture sediments did not amplify in the gGAPDH Polymerase Chain Reaction (PCR). 

Figure 1. Phylogenetic analysis of (a) 18S rDNA (small subunit ribosomal gene) and (b) gGAPDH (glycosomal glyceraldehyde-3-phosphate dehydrogenase gene)
sequences from positive hemocultures from wild and domestic canids captured in the Limoeiro region, Cumari, Goiás, Brazil. Red boxes were used to highlight our
sequences grouped with the reference sequences identified as TcIII/V DTUs for 18S and TcIII/V/VI for gGAPDH, reinforcing that it is not possible to separate the
hybrid genotypes through the molecular targets used. Three of them are sequences from culture sediment (parasite DNA from cultures that were positive at some
point, but that did not establish: LBTs 8600; 6948 and 7984) and 2 (c0537→ LBT 11,477 and c0723→ LBT 7202) are pure cultures, available at Coltryp (Coleção de
Trypanosoma de Mamíferos Silvestres, Domésticos e Vetores). The culture sediments did not amplify in the gGAPDH Polymerase Chain Reaction (PCR).
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2.2. Serological Diagnosis of Trypanosoma cruzi and Leishmania spp.

Twenty-five (32%) C. thous and twenty (47.6%) L. vetulus were positive for T. cruzi and/or
Leishmania spp., either in simple or mixed infections. Two (18.2%) C. brachyurus were positive only
for T. cruzi (Table 3). One of the maned wolves (LBT 11484), which had positive skin culture,
was serologically positive for T. cruzi, with a serological titer (Indirect Immunofluorescence Antibody
Test (IFAT)) of 1/160. L. vetulus was the species that presented largest number of positive individuals
(especially for T. cruzi), and C. thous was the species with higher serological infection rates for Leishmania
sp. infection. Forty-two (14.8%) domestic dogs were also positive for T. cruzi and/or Leishmania spp. in
simple or mixed infections (Table 3).

All canids (wild and domestic) positive on parasitological and/or molecular assays were also
positive on serological tests, except by one C. thous that was positive in the Leishmania kDNA-PCR
in skin sample, but negative on serological tests. Most T. cruzi-positive canids had serological titers
at the cut-off point, whereas most Leishmania spp. infections presented a titer of 1/80. Among them,
domestic dogs presented higher titers for T. cruzi, ranging from 1/40 to 1/2560, while C. thous presented
higher for Leishmania spp., ranging from 1/40 to 1/320 (Table 3). Of the total of canids infected with
Leishmania spp., four of them were diagnosed as L. infantum, due to the positivity in the TR DPP®

(Rapid Test for Diagnosis of Canine Visceral Leishmaniasis, BioManguinhos, Rio de Janeiro, Brazil))
test: one C. thous and three domestic dogs.

The year 2014 was the only in which seropositivity was not observed for Leishmania spp. infection
in wild canids (Table 4). Considering the expeditions to collect samples from domestic dogs, 2015 was
the year in which the highest number of dogs seropositivity for Leishmania spp. infection (N = 6) was
observed, although the majority was mixed infection with T. cruzi (N = 5) (Table 4).

Of the 10 recaptured L. vetulus, five remained positive (Leishmania spp. (N = 1) and T. cruzi
(N = 4)), three seroconverted for T. cruzi infection, and two remained negative. Of the four hoary
foxes that remained seropositive for T. cruzi throughout recaptures, one had been diagnosed as a
mixed infection (1/160 and 1/80 for T. cruzi and Leishmania spp., respectively), but the following year
maintained seropositivity only for T. cruzi, with the same serological titer.

Of five C. thous recaptured, two remained positive for T. cruzi (one of them presented as a mixed
infection, with a titer of 1/40 for both parasites, and the following year remained positive only for
T. cruzi (1/80)), one individual seroconverted for Leishmania spp. infection and two remained negatives.
The only maned wolf recaptured remained seronegative (Table 4).

