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A B S T R A C T

Toxoplasma gondii is a protozoan with worldwide prevalence, known to affect a large variety of warm-blooded
hosts. However, its ability to induce long-lasting infections in cold-blooded animals remains unclear. The most
likely source of infection is through consumption of meat containing tissue cysts or by ingestion of food or water
contaminated with oocysts. The current global climate change trend and the progressive degradation of natural
habitats are prone to alter the distribution of ectotherm populations over a short period of time, which may favor
contact between these animals and the protozoan. In association, alligator meat is considered a delicacy in many
regions and its consumption has been previously related to a diversity of foodborne diseases. In that sense, we
proposed in this study to search for specific antibodies against T. gondii in serum samples of two common species
of alligators from the Brazilian fauna (Melanosuchus niger and Caimam crocodilus). We obtained the serum
samples from 84 alligators from the Araguaia region, which were tested by agglutination assays that do not
require species-specific secondary antibodies (Modified Agglutination Test – MAT; Indirect Hemagglutination
Assay – IHA). From the 84 samples tested, eight (9.5%) were positive by MAT. From those, seven (87.5% of
MAT+, 8.3% of the total) were also positive by IHA, reassuring a probable exposure of these animals to the
parasite. Direct parasite detection in muscle fragments of one serologically reactive alligator did not yield po-
sitive results. Our results provide serological evidence that Brazilian alligators may be exposed to T. gondii and
further studies should be performed to elucidate whether alligators are natural hosts of this ubiquitous protozoan
parasite.

1. Introduction

Toxoplasma gondii is an intracellular protozoan parasite of the
phylum Apicomplexa, distributed worldwide, known to infect an ex-
tensive range of warm-blooded animal species, including humans
(Dubey and Jones, 2008; Elmore et al., 2010; Harker et al., 2015).
Toxoplasmosis is asymptomatic in most cases, although severe clinical
signs may occur in immunosuppressed individuals or congenitally in-
fected offspring (Cenci-Goga et al., 2011). The infection typically occurs
by ingestion of water/food contaminated with oocysts or consumption
of meat from chronically infected hosts that bear tissue cysts (Jones and

Dubey, 2012). Human and dog populations surveyed in the Brazilian
Araguaia, a region of transition between the Amazon forest, savannah
and marshland ecosystems, present a seroprevalence of over 60% to T.
gondii (da Silva et al., 2015; Raimundo et al., 2015). There is no record
to date on the seroprevalence rates of wildlife to T. gondii in the region.
These studies are usually hampered – among other reasons – do to the
difficulties in the obtention of species-specific reagents, relying mainly
on assays that are based on primary antigen-antibody interactions, as
agglutination tests (da Silva et al., 2014; Horta et al., 2018; Acosta
et al., 2019).

Although mammals and birds are recognized as usual hosts of T.
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gondii, it is still unclear whether cold-blooded animals would be sus-
ceptible to the infection (Stone and Manwell, 1969; Burridge et al.,
1979; al Sadoon and el Bahrawy, 1998; Omata et al., 2005; Dubey et al.,
2009; Harker et al., 2015). Warm-blooded animals maintain their body
temperatures ranging from 35 to 42 °C, whereas cold-blooded animals –
as reptiles – present body temperature variations according to their
environment (Lance, 2003). It was demonstrated that Brazilian alliga-
tors presented body temperature variations between a minimum of
16.9 °C and a maximum of 37.9 °C during the year, with an average of
25.7 °C in cold seasons and 30.1 °C in warm seasons (Campos et al.,
2005; Campos and Magnusson, 2011). For T. gondii, as expected by its
host range, ideal temperature for replication is 37 °C (Omata et al.,
2005). In classic experiments, while tachyzoites were able to replicate
in Vero cells at 35 °C, the parasite was able to infect and survive inside
insect cell lines at 29 °C – although proliferation was not observed in
those conditions (Buckley, 1973).

Different studies have indicated that T. gondii infection can be
transmitted to humans by consumption of meat products derived from
several animal species, such as pigs, sheep, cattle, chicken, turkey and
goats (Jones and Dubey, 2012). Reptile leather, meat and eggs are
considered a delicacy appreciated by an increasing number of con-
sumers, which has driven captive breeding and raising of species as
alligators (Magnino et al., 2009; Hoffman and Cawthorn, 2012). The
sustainable use and management of alligator species is already a reality
in Brazil (Neto et al., 2007), especially in the Araguaia region, the
fourth largest of South America in number of animals, which shelters
alligator species as Melanosuchus niger and Caiman crocodilus (Aquino
et al., 2009). Its contemporary economic prominence led to studies that
show that the crocodilians may act as hosts of nematodes, trematodes,
hemoparasites (Hepatozoon sp and Trypanossoma sp), amongst others
(Junker et al., 2008; Tkach et al., 2008; Magnino et al., 2009; Waddle
et al., 2009; La Grange et al., 2013; Marcili et al., 2013; Bouer et al.,
2017). There are no reports to date that assess the risk factors of T.
gondii infection in humans after consumption of reptile meat and eggs,
but the finding of parasite DNA in tissues of other ectothermic animals
may indicate a possible threat to human health (Dlugonska, 2017).

