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Abstract 

Background: Toxoplasma gondii, a zoonotic protozoan parasite, infects mammals and birds worldwide. Infection in 
humans is often asymptomatic, though illnesses can occur in immunocompromised hosts and the fetuses of suscep-
tible women infected during pregnancy. In Nunavik, Canada, 60% of the Inuit population has measurable antibodies 
against T. gondii. Handling and consumption of wildlife have been identified as risk factors for exposure. Serological 
evidence of exposure has been reported for wildlife in Nunavik; however, T. gondii has not been detected in wildlife 
tissues commonly consumed by Inuit.

Methods: We used a magnetic capture DNA extraction and real-time PCR protocol to extract and amplify T. gondii 
DNA from large quantities of tissues (up to 100 g) of 441 individual animals in Nunavik: 166 ptarmigan (Lagopus lago-
pus), 156 geese (Branta canadensis and Chen caerulescens), 61 ringed seals (Pusa hispida), 31 caribou (Rangifer tarandus) 
and 27 walruses (Odobenus rosmarus).

Results: DNA from T. gondii was detected in 9% (95% CI: 3–15%) of geese from four communities in western and 
southern Nunavik, but DNA was not detected in other wildlife species including 20% (95% CI: 12–31%) of ringed seals 
and 26% (95% CI: 14–43%) of caribou positive on a commercial modified agglutination test (MAT) using thawed heart 
muscle juice. In geese, tissue parasite burden was highest in heart, followed by brain, breast muscle, liver and gizzard. 
Serological results did not correlate well with tissue infection status for any wildlife species.

Conclusions: To our knowledge, this is the first report on the detection, quantification, and characterization of DNA 
of T. gondii (clonal lineage II in one goose) from wildlife harvested for food in Nunavik, which supports the hypothesis 
that migratory geese can carry T. gondii into Nunavik where feline definitive hosts are rare. This study suggests that 
direct detection methods may be useful for detection of T. gondii in wildlife harvested for human consumption and 
provides data needed for a quantitative exposure assessment that will determine the risk of T. gondii exposure for Inuit 
who harvest and consume geese in Nunavik.
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Background
Harvested wildlife is an important source of “coun-
try food” in the Canadian North [1, 2]. Country foods 
include terrestrial/marine mammals, land/sea birds, 
fish, plants and berries harvested as food from the local 
natural environment [3]. Consumption of food products 
of wildlife origin is frequent in Nunavik, northeastern 
Canada where it contributes up to 25% of people’s daily 
protein requirements and is consumed at least five times 
weekly year-round [4]. Although country food is ben-
eficial nutritionally and for ensuring food security, it can 
harbor chemical, physical and biological hazards some-
times harmful to human health including food-borne 
zoonotic parasites [5]. In the Arctic, Inuit are potentially 
exposed to a range of pathogens through frequent sub-
sistence hunting and consumption of raw or undercooked 
animal tissues from different wildlife species [6]. Not 
all food-borne hazards can be observed grossly through 
visual inspections undertaken by hunters or even during 
controlled, systematic meat inspection [7]. Understand-
ing which zoonotic pathogens are found within wildlife 
reservoirs in the North is, therefore, needed to evaluate 
health risks for people who rely on the frequent con-
sumption of wildlife.

Toxoplasmosis, a common infection in humans glob-
ally, is caused by the zoonotic parasite Toxoplasma gondii 
[8, 9]. Its life cycle involves three distinct infectious life 
stages: (i) sporozoites contained within oocysts excreted 
in the feces of its definitive host (felids); (ii) tachyzoites 
that travel through blood and cross blood barriers (e.g. 
placental, ocular and brain) in both definitive and inter-
mediate hosts; and (iii) bradyzoites contained within 
cysts in tissues of definitive and intermediate hosts [10]. 
This zoonotic parasite can persist lifelong in its hosts as 
bradyzoites that divide and multiply slowly within tis-
sue cysts that remain latent [11]. This lifelong persistence 
within animal tissues is a key feature of the epidemiol-
ogy of T. gondii in humans since the parasite can persist 
through trophic interactions of intermediate hosts (car-
nivory) without a need for sexual reproduction in the 
definitive host [9]. In areas where definitive felid hosts 
are rare to absent and where the viability of oocysts is 
likely limited by freezing conditions, such as the Cana-
dian Arctic, this could explain how people and animals 
are exposed to T. gondii [12].

One third of the global human population has been 
exposed to T. gondii, compared to 60% of Inuit in Nuna-
vik, Canada [4, 13]. Food-borne transmission is con-
sidered an important route of exposure for Inuit since 
definitive hosts (felids) that shed oocysts are rare to 
absent north of the treeline [14]. Inuit regularly consume 
organs and tissues from several wildlife species raw or 
undercooked, a food preparation method considered as 

high risk for exposure to viable T. gondii tissue cysts [15]. 
Two studies in Nunavik have identified the consump-
tion and/or handling of different wildlife species [caribou 
(Rangifer tarandus), seals (several species) and feathered 
game] as important risk factors for Inuit exposure to T. 
gondii [14, 16]. A regional serological screening pro-
gramme initiated for pregnant women in the early 1980s 
showed that congenital toxoplasmosis (seroconversion 
of the mother during pregnancy) was higher in Nunavik 
compared to the remainder of Canada (1.8% compared to 
0.2% respectively) [17]. There is therefore a need to deter-
mine whether people are potentially exposed to infected 
tissues from hunter-harvested wildlife commonly con-
sumed in Nunavik.

Although exposure to T. gondii has been serologically 
demonstrated in over 300 species of mammals and 30 
species of birds worldwide [18], including seals, geese 
and ptarmigan in Nunavik [19], direct detection of DNA 
or organism in tissues from wildlife is far less common. 
This is partly because wildlife pathogen investigations in 
general present unique challenges due to difficulties with 
accessing freely-roaming wildlife in remote areas, limited 
local capacity for testing, and diagnostic tests that are 
often not validated or optimized for use in wildlife [20]. 
Most studies in animals rely on detection of antibodies in 
blood, but this reflects lifetime exposure to, rather than 
active infection with, T. gondii. Because blood or serum 
is rarely accessible from carcasses of hunter-harvested 
wildlife, detection of antibodies to T. gondii in meat fluid 
has also been proposed as a suitable alternative in large-
scale monitoring programs [21–23]. However, relying on 
serology as a food safety screening test in wildlife could 
lead to the rejection of seropositive animals that are not 
actively infected, which is undesirable in the North where 
ensuring food security remains an ongoing challenge [4].

