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a b s t r a c t
Toxoplasma gondii is the protozoan parasite responsible for toxoplasmosis, one of the most
prevalent zoonoses worldwide. T. gondii infects humans through the ingestion of meat
containing bradyzoites or through soil, food or water contaminated with oocysts. Soil
contamination with oocysts is increasingly recognized as a major source of infection for
humans, but has rarely been quantiﬁed directly. In this study, we investigated the spatial
pattern of soil contamination with T. gondii over an area of 2.25 km2 in a rural area of eastern
France. The frequency and spatial distribution of T. gondii in soil was analyzed in relation
with the factors that could inﬂuence the pattern of contamination: cats’ frequency and spatial distribution and land use. According to a stratiﬁed random sampling Scheme 243 soil
samples were collected. The detection of T. gondii oocysts was performed using a recent
sensitive method based on concentration and quantitative PCR. Sensitivity was improved
by analyzing four replicates at each sampling point. T. gondii was detected in 29.2% of samples. Soil contamination decreased with increasing distance from the core areas of cat home
ranges (households and farms). However, it remained high at the periphery of the study
site, beyond the boundaries of the largest cat home ranges, and was not related to land
use. This pattern of contamination strongly supports the role of inhabited areas which concentrate cat populations as sources of risk for oocyst-induced infection for both humans
and animals. Moreover, soil contamination was not restricted to areas of high cat density
suggesting a large spatial scale of environmental contamination, which could result from
T. gondii oocysts dissemination through rain washing or other mechanisms.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Toxoplasmosis is one of the most prevalent parasitic
infections in animals and humans worldwide (Tenter et al.,
2000; Scallan et al., 2011). This zoonosis is caused by
an obligate intracellular protozoan parasite, Toxoplasma
gondii. The sexual stage of this parasite occurs in felids, the
only known deﬁnitive hosts of T. gondii. In Western Europe,
domestic cats (Felis catus) are the major source of parasite
oocysts in the environment and, once infected, they may
shed millions of oocysts in the course of one or two weeks
(Dubey and Beattie, 1988). While in the environment,
oocysts become infective for all warm-blooded animals,
including humans. T. gondii rarely causes clinical manifestations in healthy humans, but it remains one of the most
common foodborne parasitic infections and severe cases
may require hospitalization (Mead et al., 1999; Vaillant
et al., 2005). Furthermore, toxoplasmosis is a major cause
of spontaneous abortion and stillbirth in humans and may
have severe consequences, such as encephalitis and blindness, in immunocompromised patients (Dubey, 2010).
In recent decades, a large number of studies have tried
to identify the sources of T. gondii infection in humans
and their respective roles, to facilitate the design of preventive measures. Previous case-control studies estimated
that humans are infected mostly through the consumption of undercooked or raw meat (Cook et al., 2000; Dubey
et al., 2005; Kapperud et al., 1996; Kijlstra et al., 2008) or
by ingesting soil, fruits, vegetables, shellﬁsh or water contaminated with oocysts (Isaac-Renton et al., 1998; Cook
et al., 2000; Jones and Dubey, 2010). The respective contributions of these two sources of contamination have
rarely been estimated but, on the basis of epidemiological
results concerning the fraction of attributable risk (Cook
et al., 2000), most authors have assumed that bradyzoites
are the main source of infection for humans in developed
countries (Tenter et al., 2000). However, oocyst-induced
infection from contaminated food (vegetables and fruits)
and water has been recently been recognized as an important route of transmission to humans, as demonstrated
by the high prevalence of sporozoite-induced antibodies
(Munoz-Zanzi et al., 2010; Boyer et al., 2011; VanWormer
et al., 2012). Moreover, the exposure of domestic animals
(livestock and pets) to oocysts also increases the risk of
human contamination, through the consumption of contaminated meat and, possibly, through contact with dogs
and cats carrying infective oocysts in their fur (Frenkel et al.,
1995; Etheredge et al., 2004).
Soil contaminated with T. gondii oocysts is a major
source of infection for both animals and humans, but it has
rarely been directly measured, due to a lack of appropriate
detection methods. Many studies have focused on infected
cat feces or intermediate hosts, used as a proxy for the level
of environmental contamination (Reperant et al., 2009;
Dubey et al., 2003). However, such indirect approaches
may have insufﬁcient explanatory power for the precise
assessment of variation in environmental contamination.
For instance, studies focusing on cats have generally found
that less than 1% of the individuals were shedding oocysts
at the time of examination (Schares et al., 2008). This
low frequency of shedding limits statistical power for the