In this report, we aimed to detect specific antibodies against T.
gondii in serum samples of alligators from the Araguaia region in Brazil.

2. Material and methods

2.1. Serum samples and ethical statement

A total of 84 serum samples from wildlife alligators of the species
Melanosuchus niger and Caiman crocodilus were obtained in the Araguaia
region, close to the city of Araguaiana, Mato Grosso state, Brazil
(14°46′47.8″ S and 51°32′50.9″W), which presents stable warm tem-
peratures throughout the year – with maximum average temperature of
27.7 °C (January) and minimum average of 24.9 °C (July). The animals
were captured live, tagged, had their blood withdrawn and released
back to nature. Blood was collected by puncture of the cervical ver-
tebral sinus without causing any harm to the animals (Myburgh et al.,
2014) and serum samples were stored at −20 °C in the Laboratory for
Education and Research on Wild Animals (LAPAS), Federal University
of Uberlândia (UFU), until the execution of the serological assays.

The Committee of Ethics in Animal Research of Federal University
of Uberlândia approved the protocol (CEUA/UFU #117/10), which was
conducted in accordance with the Ethical Principles in Animal Research
adopted by the Brazilian College of Animal Experimentation. The pro-
tocol was also approved and licensed by the System of Authorization
and Information about Brazilian Biodiversity (SISBIO, #24684-1).

2.2. Serological tests

2.2.1. Modified agglutination test (MAT)
The serum samples were primarily tested for anti-T. gondii

antibodies using the modified agglutination test (MAT), as described
previously (Seefeldt et al., 1989). Briefly, antigen preparation consisted
of an adjusted suspension of T. gondii RH strain tachyzoites fixed with
6% formalin under agitation for 12 h at 4 °C. To perform the assay, the
suspension with fixed tachyzoites was added (25 μl/well) in 96-well U-
bottom microplates, following by the addition vol/vol of the alligator
serum samples diluted 1:25 in PBS, along with mouse positive and
negative controls. The plates were incubated at 37 °C in humid chamber
for 12 h. Results were considered positive in the presence of notable
agglutination of the parasites. The formation of a button with defined
contour was considered as a negative result.

2.2.2. Indirect hemagglutination assay (IHA)
The indirect hemagglutination assay was performed using a com-

mercial kit (Toxotest IHA, Wiener lab, Rosario, Argentina) according to
the manufacturer's instructions. Briefly, the serum samples, along with
positive and negative human controls supplied by the kit, were diluted
from 1:8 to 1:64 and mixed with 25 μl of antigen-coated test ery-
throcytes in a 96-well U-bottom microtiter plates. The reaction was
incubated at room temperature for 1h. Samples with agglutinated er-
ythrocytes that covered more than 50% of the bottom of the wells were
considered positive (Gyimesi et al., 2006; Luo et al., 2017).

2.3. Attempts to directly detect T. gondii in muscle samples from an alligator

We attempted direct detection of parasite DNA and isolation of the
parasite in a single alligator with positive serology results that we had
access to fragments of muscles from its tail, in accordance with proto-
cols previously described (Dubey, 1998; Lopes et al., 2016). Briefly,
dissociated tissue fragments were inoculated in mice by the in-
traperitoneal route, which were observed during 30 days for morbidity
and survival. Blood samples were collected in the end of the experiment
and evaluated for seroconversion by ELISA. Also, approximately 500 ?l
of the processed tissue samples was added to a confluent monolayer of
HeLa cells, to observe whether parasite multiplication would be de-
tected during a 30-day period. A quantitative real time polymerase
chain reaction (qPCR) using SYBR green detection system (Promega Co,
Madison, WI, USA) was used for the attempts to detect parasite DNA in
those tissue fragments, through the amplification of T. gondii's Tg529
region (Forward: 5′-GCTCCTCCAGCCGTCTTG-3’; Reverse: 5′-CCTCAC
CCTCGCCTTCAT-3′). The assays were performed in a real-time PCR
thermal cycler (StepOnePlus, Thermo Scientific, EUA), along with a
standard curve of known amounts of T. gondii DNA extracted from
culture derived tachyzoites.