Indirect detection methods for T. gondii, such as bio-
assays, also have limitations [24]. Cat bioassays, the 
gold standard for T. gondii detection, require up to 500 
grams of tissue in feeding trials  although this also has 
the advantage of increasing the possibility of detect-
ing a tissue cyst. Moreover, not all strains of T. gondii 
produce clinical disease in every animal model (cat or 
mouse) since virulence is strain and host specific [12]. 
Bioassays also have the disadvantage of being time-con-
suming, costly and requiring high numbers of animals 
which make the method impractical and unethical for 
wildlife studies [25]. For these reasons, direct detection 
methods for DNA of T. gondii are increasingly used in 
food safety settings. However, kit-based DNA extrac-
tion methods from small tissue quantities (on the order 
of 25–100 mg) limit detection since T. gondii tissue cysts 
are not uniformly distributed in tissues [26, 27]. As a 
result, a magnetic-capture DNA extraction and real-time 



Page 3 of 10Bachand et al. Parasites Vectors          (2019) 12:155 

PCR method (MC-PCR) has been developed for testing 
up to 100 grams of tissue, allowing for improved detec-
tion and quantification of parasite DNA [24, 25, 28, 29]. 
Briefly, sequence-specific DNA fragments bound to mag-
netic beads help to capture low concentrations of parasite 
DNA against high backgrounds of host DNA and inhibi-
tory PCR products [28]. Once concentrated using a mag-
net, the captured DNA sequences are amplified using a 
quantitative real-time PCR assay based on a highly con-
served and sensitive 529 bp non-coding DNA fragment 
present in 200–300 copies per T. gondii genome [30]. In 
Europe, the MC-PCR technique has also been used as a 
screening tool in food production animals for research 
purposes [31]. Recently, it has been used successfully in 
naturally-infected foxes of Nunavik [32]. There is clearly 
a need, and now a good method, to determine whether 
T. gondii DNA is present in tissues of wildlife commonly 
consumed by Inuit of Nunavik, and to compare these 
results with serological findings based on a commonly 
used agglutination assay.

Methods
Study design
A cross-sectional study was designed to detect DNA of T. 
gondii in the tissues of migratory geese (Branta canaden-
sis and Chen caerulescens), willow ptarmigan (Lagopus 
lagopus), and ringed seals (Pusa hispida) harvested by 
local hunters as part of regular subsistence activities in 
the three following communities of Nunavik, Québec 
(QC), Canada: Kuujjuaraapik (55°16′28″N, 77°45′49″W), 
Inujuak (58°45′51″N, 78°10′51″W) and Puvirnituq 
(60°03′71″N, 77°26′92″W). Hunters were informed of 
the study by a local community coordinator with con-
sent from the local hunter association. Wildlife samples 
were submitted on a volunteer basis between April 2015 
and September 2016. The target sample size was calcu-
lated using prevalence estimates from the literature, a 5% 
precision level, and a 95% confidence interval as follows: 
ringed seals (n = 104 with expected prevalence of 7.3%); 
Canada geese (n = 140; 35 pools of 4 individuals based on 
an expected prevalence of 4.2%); and willow ptarmigan 
(n = 95; 19 pools of 5 individuals based on an expected 
prevalence of 2.5%) [19, 33, 34].

Tissue samples
Local hunters recorded information on species, sex, 
harvest location, and date. Tissues collected for each 
animal varied according to wildlife species: seal kits con-
tained the entire heart, at least 100 g each of diaphragm 
and liver, and the tongue; goose kits included the head, 
the heart, the gizzard, the liver and at least 100 grams of 
breast muscle; and the entire carcass was collected from 
ptarmigan. Samples were stored at -20  °C for less than 

2 months before analysis in the laboratory. Caribou sam-
ples (e.g. brain, heart, muscle, and sera) archived since 
2013 from the Leaf River Herd in Nunavik by biologists 
and held at -20 °C until processing in 2016, whereas wal-
rus tongues archived as part of a regional Trichinella spp. 
monitoring program at the Nunavik Research Centre. 
Authorizations were obtained from a major body repre-
senting Inuit of Nunavik, the Makivik Corporation, and 
the Regional Nunavimmi Umajulivijiit Katujaqatigininga 
(RNUK) during a regional hunter association meeting in 
Kangiqsualujjuaq in November 2014. Since animals were 
harvested for other purposes, this work was considered 
Category A by the University of Saskatchewan Animal 
Research Ethics Board.

Toxoplasma gondii serology
Sera were available only for caribou, while for seals, ptar-
migan, and geese, whole hearts kept frozen in individual 
plastic bags were thawed at room temperature and fluid 
was collected from the bag using a sterile disposable 
plastic pipette [21]. For each species, a modified agglu-
tination test was used as per manufacturer instructions 
(MAT, New Life Diagnostic LLC, Carlsbad, CA, United 
States) with a threshold dilution of 1:25 [35]. We used 
both positive and negative controls supplied in the com-
mercial kit. Since blood from marine mammals contains 
lipids that may interfere with the performance of agglu-
tination assays [36], we removed lipid from seal samples 
using a chloroform method, re-tested using MAT, and 
compared serological test results with the ID Screen® 
Toxoplasmosis Indirect Multiple-Species ELISA kit used 
as per manufacturer instructions (IDVet Innovative Diag-
nostics, Montpellier). To ensure that lipid removal did 
not interfere with subsequent analyses using MAT, heart 
fluid from naturally-infected foxes and sera from experi-
mentally-infected reindeer were included as positive con-
trols, and these remained positive following lipid removal 
[32, 37]. ELISA results were measured as optical density 
percentages (OD %) as per manufacture instructions, 
where an OD% greater than 50% is positive, between 
40–50% is ambiguous, and less than 40% is negative.

Extraction and detection of DNA
DNA was extracted from wildlife tissues as per [28] with 
a minor modification for avian (brain, heart) and caribou 
samples less than 25  g, which were instead pooled and 
digested in 50 ml centrifuge tubes rather than stomacher 
bags. For seals (heart, liver, diaphragm), walrus (tongue) 
and goose tissues (breast muscle and liver), up to 100 g 
of each tissue was weighed to determine the required 
amount of cell lysis buffer (CLB) based on 2.5  ml CLB 
per gram of tissue. For geese and ptarmigan, aliquots of 
digest of brain and heart from five birds were pooled. 
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Digests were incubated overnight followed by homog-
enization by manual vortexing for one minute. For each 
heart or brain PCR-positive pool, reserved lysate from 
individual animals (heart and brain) was subsequently 
analysed separately. Other tissues (liver, gizzard and 
breast muscle) were analysed for individual geese from 
PCR-positive brain or heart pools.