detection of variations of prevalence. Moreover, environmental contamination is not solely due to levels of cat infection. It also depends on the precise area in which oocysts
are deposited relative to the spatial pattern of cat defecation, the survival of oocysts, which may remain infectious
for up to 18 months in moist soil or sand (Dumètre and
Dardé, 2003; Jones and Dubey, 2010), and oocyst dispersal
through soil washing following rain or through soil movements (VanWormer et al., 2012). Similarly, studies focusing
on susceptible species as sentinels of environmental contamination may be biased because variations of prevalence
may result from differences in host biology or ecology (de
Thoisy et al., 2003; Afonso et al., 2007; Dabritz et al., 2008;
Reperant et al., 2009; Beral et al., 2012).
Few studies have directly investigated the patterns of
soil contamination with T. gondii, and most of these studies have focused on urban areas (Ruiz et al., 1973; Coutinho
et al., 1982; Dubey et al., 1995; Frenkel et al., 1995; Afonso
et al., 2008; Ajmal et al., 2013). Afonso et al. (2008) specifically studied the relationship between soil contamination
and cat defecation behavior, and showed that positive soil
samples were found only at cat defecation sites. Similarly,
contaminated soil samples are often obtained from sand
pits, which are frequently used by cats for defecation (Lass
et al., 2009; Ajmal et al., 2013). In rural areas, where farms
are thought to act as reservoirs for contamination of the
surrounding environment, high levels of T. gondii infection
in livestock appear to be correlated with both a high density
of cats and high levels of soil contamination with oocysts
(Du et al., 2012; Ajmal et al., 2013). However, all these studies were carried out in spatially restricted areas, as they
focused on cat defecation sites in urban areas and farms and
their immediate surroundings in rural areas. As such, estimates of soil contamination may have been biased, as these
studies were based on the assumption that areas away from
cat defecation sites would be less contaminated. Nevertheless, cat defecation sites may be difﬁcult to characterize,
particularly in rural areas, in which cats may defecate outside their core area (farms or households) during hunting
or exploration activities.
In this study, we investigated the spatial distribution of
soil contamination with T. gondii at a local scale in a rural
area, in regards to the spatial distribution of domestic cats,
and taking into account differences in land use, which are
likely to inﬂuence the persistence of oocysts in the soil.
We used a speciﬁc and sensitive method recently developed by Lélu et al. (2011). Our study area was centered
on a small village where dwellings are concentrated in the
center, and farms mostly located at the edges of the village.
We expected soil contamination to be highest in the village
and in areas often used by cats, and to vary with land use.
The peripheral area around the village, which was assumed
to be less frequently used by cats, was expected to be less
contaminated.
2. Materials and methods
2.1. Study sites and sampling design
The study was conducted in September 2011, over
an area of 2.25 km2 centered on the small village in
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Fig. 1. Map of the study site (2.25 km2 ) showing the stratiﬁed sampling: the three zones of cat activity (village, proximal periphery, secondary periphery),
the three types of landscape cover (crop ﬁeld, meadows, forest) and the spatial location of positive and negative soil samples testing positive and negative
for Toxoplasma gondii.

northern France (49◦ 24 19 N, 04◦ 52 41 E). The study area
encompassed buildings including households, which were
concentrated in the center of the village, and seven farms
located at the edges of the village. The peripheral area
included forests, crop ﬁelds and meadows (Fig. 1). Oocyst
frequency in the soil was expected to vary according to (i)
the spatial distribution of cats and, (ii) land use used as a
proxy of soil characteristics, which may affect oocyst persistence. To test these hypotheses, we designed a stratiﬁed
sampling scheme.
An aerial view (©IGN, 2010) processed with the software QGIS (Quantum GIS Development Team, 2012) and
direct ﬁeld observations were used to classify the land use
in September 2011 into the following categories: pastures,
meadows, crops, forests, hedgerows, orchards, vegetable
gardens and buildings. From this classiﬁcation, we deﬁned
a simple typology, with three main classes of land use
potentially corresponding to different levels of oocyst persistence. The ﬁrst class, “crop ﬁeld”, which included all
agricultural lands and vegetable gardens, was expected
to be unfavorable for oocyst persistence due to the nonpermanent nature of the vegetation cover. The second
class, “grassland”, included all pastures and meadows. The