3. Results and discussion

T. gondii is present all over the world and serological assays have
been widely used for the epidemiological characterization of the in-
fection, through the definition of pre-exposure to parasitic antigens
(Dard et al., 2016). In order to detect specific antibodies against T.
gondii in alligators from the Araguaia Region, the 84 serum samples we
obtained were assayed by the Modified Agglutination Test (MAT) – a
reliable tool for the serological assessment in wild life species; and
further confirmed by a commercial Indirect Hemagglutination Test
(IHA), originally standardized for human serological diagnosis. Based
on those techniques, we found that eight samples (8/84, 9.52%) tested
positive by MAT as bearing specific antibodies to T. gondii, while the
overall positivity found by IHA was 30.95% (26/84; Table 1). Seven
samples (7/8, 87.5%) were concomitantly positive by MAT and IHA,
indicating an increased likelihood of true serological positivity of those
animals (Fig. 1). A description of the IHA titers found in MAT positive
samples is presented in Table 2.

Analyzing the appropriateness of the serological assays adopted for
this purpose, previous studies have used MAT or IHA to detect anti-
bodies against T. gondii in wild animals, since agglutination techniques
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do not require species-specific conjugates, and allows the detection of
specific antibodies in practically any animal species (da Silva et al.,
2014; Bolais et al., 2017). Comparative studies between distinct ser-
ological tests for T. gondii diagnosis have demonstrated discrepancies in
the detection of specific antibodies, where the rates of seropositivity are
related to the sensitivity and suitability of the employed tests (Silva
et al., 1997; Elmore et al., 2014; Dard et al., 2016). It is our belief that
the agreement between the tests in seven samples provides stronger
evidence of previous contact of these animals with T. gondii.

One of the alligators that tested positive in the serological assays
was in captivity, and had to be euthanized for unrelated reasons. We
had access to a fragment of its tail musculature and attempted direct
detection of the parasite by different techniques – qPCR, in vitro and in
vivo isolation of live parasites. None of the attempts yielded positive
results, as expected, due to the low likelihood imposed by the experi-
mental setting – sampling of a single animal, access only to tail muscles,
obtention of small fragments of tissue, among others. In addition, dif-
ferent research groups have reported evidences that the presence of this
parasite in ectothermic animals may not be perennial as observed in
warm-blooded species. It has been reported that experimental infec-
tions in reptiles and fish failed at their normal body temperatures,
which fluctuates according to their environment (Frank, 1984; Omata
et al., 2005). On the other hand, molecular analysis identified the
presence of T. gondii DNA in the brain of five different species of snakes
(Nasiri et al., 2016). Also, experimental infections in seven different
reptile species with tachyzoites of the RH strain of T. gondii was shown
to have limited success in animals kept between 18 and 26 °C, since the
parasite was only observed in tissues or recovered by bioassay in mice

after 7–14 days of infection – infections in alligators were not successful
in this study (Stone and Manwell, 1969). On the other hand, horned
toads (Phrynosoma cornutum) and red-eared turtles (Pseudemys scripta
elegans) kept at 37 °C presented not only persistent infection, but also
active replication of parasites until the end of the experimental period
(~50 days) (Stone and Manwell, 1969).

Regarding the epidemiology of T. gondii and how alligators would fit
in this context, the behavior of these animals intersects with the life
cycle of the parasite. Crocodylians are predatory, and may prey upon
crustaceans, small fish, other reptile, amphibians, and medium sized
mammals and birds (Magnusson et al., 1987; Laverty and Dobson,
2013; Moldowan et al., 2016). Most likely, its carnivorous feeding ha-
bits will expose these animals – at least occasionally – to the ingestion
of tissues bearing latent stages of the parasite. In addition, as shown in
other conditions, the water they live in and its associated aquatic life
may be contaminated with oocysts and serve as a source of infection
(Dubey, 2004; Esmerini et al., 2010; Shapiro et al., 2015; Dlugonska,
2017).

Within the contemporary context of the global climate change
currently underway, it is expected an expansion of the geographical
spread and biodiversity of the crocodilian population, although con-
comitant destruction of their natural habitats may alter this trend
(Mannion et al., 2015). Reptiles have a quick physiological adaptation
to warming conditions, which is associated with increased genome-
wide substitutions rates (Garcia-Porta et al., 2019). Within this per-
spective, considering the rise of temperatures worldwide, efficient
adaptation of reptiles to warmer climates, the displacement of wildlife
from their natural habitats and consequent augmented contact with
humans and domestic animals, there is an increasing risk of augmented
exposure and possible dissemination of T. gondii among these animals.

Taken together, we provide serological evidence that Brazilian al-
ligators are exposed to T. gondii in their habitat, although further stu-
dies need to be performed to elucidate whether alligators are in fact
natural intermediate hosts of T. gondii.
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