Of 66 resampled domestic dogs, serum samples were obtained from 61. From these, seven remained
positive for T. cruzi since first collection (among them, one that presented as a mixed infection with a
1/40 serological titer for both parasites in 2015, in the following year it maintained only T. cruzi infection
with an equal titer), two seroconverted for T. cruzi infection, and 52 remained negative for both parasites
(Table 4).
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Table 3. Seropositivity (absolute numbers and percentage) and serological titers (Indirect Immunofluorescence Antibody Test (IFAT)) for Trypanosoma cruzi, Leishmania
spp. and mixed infection in wild and domestic canids of Cumari, Goiás, Brazil.

Species Sampling Events
Seropositivity Serological Titers (IFAT)

Trypanosoma cruzi Leishmania spp. Mixed Infection
Trypanosoma cruzi Leishmania spp.

1/40 1/80 1/160 1/320 1/2560 1/40 1/80 1/160 1/320

Canis lupus familiaris 283 31 (11%) 2 * (0.7%) 5 * (1.7%) 20 7 6 1 2 3 3 1 0

Cerdocyon thous 78 17 (21.8%) 3 ** (3.8%) 5 (6.4%) 10 8 3 1 0 3 4 0 1

Lycalopex vetulus 42 17 (40.5%) 2 (4.7%) 1 (2.4%) 2 4 6 5 0 1 1 1 0

Chrysocyon brachyurus 11 2 (18.2%) 0 (0%) 0 (0%) 1 0 1 *** 0 0 0 0 0 0

* Leishmania infantum (N = 1) and mixed T. cruzi/Leishmania infantum (N = 2). ** Leishmania infantum (N = 1). Positive samples also in TR DPP® *** Maned wolf positive in skin culture that it
was not possible to recover DNA.
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Table 4. Temporal serological pattern of Trypanosoma cruzi and Leishmania spp. in wild and domestic canids throughout captures and recaptures conducted in Cumari,
Goiás, Brazil, between 2013 and 2017.

Year of
Expeditions 2013 2014 2015 2016 2017 Total Captured and

Recaptured
Capture (C)

Recapture (R) C R P (%) C R P (%) C R P (%) C R P (%) C R P (%) C R P (%)

C
er

do
cy

on
th

ou
s

N 32 0 6 0 10 2 15 3 9 1 72 6
Trypanosoma

cruzi 10 31% 2 33% 0 1 8% 1 1 11% 2 0 20% 15 2 22%

Leishmania spp. 1 3% 0 0% 0 1 * 8% 1 0 5.5% 0 0 0% 2 1 4%
Mixed infection 2 6% 0 0% 1 0 8% 1 0 5.5% 1 0 10% 5 0 6.5%

Ly
ca

lo
pe

x
ve

tu
lu

s

N 11 0 9 6 2 2 5 3 2 2 29 13
Trypanosoma

cruzi 5 45% 3 4
(2) * 47% 0 2 50% 0 2 25% 0 1* 25% 8 9 40%

Leishmania spp. 1 9% 0 0 0% 0 0 0% 0 0 0% 0 0 0% 1 0 2%
Mixed infection 1 9% 0 0 0% 0 0 0% 0 0 0% 0 0 0% 1 0 2%

C
hr

ys
oc

yo
n

br
ac

hy
ur

us

N 3 0 4 0 1 1 2 0 0 0 10 1
Trypanosoma

cruzi 1 33% 1 25% 0 0 0% 0 0% 2 0 18%

Leishmania spp. 0 0% 0 0% 0 0 0% 0 0% 0 0 0%
Mixed infection 0 0% 0 0% 0 0 0% 0 0% 0 0 0%

C
an

is
lu

pu
s

fa
m

ili
ar

is

N 0 0 96 0 54 34 37 62 0 0 187 96
Trypanosoma

cruzi 14 14.5% 6 6
(1) * 14% 2 7

(1) * 9% 22 13 12%

Leishmania spp. 1 1% 1 0 1% 0 0 0% 2 0 0.7%
Mixed infection 0 0% 4 1 6% 0 0 0% 4 1 1.8%