Real-time PCR amplification was done in a Bio-Rad 
CFX 96 DNA thermal cycler (Biorad, Hercules, Califor-
nia, USA) based on a published protocol for the detec-
tion of the 188 bp Toxoplasma sequence within the 529 
repeat-element with the forward primer TOX 9 (5′-agg 
aga gat atc agg act gta g-3′) and backward primer TOX 
11 (5′-gcg tcg tct cgt cta gat cg-3′) as per [28] and [38]. 
The final PCR assay reaction included 6.5  µl (0.5  M) of 
Itaq Supermix, 0.25  µl (20  µM) of TP1 probe, 1.25  µl 
(10 µM) of Tox 9F, 1.25 µl (10 µM) of Tox 11R, 0.5 µl (2 
femtograms) of a competitive internal amplification con-
trol (CIAC), 1 µl (5 µM) of CIAC probe, 6.75 µl of PCR-
grade water and 8  µl of template DNA [32]. A positive 
PCR reaction was defined as any reaction with a Ct-value 
smaller or equal to 35, a control negative PCR with a 
Ct-value of zero, a negative extraction control with a Ct 
value of zero and a control positive extraction control 
with a Ct-value smaller or equal to 40 [31]. A negative 
PCR reaction was defined as a reaction with a Ct-value 
of zero or above 35, a positive CIAC Ct-value, a nega-
tive DNA extraction control with a Ct-value of zero and 
a positive DNA extraction control with a Ct-value of 40 
or less. All reactions for which only one of two replicates 
amplified, or where CIAC amplification did not occur, 
were repeated. The DNA from positive PCR products 
was then purified using the EZ-10 Spin Column PCR 
Products Purification Kit (Bio Basic, Markham, Ontario) 
before being sent for DNA sequencing (Macrogen Inc., 
Korea). DNA sequences were then analyzed using the 
online Basic Local Alignment Search Tool (BLAST) tool.

DNA characterization
GRA6 DNA extraction
For strongly positive samples (a real-time positive PCR 
Ct-value < 32), DNA was extracted from 6–12 ml of fro-
zen lysate using 15 pmol of primers targeting the GRA6 
gene (GRA6-CapF and GRA6-CapR) rather than 10 pmol 
[28]. The purified DNA product was sent within 24 h on 
dry ice to the National Reference Centre for Parasitol-
ogy, Research Institute of the McGill University Health 
Centre, Montreal, QC, Canada for further genetic 
characterization.

PCR RFLP amplification
Amplification of the GRA6 gene was done using a pub-
lished protocol [39]. Briefly, amplification was performed 

in 50 µl which included 2 µl of DNA template, 5× GoTaq 
Flexi buffer (Promega), 2  mM  MgCl2, 50 pmol of each 
primer, 0.2 mM of each deoxynucleotide triphosphate 
and 1.25 U of Taq DNA polymerase. Reactions were incu-
bated at 94 °C for 5 min, followed by 35 cycles of dena-
turing for 30 s at 94 °C, annealing for 60 s at 54 °C, and 
extension for 90 s at 72 °C. The final cycle was followed 
by an extension step of 7 min at 72 °C. Two µl of this final 
PCR product was then used as template DNA in the sec-
ondary PCR which used a forward primer (5′- GTA GCG 
TGC TTG TTG GCG AC-3′) and reverse primer (5′-TAC 
AAG ACA TAG AGT GCC CC-3′) described by [40] at 
an annealing temperature of 60 °C and an extension of 2 
min with 35 cycles. Five µl of amplicon was run in a 1.5% 
agarose gel containing GelRed at 120 V for 40 min with 
1× TE buffer prior to being visualised under UV light. 
RFLP analyses were performed on PCR-positive samples 
in order to characterise the strain type. GRA6 positive 
amplicons were incubated with the MseI enzyme accord-
ing to the manufacturer’s instructions (New England 
BioLabs) and digested PCR amplicons were visualized by 
electrophoresis on a 1.6% agarose gel containing Gel Red. 
The unpurified PCR product was sequenced at McGill 
University and the Génome Québec Innovation Centre 
in Montreal, QC, Canada. Nucleotide sequences were 
applied to a BLAST in order to determine % similarity 
with GRA6 sequences deposited in GenBank.

Data analysis
Prevalence
Seroprevalence and PCR prevalence and their 95% con-
fidence intervals (CI) were estimated using the Ausvet 
Epitools epidemiological calculators [41].

Lowest detection limit and quantification
Determination of the minimum number of DNA cop-
ies and tachyzoites detected by the MC-PCR technique 
has been described elsewhere [32]. Ct-values resulting 
from the amplified DNA recovered from the spiked beef 
samples for determining the lowest detection limit were 
then used to estimate the equation that predicts the  log10 
(concentration) by fitting a generalized linear model in R 
statistical software version 3.4.4. [28].

Serological test agreement (seals)
In seals, proportion of positive results was compared 
between the MAT and the ELISA using McNemar’s chi-
square test. If not significantly different, the kappa coef-
ficient was used to determine the level of agreement 
between the two tests [33].
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Results
Wildlife samples
A total of 166 willow ptarmigan, 156 geese, and 61 ringed 
seals were received. Of the 156 geese, 148 were Can-
ada geese (Branta canadensis) and 8 were snow geese 
(Chen caerulescens). A total of 31 caribou sampling kits 
(16 adult females and 15 calves) from the Nunavik Leaf 
River herd in 2013, as well as 27 walrus tongues from the 
Nunavik Research Centre were analyzed. Information on 
the weight of different tissues analysed for different spe-
cies is displayed in Table 1.

Detection of T. gondii antibodies
Antibodies were detected on MAT of heart fluid in 20% 
of ringed seals (95% CI: 12–31%) and 26% of caribou 
(95% CI: 14–43%) (Table  2). For geese, seroprevalence 
was estimated at 11% (95% CI: 6–17%) and 2 of the 18 
seropositive geese were snow geese (Table 3). No detec-
tion occurred for ptarmigan (Table  1), and serological 
testing was not possible for walruses. Following lipid 
removal, no seals were positive on MAT, and positive 
controls remained positive. Using the ELISA, seropreva-
lence in seals was estimated at 30% (95% CI: 20–42%) 
(Table 2).

Lowest detection limits and quantification
The estimated 95% lowest detection limit for the MC-
PCR technique was 445 tachyzoites per 100 g (95% CI: 
86–742,000) [32]. For quantification, a generalized lin-
ear model was fitted using Ct-values generated from the 

lowest detection limit experiments with known tachy-
zoite concentrations used to spiked 100-g beef mus-
cle samples. The best fitting model was described by 
Ct = 43.3–3.07  log10 (tachyzoite) with the outcome being 
the number of tachyzoite-equivalents per 100 g of tis-
sue. The linear regression showed that the Ct-value could 
statistically significantly be predicted by the log (tachy-
zoite) with F(1.92) = 2172, P < 0.005. The log [tachyzoite] 
accounted for 96% of the explained variability in the Ct-
value. The intercept with the y-axis was 43.3 (95% CI: 
42.6–43.9) and the slope was -3.07 (95% CI: -3.2– -2.9). 
This formula was rewritten as  log10 (tachyzoites) = (43.3–
Ct)/3.07) to more simply estimate the number of tachy-
zoite-equivalents from the Ct-value in field samples.