ﬁnal class, “forest”, included woods, forests, orchards and
hedgerow networks (Fig. 1). The forest class was expected
to be the more favorable to oocyst persistence than the
grassland class since permanent tall vegetation covers
provide higher level of moisture. We did not sample roads,
pathways or buildings.
In the study area, the cat population has been monitored
since 2008, with regular censuses for population dynamics
studies. Between 2008 and 2012, 184 different cats were
observed within the study area. Using information from
this longitudinal study as well as literature on the spatial
distribution of cats, we identiﬁed three sampling zones.
Our ﬁrst zone was based on the assumption that cats are
linked to households and farms, where they are likely to
feed and rest (Barratt, 1997; Germain et al., 2008; Ferreira
et al., 2011). This zone, “village”, was thus assumed to correspond to the core area of the cat population studied. It
was delimited by drawing a 20 m buffer zone around each
of the building present in the study area (Fig. 1). As buildings (households and farms) were highly clustered in the
center of the study area, the buffers were largely overlapping and resulted in a continuous area delimiting the
village (Fig. 1). The spatial distribution of cats within this
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Table 1
Level of soil contamination by Toxoplasma oocysts according to the stratiﬁed sampling scheme. The total number and positive soil samples are presented
for each land use class within each zone as well as according to cat frequency index within the ﬁrst zone. For each stratum, the area sampled is indicated
in hectares. Roads, pathways and buildings were not sampled resulting in a slight difference between the sampling area (2.09 km2 ) and the total area of
the study site (2.25 km2 ).
Zone

Cat frequency index
1 (no cat observation)

Village

2 (<43 obs.)
3 (>43 obs.)

Total village
Proximal periphery
Secondary periphery
Total

Crop ﬁeld

Grassland

Forest

Total

2/9 (22.2%)
0.46 ha
3/9 (33.3%)
0.41 ha
5/9 (55.6%)
0.35 ha
10/27 (37.0%)
1.22 ha
7/27 (25.9%)
33.15 ha
5/27 (18.5%)
11.98 ha
22/81 (27.2%)
46.35 ha

3/9 (33.3%)
4.81 ha
2/9 (22.2%)
3.68 ha
4/9 (44.4%)
2.26 ha
9/27 (33.3%)
10.75 ha
11/27 (40.7%)
66.20 ha
3/27 (11.1%)
57.85 ha
23/81 (28.4%)
134.80 ha

3/9 (33.3%)
0.30 ha
5/9 (55.6%)
0.24 ha
4/9 (44.4%)
0.16 ha
12/27 (44.4%)
0.70 ha
6/27 (22.2%)
9.51 ha
8/27 (29.6%)
17.21 ha
26/81 (32.1%)
27.42 ha

8/27 (29.6%)
5.57 ha
10/27 (37.0%)
4.33 ha
13/27 (48.1%)
2.77 ha
31/81 (38.3%)
12.67 ha
24/81 (29.6%)
108.86 ha
16/81 (19.7%)
87.04 ha
71/243 (29.2%)
208.57 ha

ﬁrst zone was recorded three times a day (morning, noon
and evening), from April 2009 to April 2011, along a 3 km
path running within the village area. As cats may have a
preference for particular types of habitat, each observation was assigned to one of the three classes of land use
considered (i.e., crop ﬁeld, grassland and forest). All transect records were pooled and we determined the best way
to classify our count data in order to obtain categories of
cat frequency that would all be represented for each class
of land use within the ﬁrst zone (Table 1). We considered
three categories of cat frequency (cat frequency indices).
This was the smallest number of categories allowing to
detect non linear effects. We used thresholds of 0 and 43
in order to have similar sample sizes in each category. We
attributed an index value of one if no cat was observed; a
value of two if one to 43 observations were made and a
value of three if more than 43 observations were made, the
maximum number of observations being 265. Around the
village, the second zone in our stratiﬁed sampling scheme,
the “proximal periphery”, corresponded to the home range
of domestic cats. This zone was delimited on the basis of the
largest estimates of home ranges for free-roaming house
cats (14 ha, Hansen, 2010) and farm cats (70 ha, Germain
et al., 2008). We deﬁned circular buffers centered on each
household (radius of 211 m) and farm (radius of 472 m). As
previously, there was a large overlap between the buffers.
Then, those buffers were merged to represent the area
of activity of the domestic cat population. The proximal
periphery extended from 20 m to 200–400 m away from
the households and farms. The third class, the “secondary
periphery”, was the furthest from the inhabited area and
extended from the outer limit of the second zone to the limits of the study area (Fig. 1). This distant area was assumed
to be less frequented by the domestic cats, so we expected
lower levels of cat defecation and, thus, of contamination.
We thus deﬁned three types of land use and three zones,
the innermost of which was subdivided into three classes of
cat frequency. The ﬁrst, second and third zones covered 6%,
52% and 42% of the total study area, respectively (Table 1).
Using this sampling scheme, we randomly identiﬁed
27 spatial coordinates within each class of land use for
each zone (i.e., 81 sampling spots within each zone, or