N = total number of captured canids; P (%) = percentage of infected animals per year. The asterisk (*) refers to seroconversion events.
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Overall, 414 capture events (including recaptures) of wild and domestic canids succeeded. It eight
positive parasitological exams were obtained, representing 1.9% of parasitological prevalence (5 wild
canids and 3 domestic dogs). Seroprevalence was 21.5% (N = 89), including seven of the eight canids
positive in the parasitological tests. Thus, the total infection rate was 21.7% (n = 90). The spatial
distribution of infected wild and domestic canids is shown in Figure 2.
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Figure 2. Spatial distribution of wild and domestic canids infected by Trypanosoma cruzi, Leishmania spp.
and mixed infections, highlighting the positive parasitological diagnosis. Maps were separated by
canids species (wild and domestic) captured from 2013 to 2017 in the Limoeiro region, Cumari, Goiás,
Brazil. The Google Terra.cn Normal background was obtained through the QuickMapServices Plugin
in Quantum GIS version 3.12.

3. Discussion

Canids have a combination of ecological characteristics that favor opportunities to become infected
with T. cruzi and Leishmania spp.: They have a diverse diet, including insects and small mammals
(which may be infected by these parasites) [4] and are able to maintain different T. cruzi genotypes
and infection by different Leishmania species [11,29,30]. Moreover, their wide home ranges and the
use of diverse habitats [4] turn them into potential hubs of parasite dispersion. Both T. cruzi and
Leishmania spp. infect wild and domestic canids at Limoeiro region, besides small mammals [31],
and maintenance of these parasites by canids occurs despite the low rate of positive parasitological
assays. Canids probably become infected through their exposure and consumption of infected vectors
and prey. Positive hemocultures were observed in only 1.7% (N = 5/298) of the examined canids,
and only one dog was positive for fresh blood examination, demonstrating low parasitemia and,
consequently, low potential to these hosts to be source of T. cruzi infection vectors.

Concerning Leishmania sp. infection, only one C. thous was positive in the skin PCR, but this
infection could not be further confirmed when other molecular targets (HSP70 and ITS1) were employed.
This was probably because there are many more copies of the kDNA in the genome in comparison to
the other targets, increasing the chances of amplification. Thus, most of the diagnosis was based on
serological diagnosis. These results demonstrate that the Leishmania spp. infection in canids in the area,
although occurring (as observed in the seropositive individuals, including an event of seroconversion)
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is probably associated with short periods of higher parasitism, which was not detected in any of the
investigated canids during the five-year follow-up.

One skin culture of C. brachyurus was also positive for flagellates, but the culture was not established
(and the parasite not characterized). This was one of the two maned-wolves serologically positive
for T. cruzi infection, presenting a high serological title (1/160). This result leads us to hypothesize
that the animal could be infected with T. cruzi, and that the detected parasites could have come from
microvessels when collecting the skin, although a mixed infection with other trypanosomatid species
detected in the culture cannot be rejected.

The infection by both parasites was detected in all canid species from the study area (except
Leishmania sp. in C. brachyurus) and parasitemia, essential for T. cruzi transmission (and attested by
positive hemocultures), was observed in domestic dogs, C. thous and L. vetulus. The seroconversion
events observed for both parasitosis attest that the transmission was occurring in the area during
the study. The overall seroprevalence of T. cruzi was about four times higher than the observed for
Leishmania infection; moreover, the majority of canids infected by Leishmania was mixed infected with
T. cruzi.

C. thous, L. vetulus and C. brachyurus occur simpatrically in the Cerrado [32,33] and, at Limoeiro
region, these wild canids are also sintopic to domestic dogs, a factor that may influence the transmission
of these parasites. Our study area fits into the concept of agroecosystem, where the relationships between
wild, domestic and human animals occur with greater proximity [26]. Therefore, wild and domestic
species interact more closely with each other, establishing a network of interconnections, through
range overlap and interspecific contact [25], and/or participating in the food chain (i.e., consumption of
small mammals and invertebrates) [9].