Detection of T. gondii DNA from samples
DNA of T. gondii was detected in 9% (CI: 3–15%) of geese 
(Table 3) and no detection occurred for any other wild-
life species including ringed seals and caribou positive on 
serology.

Genotyping using the GRA6 gene
Out of 5 goose samples with a qPCR Ct-value between 
30–33, only one amplified on PCR using primers for the 
GRA6 gene. On PCR-RFLP, this was identified as the 
Type II clonal lineage of T. gondii which was confirmed 
by sequencing.

Parasite burden in geese tissues
Based on the  log10 (tachyzoites) = (43.3–Ct)/3.07) 
equation and Ct-values obtained from field samples, 
the parasite burden defined as the mean number of 

Table 1 Average weight of tissues analysed using the MC-PCR 
method for detecting T. gondii DNA in harvested wildlife from 
Nunavik, Canada

Species n Tissues Average 
weight 
(g)

Min. weight 
(g)

Max. weight 
(g)

Seal 61 Heart 90.2 32 100

Liver 74.4 35 100

Diaphragm 83.4 16 100

Geese 156 Brain 16.3 4.2 26

Heart 18.4 9.2 26

Gizzard 72.3 28 100

Liver 46.2 22 100

Breast 
muscle

76.5 36 100

Ptarmigan 166 Brain 7.8 6.7 9.2

Heart 2.1 0.7 2.9

Caribou 31 Brain 21.4 2.8 91

Heart/Mus-
cle

52.3 10.7 87

Walrus 27 Tongue 51.4 37 58

Table 2 Seroprevalence of T. gondii in hunter-harvested wildlife 
in Nunavik, Canada

Abbreviations: np, not performed; CI, confidence interval

Species n Seroprevalence (95% CI)
[No. of positive/Total no. 
analyzed]

MAT ELISA

Ptarmigan 166 0% np

Caribou 31 26%
(14–43%)
[8/31]

np

Adult females 16 31%
(14–56%)
[5/16]

np

Calves 15 20%
(7–45%)
[3/15]

np

Ringed seals 61 20%
(11–31%)
[12/61]

30%
(20–42%)
[18/61]
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tachyzoite-equivalents per gram (TE/g) for each tis-
sue and its standard error was: 744 (SE: 476) for heart 
(n = 8), 300 (SE: 100) for brain (n = 9), 104 (SE: 140) for 
breast muscle (n = 4), 33 for liver (n = 1) and 8 for gizzard 
(n = 1).

Agreement between serological tests (seals)
In total, heart fluid was available for comparison between 
the MAT and ELISA for 55 seals:2 seals were positive on 
both, 10 samples were positive for MAT but negative for 
ELISA, 16 were negative for MAT but positive for ELISA, 
and 27 were negative on both. The McNemar’s chi square 
test comparing the MAT and ELISA serological assays 
was significant (P = 0.029), meaning that there was a dif-
ference between results from both serological assays in 
the case of seals. Therefore, a kappa test statistic was not 
performed [33].

Discussion
We directly detected DNA of T. gondii in multiple tis-
sues of naturally-infected geese harvested for food by 
local hunters of Nunavik. This supports previous epide-
miological associations between consuming waterfowl 
and Inuit exposure to T. gondii in Nunavik, where the 
average regional human seroprevalence is 60% [14]. This 
also shows that migratory geese carry T. gondii between 
southern and northern ecosystems [42, 43], which is fur-
ther supported by detection of T. gondii on mouse and cat 
bioassays of heart digests from Canada geese in Mary-
land, USA [44], and brain digests from four Canada geese 
in Mississippi, USA [45]. The MC-PCR technique used 
in the current study is specific for T. gondii as it targets 
the highly conserved 529 repeat-element absent in other 
coccidian parasites such as Sarcocystis and Neospora spp. 
[28], and is highly sensitive since there are 200–300 cop-
ies per T. gondii genome [30]. Moreover, this technique 
uses large amounts of tissue (up to 100 g) which increases 
the probability of including a portion of tissue containing 
parasite DNA. Nonetheless, prevalence based on direct 
detection has likely been underestimated because levels 

of parasites in tissues of naturally-infected wildlife may 
be below the detection limit of the MC-PCR technique 
used in this study and because T. gondii cysts are not uni-
formly distributed among and within tissues of infected 
animals [12].

DNA of T. gondii was detected in several goose tis-
sues destined for human consumption including heart, 
liver, gizzard, and breast muscle. This suggests that 
consumption of infected undercooked geese can lead to 
food-borne transmission of T. gondii in Nunavik [13]. 
Tissue burdens (number of bradyzoites per gram of tis-
sue) found in this study could be high enough to pro-
duce infection given daily goose consumptions trends 
by Inuit throughout Nunavik (between 0.1–0.3 g per kg 
body weight daily depending on the region) [46] and 
using infectious doses for experimentally infected cats 
(10 bradyzoites), in the absence of data for humans [47]. 
These findings may have public health implications for 
Inuit who consume goose tissues raw and undercooked 
since these may be infected with viable T. gondii brady-
zoites. Future work includes an exposure assessment 
for estimating the risk of human exposure to T. gondii 
in Nunavik through goose consumption, a more thor-
ough assessment of the infection status of goose tissues 
other than heart and brain, as well as an assessment of 
T. gondii viability in country foods prepared in tradi-
tional ways.

The T. gondii strain detected in one goose in this 
study was characterized as Type II based on the GRA6 
gene. This is one of the three main clonal lineages rec-
ognised in North America, where Type II strains are 
responsible for the majority of congenital infections 
and infections in people with AIDS [48]. However, 
because most genetic markers distinguish two of the 
three clonal lineages, using a single marker can limit 
the ability to detect non-clonal strains [49]. Characteri-
zation results in this study should therefore be inter-
preted with caution despite the fact that the GRA6 gene 
is reported to differentiate among the three main clonal 
lineages [40]. Recent studies have demonstrated the 

Table 3 Prevalence of T. gondii based on the modified agglutination test (MAT) and the magnetic capture and real-time PCR 
technique in migratory geese harvested in Nunavik, Canada

a Pools were constituted of 5 individual brains or hearts and “n” is the number of pools
b PCR-prevalence based on whether pools were positive on brain, heart or both

Species n Seroprevalence (95% CI) MC-PCR (95% CI)
[No. of positive/total no. analyzed]

Heart fluid Brain (B)a Heart (H)a H or  Bb Liver Muscle Gizzard

Geese 156 11% (7–18%) 4%
(0–8%)
[9/41]

4%
(0–8%)
[9/41]

9%
(3–15%)
[13/41]

14%
–
[1/7]

31%
–
[4/13]

9%
–
[1/11]
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occurrence of atypical strains in North American wild-
life including geese [44, 50]. Further studies are there-
fore needed to better characterize genetic diversity of 
T. gondii in geese harvested in Nunavik.

Evaluating serology against direct detection was an 
important objective of the paper from a food safety 
perspective, since detection of antibodies to T. gondii 
in meat juice has been suggested to be a good screen-
ing tool in animals slaughtered for human consumption 
[21]. We chose to use MAT since it has been widely 
used to detect antibodies to T. gondii in sera from cari-
bou, geese, ptarmigan, seals and walrus [19, 34, 37, 51–
54]. Recently it has been used to detect antibodies in 
meat juice from pigs, rabbits, and sheep [21, 55, 56]. In 
experimentally infected pigs, there was a strong corre-
lation (r = 0.87; P ˂  0.001) between detection of antibod-
ies in serum and meat juice from heart [56]. Heart fluid 
was used in the current study since it was not possible 
to obtain serum from hunter-harvested wildlife, and 
to determine if antibody detection in heart fluid could 
be a useful screening test in the field.

Results from this study demonstrated frequent discrep-
ancies between serological and molecular results in both 
directions (e.g. seronegative animals with positive tissues, 
and seropositive animals with absent detection in tissues) 
which could be accounted for by biological reasons, such 
as waning of antibodies in individuals with chronic infec-
tions. In acute infection, it is possible that tissue invasion 
has not yet occurred despite the occurrence of detect-
able antibodies. In another study, one cat inoculated with 
heart digest from four seronegative geese excreted viable 
T. gondii oocysts, which also  suggests that serological 
status is not a reliable indicator of infection status in this 
species  [44]. In addition to biological reasons for these 
discrepancies, there are a number of sampling, handling, 
and diagnostic test characteristics that may play a role. In 
our study, the cut-off value of a 1:25 dilution on the MAT 
was used to differentiate seronegative from seropositive 
geese, but it is possible that antibody levels were too low 
to be detected, leading to the classification of false-nega-
tive geese on serology. Dilutions lower than 1:25 (such as 
1:5) might be more sensitive, but could also lead to false-
positive results [57]. It is also possible that the high blood 
content in the heart juice interfered with antibody bind-
ing, which has been observed with ELISA in rabbit meat 
cuts [55]. Freezing and thawing could also affect sample 
quality though this has not been reported to compromise 
the detection of antibodies even after 120 days of freez-
ing [55]. Cross-contamination of T. gondii DNA between 
samples could have occurred (leading to false-positive 
results on tissue testing), but negative controls remained 
negative.

Our results suggest that MAT and ELISA assays com-
monly used as screening tools for exposure to T. gondii 
in marine mammals should be interpreted cautiously. 
Our seroprevalence estimates in ringed seal (MAT 20%, 
ELISA 30%) were comparable to previous estimates 
of 7–14% in seals in Nunavik based on a MAT [19, 34]. 
However, no T. gondii DNA was detected in any of the 
seal tissues analysed in our study, and all seals became 
seronegative on MAT after lipid removal. To ensure that 
lipid or other factors in seal tissues do not interfere with 
the extraction and subsequent detection of DNA using 
the magnetic capture method, three different types of 
seal tissues used (heart, liver, diaphragm) were spiked 
with different tachyzoite concentrations and DNA was 
detected in all cases (data not shown in this study). The 
absence of detection of DNA should be interpreted with 
caution since our sample size (n = 61) was small and 
likely did not confer enough power to detect T. gondii 
DNA in ringed seals if it is present at low prevalence and 
intensity. While it is possible that tissue burdens in seals 
may simply be below the detection level of the MC-PCR 
technique used in this study, this suggests a need to vali-
date the use of serological assays for antibody to T. gondii 
in marine mammals and to carefully interpret previously 
published findings. Moreover, serological assays, while 
useful for obtaining a snapshot of exposure status in wild-
life populations, should not be used to make decisions on 
the possible infection status of tissues from an individual 
animal (i.e. for food safety decisions or when the decision 
impacts public health, such as in Nunavik). False-posi-
tives on serology, resulting in discarding a healthy animal 
as a source of food, could compromise food security for 
individuals who rely on or prefer harvested wildlife, espe-
cially in Nunavik where one of four households is consid-
ered to be food insecure [4]. More in-depth analyses are 
therefore necessary to examine the extent to which serol-
ogy is able to predict parasite presence in tissues.

Similar to seals, we did not detect DNA of T. gondii 
in tissues of walruses. We only had access to archived 
tongue samples for walruses; T. gondii has been detected 
in tongue in some experimentally-infected species [31]. 
Future research should include a panel of tissues to deter-
mine occurrence and tissue predilection of T. gondii in 
walrus. If tongue proves to be a predilection site, detec-
tion of T. gondii in tongues of walrus could be added to 
the currently well-established Trichinella monitoring 
programme at the Nunavik Research Centre [58].

We did not detect T. gondii DNA in ptarmigan or cari-
bou, two endemic terrestrial wildlife species of Nunavik. 
Herbivores are generally infected with T. gondii via inges-
tion of oocysts shed in the environment by felid hosts 
(rare to absent in Nunavik) or tachyzoites that cross the 
placenta to infect the fetus when a female is infected for 
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the first time in pregnancy. Ptarmigan was the only spe-
cies in this study which displayed consistent negative 
serological and molecular results. One study previously 
reported a T. gondii seroprevalence (using MAT) of 2.5% 
in 70 ptarmigan from communities in Ungava Bay [19], 
whereas ptarmigan in the current study originated from 
Hudson Bay. Imperfect test performance and the use of 
different media (sera vs tissue fluid) to detect antibodies 
may also explain these differences. Although MAT has 
recently been validated for use in chickens, test perfor-
mance was shown to be poor [57]. At the moment, there 
is little evidence of exposure to or infection with T. gondii 
in ptarmigan of Nunavik, which supports the hypotheses 
that oocyst transmission is rare in northern ecosystems 
and that ptarmigan represent a low food safety concern 
with respect to T. gondii.

No DNA of T. gondii was detected in caribou tissues 
(muscle, heart, brain) from Nunavik’s Leaf River herd 
despite detection of T. gondii antibodies in the sera of 
23% of 30 caribou. This is much higher than the previ-
ously reported T. gondii seroprevalence of 1.5% (n = 268) 
using another MAT, but lower than the 62.5% (n = 40) 
based on the Sabin-Feldman dye test reported in Kuu-
jjuaq [16, 19]. Very few studies have attempted to corre-
late the serological status of an animal with the presence 
of T. gondii in their tissues [21]. In domestic animals, a 
correlation between serological and tissue infection sta-
tus has been reported in pig and sheep, but not in cattle 
[59]. In our study, four caribou calves were seropositive, 
which could be due to transfer of maternal antibodies 
(one had a seropositive dam), congenital transmission 
of the parasite, or infection via oocyst consumption. 
For caribou, only small portions of each tissue (muscle, 
heart and brain) were available for DNA isolation which 
limited detection probability compared to avian spe-
cies where whole organs where analyzed. Our seroposi-
tive samples, in combination with findings of DNA in 
all tissues examined in reindeer experimentally exposed 
to high doses of Type III T. gondii oocysts [37], suggest 
that further work is needed to determine the tissue infec-
tion status of naturally-exposed caribou. Future research 
should use large amounts (at least 100 g) for different car-
ibou tissues in order to provide more insight on the food 
safety risk of T. gondii.