Animals infected with T. cruzi and Leishmania spp. were captured in the same points in the study
area, which demonstrates the overlapping of these parasites’ infection. The overlap of infections at
these points can lead to putative spillover of parasites between wild and domestic canids. Both T cruzi
and Leishmania spp. infect wildlife and domestic canids from Limoeiro region, and infection rates were
higher in wild canids and small mammals than in dogs [31]. The wider spatial distribution of T. cruzi
is probably a consequence of the higher infection rate by this parasite in all studied mammals.

Due to the elevated population replacement rate, it was extremely difficult to monitor the
infection rate of domestic dogs over the years; only 28 of the 187 examined dogs (15%) remained and
were evaluated in the three years. High replacement rates were previously described for rural dog
populations in Chile, Indonesia, and South Africa [34,35].

In the studied region, dogs were present in all the households and are frequently related to
house and poultry protection, besides cattle herding [26]. Sampled dogs were classified as “rural
free-ranging dogs” following Vanak and Gompper [36], and there were no feral dogs in the study
area. It means that they were owned or peripherally associated with human habitations but were
not confined to a proscribed outdoor area or kennel. Therefore, they can move freely through the
landscape, favoring possible contact with wild canids and vectors, which may trigger spillover events.
However, although free-ranging dogs can cover large areas, they usually spend most of their time
around their residence [37,38], which could explain why dogs’ infection rates were lower than those of
wild canids.

The T. cruzi infection pattern displayed by wild and domestic canids dogs from Limoeiro region
were similar to that observed in other areas of Brazil: positive serology, indicating their exposure to the
parasite’s transmission cycle, and undetectable parasitemia, demonstrated by the rarity of positive
hemocultures or fresh blood examination [20]. Positive hemocultures were detected in dogs, L. vetulus
and C. thous, and it has been shown that these animals share at least one DTU of T. cruzi (TcIII) [10].
Although we were not able to distinguish the genotype/s involved (TcIII/TcV), previous studies using
RFLP-PCR in samples from this two hoary foxes confirmed the infection by DTU TcIII [11], a genotype
also found in marsupials (Gracilinanus agilis) from the same area [31]. Considering the pattern observed
for experimentally infected domestic dogs, someone can expect that both wild and domestic canids
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from the area present a short period of patent parasitemia during the initial phase of infection (rarely
demonstrated by positive hemocultures in this study), followed by a later phase with undetectable
parasitemia, even in reinfections [39].

In agreement with the study of Rocha et al. [10], we demonstrated that the transmission of
T. cruzi is well-established in the area, with 19% of infected canids (32% considering only wild canids).
In addition, for the first time we detected T. cruzi infection in maned wolves in this area. Infection
rates were higher in wild canids, followed by wild small mammals and domestic dogs [31]. The rate of
infection by T. cruzi in a specific host is driven by contact processes vector–parasite–environment–host;
thus, we might expect that these ecological dissimilarities lead to different infection ratios [10].

Among wild canids, the infection rates observed for L. vetulus were about two times higher than
observed for the other species, and three seroconversion events were observed. This canid was the one
in which T. cruzi was isolated for the first time in the area [10] and represents two of the five positive
hemocultures in the present study. The hoary fox seems to be most likely exposed to triatomine bugs
due its habit of regularly using armadillo burrows [5,6,40], a recognized ecotope for triatomine vectors,
such as species of the genus Panstrongylus [41]. Besides, the insectivorous diet of hoary foxes may also
contribute to this higher infection rate, and the consumption of triatomine bug was already reported in
the area [9].