Conclusions
Detection of T. gondii DNA in several goose tissues 
commonly consumed by people may partially explain 
the high levels of T. gondii exposure observed in Nuna-
vik, Canada. However, since both T. gondii prevalence 
and consumption trends (preparation method, con-
sumption frequency) affect the risk of exposure to 

T. gondii, a better understanding of goose consump-
tion trends in Inuit and an exposure assessment are 
needed to better answer this question. Since serologi-
cal and molecular results were often discordant, gener-
ally biased towards higher seroprevalence than tissue 
prevalence, our work suggests caution in using serol-
ogy as a means of screening positive animals as a food 
safety prevention measure against a backdrop of food 
insecurity. Also, future research on other wildlife spe-
cies endemic to Nunavik should aim for higher sample 
numbers using larger tissue samples (e.g. in caribou 
and walrus). Finally, because DNA of T. gondii was 
not detected in any terrestrial or marine wildlife spe-
cies endemic to Nunavik, these results suggest that 
exposure to T. gondii oocysts shed by felids may be less 
important than food-borne and vertical routes of expo-
sure in the Canadian North.

Abbreviations
BLAST: basic local alignment search tool; CI: confidence interval; CIAC: com-
petitive internal amplification control; CLB: cell lysis buffer; Ct: cycle threshold; 
ELISA: enzyme-linked immunosorbent assay; MAT: modified agglutination 
test; MC-PCR: magnetic capture and real-time PCR; OD: optical density; 
PCR: polymerase chain reaction; qPCR: quantitative PCR; RFLP: restriction 
fragment length polymorphism; RNUK: Regional Nunavimmi Umajulivijiit 
Katujaqatigininga.

Acknowledgements
We acknowledge Dr Marieke Opsteegh for her invaluable input. We are also 
thankful to Cherise Hedlin for helping with laboratory analyses. We are thank-
ful to all members of the Regional Nunavimmi Umajulivijiit Katujaqatigininga 
(RNUK) in Nunavik, members of the Local Nunavimmi Umajulivijiit Katujaqa-
tigininga (Kuujjuaraapik, Inukjuak, Puvirnituq), the Nunavik Research Centre 
and Makivik Corporation for their support and help. We are thankful to all the 
local hunters and community coordinators for their participation in the study, 
especially Lasarusie Tukai. Finally, we are thankful for Steeve Côté (Caribou 
Ungava) and Michael Kwan (Nunavik Research Centre) for supplying caribou 
and walrus samples, respectively.

Funding
Funding from this research was provided in part by the Natural Science and 
Engineering Research Council (424278-2012-RGPNS and 386666-2012-RGPIN), 
the Canadian Foundation for Innovation Leaders Opportunity Fund for the 
Zoonotic Parasite Research Unit (23105), Arcticnet NCE (Networks of Centres 
of Excellence Canada), the WCVM Interprovincial Graduate Student Fellowship, 
the WCVM Wildlife Health Research Fund and the Northern Scientific Training 
Programme.

Availability of data and materials
Data supporting the conclusions of this article are provided within the article. 
Raw data are available from the corresponding author upon request.

Authors’ contributions
NB: study design, data collection, implementation of laboratory methodology, 
data analysis and results interpretation. EJ: study design, results interpretation, 
article review. AR, CS, MN, EA and PL: results interpretation and article review. 
All co-authors were contacted and required to contribute intellectually to the 
article. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.



Page 9 of 10Bachand et al. Parasites Vectors          (2019) 12:155 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Author details
1 Department of Veterinary Microbiology, Western College of Veterinary Medi-
cine, University of Saskatchewan, Saskatoon S7H 5B4, Canada. 2 Groupe de 
Recherche en épidémiologie des Zoonoses et Santé Publique, Département 
de Pathologie et Microbiologie, Faculty of Veterinary Medicine, Université de 
Montréal, Saint-Hyacinthe J2S 2M2, Canada. 3 Canadian Wildlife Health Coop-
erative, Western College of Veterinary Medicine, University of Saskatchewan, 
Saskatoon S7N 5B4, Canada. 4 National Reference Centre for Parasitology, J.D. 
MacLean Tropical Diseases Centre, McGill University, Montréal, QC H4A 3J1, 
Canada. 5 Nunavik Research Center, Makivik Corporation, Kuujjuaq, Canada. 

Received: 17 October 2018   Accepted: 23 March 2019

References
 1. Chan HM, Fediuk K, Hamilton S, Rostas L, Caughey A, Kuhnlein H, et al. 

Food security in Nunavut, Canada: barriers and recommendations. Int J 
Circ Health. 2006;65:416–31.

 2. Lambden J, Receveur O, Marshall J, Kuhnlein HV. Traditional and market 
food access in Arctic Canada is affected by economic factors. Int J Circ 
Health. 2006;65:331–40.

 3. McGrath-Hanna NK, Greene DM, Tavernier RJ, Bult-Ito A. Diet and mental 
health in the Arctic: is diet an important risk factor for mental health in 
circumpolar peoples? - a review. Int J Circ Health. 2003;62:228–41.

 4. Blanchet C, Rochette L. Nutrition and food consumption among the 
Inuit of Nunavik. Quebec: Institut national de santé publique du Québec, 
Nunavik Regional Board of Health and Social Services, Quebec; 2008. p. 
143.

 5. Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, et al. World 
Health Organization global estimates and regional comparisons of the 
burden of foodborne disease in. 2010. PLoS Med. 2015;12:e1001923.

 6. Jung J, Skinner K. Foodborne and waterborne illness among Cana-
dian Indigenous populations: a scoping review. Can Com Dis Rep. 
2017;43:7–13.

 7. Hathaway CS, Mckenzie AI. Postmortem meat inspection programs: 
separating science and tradition. J Food Prot. 1991;51:471–5.

 8. Halonen SK, Weiss LM. Toxoplasmosis. Handb Clin Neurol. 
2013;114:125–45.

 9. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to 
humans. Int J Parasitol. 2000;30:1217–58.

 10. Hill D, Dubey JP. Toxoplasma gondii: transmission, diagnosis and preven-
tion. Clin Microbiol Infect. 2002;10:634–40.

 11. Schlüter D, Däubener W, Schares G, Groß U, Pleyer U, Lüder C. Animals are 
key to human toxoplasmosis. Int J Med Microbiol. 2014;304:917–29.