In contrast, despite the plasticity of C. thous regarding habitat use, this species explores less
microhabitats suitable for triatomines than hoary foxes [25]. However, C. thous present a diet rich on
animal origin items, such as vertebrates and invertebrates [9], which could explain the infection by
both T. cruzi and Leishmania spp. T. cruzi is recognized as a parasite that can be orally transmitted
(prey-predator) [10], but amastigotes of Leishmania species are also capable of infecting mammalian
cells (experimentally) and oral transmission cannot be ruled out in nature [42]. Maned wolves were
found infected only by T cruzi and was the species with lowest infection rate among studied canids.
Although generalists, consuming both mammals, birds and insects [8], maned wolves are the most
herbivorous among the three wild canids in Limoeiro [9] consuming high rates of fruits, and this could
explain their low infection rates.

Surprisingly, considering the already described importance of dogs and wild canids (specially
C. thous) as reservoirs of L. infantum [13,16,43], less than 5% of the canids were infected by Leishmania spp.
(8.4% considering only wild canids). We demonstrated infection by L. infantum (confirmed by TR DPP®

test) in C. thous and domestic dogs, representing less than 1% of the examined animals. In fact, C. thous
populations were already reported as dependent to the contact with domestic dogs to maintain the
transmission cycle [44]. Even though the rate of Leishmania species infection among the dogs in the area
was low, still C. thous and dogs were the most infected canid species. The high density and the absence
of movement restraint of dogs are factors that would increase the chance of encounter between them,
pointing to the importance of overlapping transmission to sustain the Leishmania transmission [44].
Even so, Leishmania transmission was observed in the area since the first evaluation (as observed in
the positive kDNA-PCR in C. thous) and later confirmed by the seropositive mammals, including
seroconversion. Two aspects should be considered: (i) all reactions were performed using an anti-dog
IgG (not species-specific for wild canids) and, because of that, are less sensitive for antibody detection,
which can result in the sub-estimation of real infection rates in these canid species; and (ii) despite
the cautious criteria adopted for serological diagnosis, the overlapping of transmission cycles favors
the natural co-infection of wild and domestic canids with different species of trypanosomatids and
cross-diagnosis are always prone to occur.

Canids appear to behave as selective filters of parasite species/genotypes (controlling and
maintaining infection at low parasitism levels) when compared to small mammals, where greater
richness of trypanosomatids was detected [31]. Interactions and competitive exclusion between
tripanosomatid species and/or T. cruzi subpopulations certainly take a role in modulating infection
ratios [10].
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Knowing that wild and domestic canids in the Limoeiro region share trypanosomatid infections,
this enzootic scenario has to be analyzed from a space-time perspective, in order to understand the
displacements and contact rates between canids in the area, as well as possible landscape factors that may
be correlated. This may provide a better understanding of parasite’s spillover processes and dispersion
in agroecosystems and, ultimately, of the potential risk of infection for local human communities.

4. Materials and Methods

4.1. Study Area

The study area comprises private cattle farms of Limoeiro region, municipality of Cumari (18◦22.02′ S,
48◦5.48′ W), southeast of Goiás State, Brazil. Although inserted on an ecotone area between two ecosystems,
the Atlantic Forest and the Cerrado, the vast majority of the area (75%) has been altered by human activities
and is mostly covered by exotic pasture (Urochloa sp.). The remaining is represented by fragments of original
vegetation, such as gallery and semideciduous forests [25]. Climate in the region has two well-marked
seasons, one hot and wet and another cold and dry [45].

4.2. Canids Capture and Sample Collection

Canids were captured in annual campaigns of 30 to 60 days each, from 2013 to 2017 for wild
canids, and from 2014 to 2016 for domestic canids. Wild canids were captured using box traps made
with galvanized wire mesh baited with sardines (for the capture of C. thous and L. vetulus) or with
a mixture of sardines and cooked chicken (for the capture of C. brachyurus). Traps were distributed
and inspected every morning on each expedition at locations where animals were viewed through
night-time focusing (adapted from [46]) and registered through camera-traps and/or tracks and signs
(Figure 3).
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Figure 3. Geographical location of the study area: (a) Southeast of the Goiás state, Brazil; (b) municipality
of Cumari, Limoeiro region, and (c) spatial distribution of capture points of wild and domestic canids,
between 2013 and 2017. An individual of Lycalopex vetulus was captured 3,7km from Limoeiro region,

shown by the symbol “ ”.

Wild canids were anesthetized with an association of 15 mg/kg of ketamine (Cetamin 10 mg/mL,
Syntec, Santana de Parnaiba, SP, Brazil), 0.5 mg/kg of midazolam (Dormire 5mg/mL, Cristália Chemical
and Pharmaceutical Products, São Paulo, SP, Brazil) and 0.2 mg/kg butorphanol (Torbugesic 10 mg/mL,



Pathogens 2020, 9, 818 13 of 19

Fort Dodge Laboratories, Fort Dodge, IA, USA.) administered intramuscularly in a single injection into
the gluteal muscle.

All captured wild canids were marked with ear-tags and subcutaneous microchip for individual
identification. We collected blood samples by puncture of the brachial cephalic vein using Vacutainer®

tubes with anticoagulant (Ethylenediamine Tetraacetic Acid (EDTA)) for fresh blood examination and
hemoculture and EDTA-free tubes that were centrifugated for serum separation and then stocked
at −20 ◦C until serology assay. Aspiration of bone marrow by puncture of the iliac crest using
40 × 12 mm needles and 10 mL syringe was also performed, then transferred to Vacutainer® tubes
with anticoagulant for subsequent inoculation in culture medium. In addition, intact skin biopsies
were obtained from two sites in the iliac crest region, using a 3-mm punch. We transferred these
fragments to tubes containing: (i) sterile saline (sodium chloride (NaCl) at 58.44 g/mol) with antibiotic
and antifungal (10 mg streptomycin, 25 µL amphotericin B and 10,000 IU penicillin per mL, Sigma®

commercial solution, San Luis, MO, USA) to later inoculation in culture tubes and (ii) absolute ethanol
for molecular diagnosis (Figure 4). After total recovery from anesthesia, animals were released at the
site of the capture.
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and molecular assays from wild and domestic canids in the Limoeiro region, Cumari, Goiás, Brazil.

Domestic dogs were actively searched on all farms in the study area (Figure 3), and an individual
questionnaire was also applied after formal authorization and concordance of the owner. They were
individually identified by microchips and were physically restrained with help of owners. From these
animals, only blood samples were collected, following the same procedures above described for wild
canids (Figure 4).

4.3. Parasitological and Molecular Diagnosis

The fresh blood examination was carried out with a drop of approximately 5 µL of blood between
slide and coverslip in an optical microscope at 400×magnification to visualize flagellates. Hemocultures
were performed by the inoculation of 0.6–0.8 mL of blood divided into two tubes containing biphasic
NNN (Novy-Mc Neal-Nicole) medium with LIT (Liver Infusion Tryptose) and examined every two
weeks up to five months [10].

Bone marrow was transferred from Vacutainer® tubes (Franklin Lakes, NJ, USA) with EDTA to
one or two tubes containing NNN culture medium and Schneider’s medium supplemented with 10%
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fetal bovine serum as liquid phase. Skin fragments collected in saline tubes were stored for 24h at 4 ◦C
and then transferred to culture tubes containing NNN medium and Schneider liquid medium [47].
In both cases, the cultures were examined every four days up to two months.

Isolated parasites were amplified, cryopreserved, and deposited in the Coleção de Trypanosoma de
Mamíferos Silvestres, Domésticos e Vetores, COLTRYP/Fiocruz (Oswaldo Cruz Foundation, Rio de
Janeiro, RJ, Brazil). For molecular characterization, isolated parasites were washed with 1 mL of
PBS, pH 7.2, (Phosphate Buffer Solution) and centrifuged at 448 g for 10 min. The supernatant was
discarded, and the pellet was stored at −20 ◦C until DNA extraction. The PP (Parasite Pellet) was
incubated with Proteinase K, and DNA extraction was performed using QIAamp DNA Blood minikit
(Qiagen, Hilden, Germany) following manufacturer’s instructions.