 12. Dubey JP. Toxoplasmosis of animals and humans. 2nd ed. Boca Raton: 
CRC Press; 2010.

 13. Cook AJ, Gilbert RE, Buffolano W, Zufferey J, Petersen E, Jenum PA, et al. 
Sources of Toxoplasma infection in pregnant women: European mul-
ticentre case-control study. European research network on congenital 
toxoplasmosis. BMJ. 2000;321:142–7.

 14. Messier V, Levesque B, Proulx JF, Rochette L, Libman MD, Ward BJ, et al. 
Seroprevalence of Toxoplasma gondii among Nunavik Inuit. Canada. Zoon 
Pub Health. 2009;56:188–97.

 15. Food Safety Network. The Food Network and National Collaborating Cen-
tre for Environmental Health. Safe preparation and storage of aboriginal 
traditional/country foods: a review. http://www.ncceh .ca/sites /defau lt/
files /Abori ginal _Foods _Mar_2009. Accessed 15 Aug 2018.

 16. McDonald JC, Gyorkos TW, Alberton B, MacLean JD, Richer G, Juranek D. 
An outbreak of toxoplasmosis in pregnant women in northern Quebec. J 
Infect Dis. 1990;161:769–74.

 17. Lavoie E, Levesque D, Proulx JF, Grant J, Ndassebe AD, Gingras S, et al. 
Evaluation of the efficacy of the Toxoplasma gondii screening program 
among pregnant women in Nunavik, 1994–2003. Can J of Pub Health. 
2008;9:397–400.

 18. Flegr J, Prandota J, Sovickova M, Israili ZH. Toxoplasmosis - a global threat. 
Correlation of latent toxoplasmosis with specific disease burden in a set 
of 88 countries. PLoS One. 2014;9:e90203.

 19. Leclair D, Doidge DW. Seroprevalence survey for Toxoplasma gondii in 
arctic wildlife from Nunavik. Progress report 12-349 submitted to Nunavik 
Regional Board of Health and Social Services. Nunavik Research Centre. 
Kuujjuaq: Makivik Corporation; 2001. p. 44.

 20. Ryser-Degiorgis MP. Wildlife health investigations: needs, challenges and 
recommendations. BMC Vet Res. 2013;9:1–17.

 21. Villena I, Durand B, Aubert D, Blaga R, Geers R, Thomas M, et al. New strat-
egy for the survey of Toxoplasma gondii in meat for human consumption. 
Vet Parasitol. 2012;183:203–8.

 22. Berger-Schoch AE, Bernet D, Doherr MG, Gottstein B, Frey CF. Toxo-
plasma gondii in Switzerland: a serosurvey based on meat juice analysis 
of slaughtered pigs, wild boars, sheep and cattle. Zoon Pub Health. 
2011;58:472–8.

 23. Glor SB, Edelhofer R, Grimm F, Deplazes P, Basso W. Evaluation of a com-
mercial ELISA kit for detection of antibodies against Toxoplasma gondii in 
serum, plasma and meat juice from experimentally and naturally infected 
sheep. Parasit Vectors. 2013;6:85.

 24. Koethe M, Straubinger RK, Pott S, Bangoura B, Geuthner AC, Daugschies 
A, et al. Quantitative detection of Toxoplasma gondii in tissues of experi-
mentally infected turkeys and in retail turkey products by magnetic-
capture PCR. Food Microb. 2015;52:11–7.

 25. Gomez-Samblas M, Vílchez S, Racero JC, Fuentes MV, Osuna A. Quantifica-
tion and viability assays of Toxoplasma gondii in commercial “Serrano” 
ham samples using magnetic capture real-time qPCR and bioassay 
techniques. Food Microb. 2015;46:107–13.

 26. da Silva AV, Langoni H. The detection of Toxoplasma gondii by comparing 
cytology, histopathology, bioassay in mice, and the polymerase chain 
reaction (PCR). Vet Parasitol. 2001;97:191–8.

 27. Hill DE, Chirukandoth S, Dubey JP, Lunney JK, Gamble HR. Comparison of 
detection methods for Toxoplasma gondii in naturally and experimentally 
infected swine. Vet Parasitol. 2006;141:9–17.

 28. Opsteegh M, Langelaar M, Sprong H, den Hartog L, De Craeye S, Bok-
ken G, et al. Direct detection and genotyping of Toxoplasma gondii 
in meat samples using magnetic capture and PCR. Int J Food Microb. 
2010;139:193–201.

 29. Jurankova AJ, Hurkova-Hofmannova L, Volf J, Balaz V, Pialek J. Efficacy 
of magnetic capture in comparison with conventional DNA isolation 
in a survey of Toxoplasma gondii in wild house mice. Eur J Parasitol. 
2014;50:11–5.

 30. Homan WL, Vercammen M, De Braekeleer J, Verschueren H. Identifica-
tion of a 200-to 300-fold repetitive 529 bp DNA fragment in Toxoplasma 
gondii, and its use for diagnostic and quantitative PCR. Int J Parasitol. 
2000;30:69–75.

 31. Opsteegh M, Schares G, Blaga R, van der Giessen J. on behalf of the 
consortium. Experimental studies of Toxoplasma gondii in the main live-
stock species (GP/EFSA/BIOHAZ/2013/01) Final report. EFSA supporting 
publication. EN-995; 2016. p. 161.

 32. Bachand N, Ravel A, Stephen C, Leighton P, Fernando C, Konecsni K, 
et al. Foxes (Vulpes vulpes) as sentinels for parasitic zoonoses, Toxoplasma 
gondii and Trichinella nativa, in the north eastern Canadian Arctic. Int J 
Parasitol Wild Par. 2018;7:391–7.

 33. Dohoo IR, Martin W, Stryhn H. Veterinary epidemiologic research. 2nd ed. 
Charlottetown: VER Inc.; 2010.

 34. Simon A, Chambellant M, Ward BJ, Simard M, Proulx JF, Levesque B, et al. 
Spatio-temporal variations and age effect on Toxoplasma gondii seroprev-
alence in seals from the Canadian Arctic. Parasitology. 2011;138:1362–8.

 35. Dubey JP, Desmonts G. Serological responses of equids fed Toxoplasma 
gondii oocysts. Equine Vet J. 1987;19:337–9.

 36. Blanchet MA, Godfroid J, Breines EM, Heide-Jørgensen MP, Nielsen NH, 
Hasselmeier I, et al. West Greenland harbour porpoises assayed for 
antibodies against Toxoplasma gondii: false positives with the direct 
agglutination method. Dis Aquat Organ. 2011;108:181–6.