Positive cultures that did not result in parasite amplification for isolation (cultures not established)
were directly centrifuged, and the sediments were stored at −20 ◦C until DNA extraction. The CP
(Culture Pellet) was incubated with proteinase K and SDS (Sodium Dodecyl Sulfate), and genomic
DNA was extracted with the standard phenol-chloroform method [48].

Skin fragments collected in absolute ethanol were re-hydrated with Nuclease-free water,
and the DNA extraction was carried out using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, USA) according to the manufacturer’s recommendations. Aiming to
detect Leishmania sp. infection, kDNA-PCR were performed using the pureTaq Ready-To-Go PCR
beads (Amersham Biosciences, Buckinghamshire, UK) and primers directed to the conserved region
of the Leishmania-kDNA mini circle: forward: 5′-GGGAGGGGCGTTCTGCGAA-3′ and reverse:
5′-GGCCCACTATATTACACCAACCCC-3′ [49,50].

Positive and negative controls were derived from spleen and liver fragments from infected
(Leishmania braziliensis—IOC-L2483) and non-infected hamsters provided by the animal facilities
of the Oswaldo Cruz Foundation. The PCR products were visualized after electrophoresis on 8%
polyacrylamide gel and silver stained using a specific kit (DNA Silver Staining, GE Healthcare, Chicago,
IL, USA). We considered positive for Leishmania sp. infection the presence of DNA amplified products
of 120 to 140bp. One skin sample that reacted positive in kDNA-PCR was submitted to other molecular
targets aiming the Leishmania species characterization.

Molecular Characterization of Positive Samples

Molecular characterization was performed for positive hemocultures and one positive skin sample
in Leishmania sp. kDNA-PCR. Two distinct molecular reactions were employed in positive hemocultures
(PP and CP): 18S SSU (~650 base pairs) [51,52], and gGAPDH (~800 bp) [53,54]. Electrophoresis of
PCR products were visualized using a 2% agarose gel, stained with GelRed–Biotium and visualized
under UV (ultraviolet) light. All reactions included distilled water as a negative control and T. cruzi
strain SylvioX/10cl1 as a positive control [55].

The positive Leishmania sp. kDNA-PCR skin sample was submitted to additional PCR reactions:
HSP70 (234 bp) [49,56] and ITS-1 (350bp) [57]. Those reactions were performed according to the
original protocols, with few modifications. Protocols were tested with 7 µL of DNA sample employing
the Platinum® Taq DNA Polymerase High Fidelity enzyme (Invitrogen, Carlsbad, CA, USA) and,
alternatively, GoTaq® DNA Polymerase (Promega, Madison, WI, EUA); besides increasing MgCl2
(Magnesium Chloride) concentrations aiming to favor the sensitivity of the reaction. The product of
the first reaction (7µl) was also used as a template for a second reaction under the same conditions.
Electrophoresis was performed on 8% polyacrylamide gel and silver stained using a proper kit (DNA
Silver Staining, GE Healthcare).

We submitted all positive PCR products (except those derived from CP) to purification using
DNA purification kit (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) following
the manufacturer’s instructions. The sequencing reaction was performed using the BigDye Terminator
v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) and applied to the ABI3730 DNA
analyzer automatic sequencer (Applied) in the Sequencing Platform (RPT01A) of the Oswaldo Cruz
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Foundation, RJ. The sequences were assembled and edited using SeqMan (DNASTAR Lasergene, Gatc,
Konstanz, Germany) to obtain consensus sequences, which were then aligned and corrected using
BioEdit Version 7.0.5.3. The sequences were compared to nucleotide sequences deposited in GenBank
(National Center for Biotechnology Information (NCBI)) using the BLAST (Basic Local Alignment
Search Tool) algorithm.

4.4. Phylogenetic Analysis

The analyzed sequences were merged and aligned in Clustal W (with manual refinement of
erroneous readings), by the Mega X program [58]. Phylogenetic tree construction was performed using
the online PhyML 3.0 program [59]. We used the ML (Maximum Likelihood) method, employing the
best DNA model. The best substitution model was identified as having the lowest BIC score (Bayesian
Information Criterion): K80 + G (Kimura, 1980 with G: Gamma distributed rate variation among sites
= K2P + G) for the 18S rDNA gene, and GTR + I (General Time Reversible [60], with the fraction
of locations that is evolutionarily invariable (+ I)) for the gGAPDH gene, and a bootstrap value of
1000 replicates. We used T. cruzi (TcI to TcVI), T. c. marinkellei, T. erneyi, T. dionisii and T. rangeli sequences
from GenBank as references. All sequences analyzed were deposited in the GenBank database, and the
accession numbers are represented in Table 2.

4.5. Serological Diagnosis

For IgG antibody detection in the sera of wild and domestic canids, an IFAT assay was
performed as previously described [61]. Antigens used were the reference strains I00/BR/00F (TcI)
and MHOM/BR/1957/Y (TcII) for T. cruzi and L. infantum (IOC/L579) and L. braziliensis (IOC/L566) for
Leishmania spp. from axenic cultures, mixed in equal (1:1) proportion. Sera from all canids were tested
with anti-dog IgG (Immunoglobulin G) conjugated with fluorescein isothiocyanate (Sigma, St. Louis,
MO, USA), and the cut-off point adopted was 1/40 [55].

In addition to IFAT, the sera were submitted to ELISA (Enzyme-Linked Immunosorbent Assay) to
examine the infection by T. cruzi [62] and Leishmania sp. (ELISA, Biomanguinhos, Rio de Janeiro (RJ),
Brazil) using commercial peroxidase-conjugated antibodies (Sigma, St. Louis, MO, USA). The cut-off

point was established by the mean OD (Optical Density) of the negative control ± three standard
deviation and the gray range adopted was 20% above the cut-off value. For each serological reaction,
two positive and three negative controls for T. cruzi and Leishmania spp. were added. For the diagnosis
of L. infantum infection was also performed the TR DPP®.

We adopted as seropositivity criteria the positive reaction in two serological tests. We considered
mixed infection when there was positivity in two serological tests for both T. cruzi and Leishmania spp.
and the difference between them was less than two serological titers in IFAT assays. We considered
L. infantum infection when the TR DPP® (BioManguinhos, Rio de Janeiro, RJ, Brazil) was positive,
added to another positive serological test for Leishmania spp. (IFAT and/or ELISA).

4.6. Statistical Analysis

We determined infection rate by the number of mammals that had at least one positive parasitological
test and/or two serological tests divided by the total of mammals examined. To define the infected
animals, we considered positive results in either parasitological or serological assays in any sampling
event, and counted the individual only once, even those recaptured. No animal was examined more than
once in the same year; that is, each recapture event occurred in different years (campaigns).

4.7. Ethics Statement

The study was approved by the CEUA LW81-12 (Ethics Committee of Foundation Oswaldo
Cruz/FIOCRUZ) and CEUA 086/2014 (Ethics Committee of Federal University of Goiás). Captures and
samples collection of wild canids were granted by the ICMBio/SISBIO (Brazilian Government Chico
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Mendes Institute for Conservation of Biodiversity—under license: 14576). All handling procedures
with animals followed the American Society of Mastozoology [63].

4.8. Construction of the Maps

Traps for capturing wild canids, as well as the headquarters of the farms where samples of the dogs
were collected, were georeferenced using GPS (Global Positioning System). These points were visualized
in a GIS (Geographic Information System) in the WGS 84 (World Geodetic System). Map construction
was performed in QGIS (Quantum GIS software version 3.12), using the continental, national, state,
and municipal boundaries of the study area, extracted from the open access cartographic base of IBGE
(Brazilian Institute of Geography and Statistics). Google Earth Satellite images (QGIS QuickMapServices
plugin) and Collection 4.1—2017 images (QGIS MapbiomasCollection plugin) were also used.
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