 37. Bouchard É, Sharma R, Bachand N, Gajadhar AA, Jenkins EJ. Pathology, 
clinical signs, and tissue distribution of Toxoplasma gondii in experi-
mentally infected reindeer (Rangifer tarandus). Int J Parasitol Wild Par. 
2017;6:234–40.

http://www.ncceh.ca/sites/default/files/Aboriginal_Foods_Mar_2009
http://www.ncceh.ca/sites/default/files/Aboriginal_Foods_Mar_2009


Page 10 of 10Bachand et al. Parasites Vectors          (2019) 12:155 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 38. Omar A, Bakar OC, Adam NF, Osman H, Suleiman AH, Manaf MR, et al. 
Seropositivity and serointensity of Toxoplasma gondii antibodies and DNA 
among patients with schizophrenia. Kor J Parasitol. 2015;53:29–34.

 39. Zakimi S, Kyan H, Oshiro M, Sugimoto C, Xuenan X, Fujisaki K. Genetic 
characterization of GRA6 genes from Toxoplasma gondii from pigs in 
Okinawa, Japan. J Vet Med Sci. 2006;68:1105–7.

 40. Fazaeli A, Carter PE, Darde ML, Pennington TH. Molecular typing of 
Toxoplasma gondii strains by GRA6 gene sequence analysis. Int J Parasitol. 
2000;30:637–42.

 41. Sergeant, ESG. Epitools epidemiological calculators. Ausvet Pty Ltd. 2018. 
http://epito ols.ausve t.com.au

 42. Prestrud KW, Asbakk K, Fuglei E, Mørk T, Stien A, Ropstad E, et al. Serosur-
vey for Toxoplasma gondii in arctic foxes and possible sources of infection 
in the high Arctic of Svalbard. Vet Parasitol. 2007;150:6–12.

 43. Sandström CA, Buma AG, Hoye BJ, Prop J, van der Jeugd H, Voslamber B, 
et al. Latitudinal variability in the seroprevalence of antibodies against 
Toxoplasma gondii in non-migrant and Arctic migratory geese. Vet Parasi-
tol. 2013;194:9–15.

 44. Verma SK, Calero-Bernal R, Cerqueira-Cézar CK, Kwok OC, Dudley M, 
Jiang T, et al. Toxoplasmosis in geese and detection of two new atypical 
Toxoplasma gondii strains from naturally infected Canada geese (Branta 
canadensis). Parasitol Res. 2016;115:1767–72.

 45. Dubey JP, Parnell PG, Sreekumar C, Vianna MCB, de Young RW, Dahl E, 
et al. Biologic and molecular characteristics of Toxoplasma gondii isolates 
from striped skunk (Mephitis mephitis), Canada goose (Branta canaden-
sis), black-winged lory (Eos cyanogenia), and cats (Felis catus). J Parasitol. 
2004;90:1171–4.

 46. Lemire M, Kwan M, Laouan-Sidi AE, Muckle G, Pirkle C, Ayotte P, 
et al. Local country food sources of methylmercury, selenium and 
omega-3 fatty acids in Nunavik, Northern Quebec. Sci Total Environ. 
2015;15:248–59.

 47. Cornelissen JB, van der Giessen JW, Takumi K, Teunis PF, Wisselink HJ. An 
experimental Toxoplasma gondii dose response challenge model to study 
therapeutic or vaccine efficacy in cats. PLoS One. 2014;9:e104740.

 48. Howe DK, Sibley LD. Toxoplasma gondii comprises three clonal line-
ages: correlation of parasite genotype with human disease. J Infect Dis. 
1995;172:1561–6.

 49. Su C, Zhang X, Dubey JP. Genotyping of Toxoplasma gondii by multilocus 
PCR-RFLP markers: a high resolution and simple method for identification 
of parasites. Int J Parasitol. 2006;36:841–8.

 50. Khan A, Dubey JP, Su C, Ajioka JW, Rosenthal BM, Sibley LD. Genetic analy-
ses of atypical Toxoplasma gondii strains reveal a fourth clonal lineage in 
North America. Int J Parasitol. 2011;41:645–55.

 51. Kutz SJ, Elkin BT, Panayi D, Dubey JP. Prevalence of Toxoplasma gondii 
antibodies in barren ground caribou (Rangifer tarandusgroenlandicus) 
from the Canadian Arctic. J Parasitol. 2001;87:439–42.

 52. Jensen SK, Nymo IH, Forcada J, Godfroid J, Hall A. Prevalence of 
Toxoplasma gondii antibodies in pinnipeds from Antarctica. Vet Rec. 
2012;171:249.

 53. Measures LN, Dubey JP, Labelle P, Martineau D. Seroprevalence of Toxo-
plasma gondii in Canadian pinnipeds. J Wildl Dis. 2004;40:294–300.

 54. Dubey JP, Zarnke R, Thomas NJ, Wong SK, Van Bonn W, Briggs M, et al. 
Toxoplasma gondii, Neospora caninum, Sarcocystis neurona, and Sarcocystis 
canis-like infections in marine mammals. Vet Parasitol. 2003;116:275–96.

 55. Mecca JN, Meireles LR. Quality control of Toxoplasma gondii in meat pack-
ages: standardization of an ELISA test and its use for detection in rabbit 
meat cuts. Meat Sci. 2011;88:584–9.

 56. Wallander C, Frössling J, Vågsholm I, Burrells A, Lundén A. “Meat juice” is 
not a homogeneous serological matrix. Foodb Path Dis. 2015;12:280–8.

 57. Dubey JP, Laurin E, Kwowk OC. Validation of the modified agglutination 
test for the detection of Toxoplasma gondii in free-range chickens by 
using cat and mouse bioassay. Parasitology. 2016;143:314–9.

 58. Proulx JF, Maclean JD, Gyorkos TW, Leclair D, Richter AK, Serhir B, et al. 
Novel prevention program for trichinellosis in Inuit communities. Clin 
Infect Dis. 2002;34:1508–14.

 59. Opsteegh M, Teunis P, Züchner L, Koets A, Langelaar M, van der Giessen J. 
Low predictive value of seroprevalence of Toxoplasma gondii in cattle for 
detection of parasite DNA. Int J Parasitol. 2011;41:343–54.

http://epitools.ausvet.com.au

	Serological and molecular detection of Toxoplasma gondii in terrestrial and marine wildlife harvested for food in Nunavik, Canada
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Tissue samples
	Toxoplasma gondii serology
	Extraction and detection of DNA
	DNA characterization
	GRA6 DNA extraction
	PCR RFLP amplification

	Data analysis
	Prevalence
	Lowest detection limit and quantification
	Serological test agreement (seals)


	Results
	Wildlife samples
	Detection of T. gondii antibodies
	Lowest detection limits and quantification
	Detection of T. gondii DNA from samples
	Genotyping using the GRA6 gene
	Parasite burden in geese tissues
	Agreement between serological tests (seals)

	Discussion
	Conclusions
	Acknowledgements
	References