243 spots in total). Sample size was deﬁned on the basis
of power analyses conducted on simulated data, assuming a between-zone difference in odds ratio of 1.2 (see
Appendix). Within the ﬁrst zone, we also imposed the
constraint that the 27 sampling spots have to be equally
distributed among the three classes of cat frequency and
land use (9 sampling spots × 3 classes of cat frequency
index × 3 classes of land use, Table 1). At each randomly
identiﬁed sampling spot, we collected 20 g of soil, as
described by Afonso et al. (2008): we collected 10 subsamples from an overall area of one square meter, at a
depth of no more than 2 cm. Soil samples were kept in plastic boxes at ambient temperature for no more than two
months before processing.
2.2. Oocyst recovery from soil
Each 20 g soil sample was divided into four samples of
5 g each, constituting four replicates. A code was attributed
to each replicate, and the replicates were analyzed separately. For each replicate, oocysts were concentrated and
puriﬁed as described by Lélu et al. (2011). They were
dispersed by adding 10 ml of deionized water per 5 g of
sample and vortexing for 1 min. We then overlaid 20 ml
of a cold sugar solution (S.G. 1.2) with the sample solution
(Ramirez and Sreevatsan, 2006) and centrifuged the tube at
1500 × g for 20 min. We collected the supernatant containing the interface between the sugar solution and the water
(approximately 13 ml) and added 35 ml of deionized water.
The tube was centrifuged again at 1500 × g for 20 min, and
1 ml of sediment was retained.
2.3. DNA extraction and real-time PCR procedures
The centrifuged pellet obtained was subjected to three
freeze-thaw cycles of at least 4 h, +20 ◦ C and −80 ◦ C. DNA
was extracted with the QIAamp DNA mini kit (QIAGEN),
according to the manufacturer’s instructions, including
proteinase K treatment (for 1 h at 56 ◦ C). DNA extracts were
subjected to real-time quantitative PCR targeting a speciﬁc
repeated element of 529 bp (Reischl et al., 2003). Quantitavive PCR was performed on an iQ5 instrument (BIORAD)
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as follows. A target gene (AF 487550) speciﬁc to T. gondii
was detected and ampliﬁed with a labeled Taqman probe
(6FAM-ACG CTT TCC TCG TGG TGA TGG CG-TAMRA) and
DNA oligonucleotide primers (5 -AGA GAC ACC GGA ATG
CGA TCT-3 and 5 -CCC TCT TCT CCA CTC TTC AAT TCT-3 )
synthesized by Eurogentec S.A, Seraing, Belgium (Lélu et al.,
2011). The ampliﬁcation mixture consisted of 12.5 l of
2 × reaction mixture (Platinum Quantitative PCR Supermix
UDG, Invitrogen), 4 mM MgCl2 , 0.5 M of each oligonucleotide primer, 0.2 M Taqman probe, and 5 l of template
DNA in a ﬁnal volume of 25 l. We added 1 l of 1% bovine
serum albumin (BSA) to each sample before ampliﬁcation,
to prevent PCR inhibition. The reaction mixture was initially incubated for 3 min at 50 ◦ C, to allow the enzymatic
activity of the uracil-N-glycosylase (UNG). This incubation
was followed by a second incubation of 3.3 min at 95 ◦ C to
denature the DNA template, to inactivate the UNG enzyme,
and to activate the Platinum Taq DNA Polymerase. Samples were ampliﬁed as follows: 45 cycles of denaturation
at 95 ◦ C for 15 s and annealing/extension at 60 ◦ C for 1 min.
Each soil sample replicate was split into two samples for
PCR and was then ampliﬁed twice, in a single PCR (see
Table 1 in Supplementary Data). Negative controls were
included, from DNA extraction to PCR ampliﬁcation, and
each PCR plate contained two controls. Negative results
were systematically obtained for the controls.
Results are expressed as the number of cycles required
to reach the detection threshold (CT). The results for a 5 g
soil sample were considered to be positive if at least one
of the two PCR wells of at least one of the four replicates
gave a positive result (see Table 1 in the Supplementary Data). Laboratory analyses were performed at the
Laboratoire de Parasitologie-Mycologie EA3800 in Reims,
France. All the positive results were conﬁrmed by a second
ampliﬁcation performed at another laboratory (Laboratoire
de Parasitologie-Mycologie, INSERM, UMR1094, Limoges,
France). PCR results were then processed as a binary variable (positive versus negative) in all statistical analyses. The
sensitivity of the detection method was evaluated by Lélu
et al. (2011), who estimated that the protocol used should
detect concentrations of 10–100 oocysts per gram of soil
in 50% of assays. No lack of speciﬁcity was observed, due
to the speciﬁcity of the target DNA sequence used (Reischl
et al., 2003).
2.4. Statistical analyses
The presence/absence of T. gondii DNA in soil was an
analyzed in relation to spatial zones, cat frequency index
and land use categories.
We ﬁrst estimated the adjusted frequency of positivity
by weighting the observed frequencies in each class of
zone × land use × cat frequency index, according to the proportion of the total area occupied by the surface area of the
given class.
We performed a spatial clustering analyzing using the
Cuzick–Edwards’ k nearest neighbor clustering algorithm
(Cuzick and Edwards, 1990; Fritz et al., 2013) implemented
in the trial version of the software ClusterSeer (Jacquez
et al., 2002). This method calculates the proportion of
positive points surrounding each positive point using the
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speciﬁed k locations nearest to each positive case (k nearest neighbors). The statistic Tk , sums the number of cases
that neighbor other cases over the spatial scale k:

Tk =

N


ıi dik

i=1

where N is the sample size, ıi = 1 if i is a positive result or
0 if a negative one, and dik = 1 if the kth nearest neighbor
to i is a positive, 0 if not. For our sample, a total of 999
Monte Carlo simulations were run to generate P-values for
each level of k. The observed Tk was compared to the distribution of Tk based on a random distribution of the data.
Besides individual P values for each level of k, the Simes and
Bonferroni procedures for multiple testing are reported for
the combined P values for all levels of k. Logistic regression
was used to investigate the relationship between stratiﬁcation variables (zone, cat frequency index and land use) or
combinations of these variables and T. gondii oocyst levels
in soil samples. We adjusted all possible models including
these variables and their interactions. We used the smallsample size-corrected Akaike’s information criterion (AICc;
Burnham and Anderson, 2002) for model comparisons, the
lowest AICc value being considered to indicate the best
compromise between the accuracy and precision of the
model. The model with the lowest AICc (denoted AICmin)
was considered to be the model best explaining the data.
All other models were evaluated on the basis of their difference from this minimum (AICc = AICi − AICmin). If the
difference in AICc between models was less than two, we
retained the most parsimonious model (i.e., the model with
the smallest number of parameters). The overall signiﬁcance of the selected model retained by the model selection
procedure was assessed in a likelihood ratio test (AICcWt).
We then used Wald tests to assess differences between
classes in the ﬁnal model. For the best model, we estimated
adjusted odds ratios for each variable selected, with 95%
conﬁdence intervals.
We used a subset of the data for zone 1 (village) to
investigate the relationship between soil contamination
and cat frequency index. We investigated whether cat
frequency was positively correlated with soil contamination, in Cochran–Armitage tests for trend in proportion
(Armitage et al., 2002).
All analyses were performed with R 2.15 statistical software (R Development Core Team, 2012), with threshold
P-values of 0.05.

3. Results
T. gondii DNA was detected in 71 of the 243 soil samples analyzed (29.2% of the samples; 95% CI = [23.5–34.9]).
Given the distribution of zone × land use × cat frequency
index classes, the adjusted frequency of positive samples
was 26.7%.
The distribution of positive soil samples between zones,
cat frequency areas and classes of land use are presented
in Table 1 and Fig. 1.
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Table 2
Cuzick and Edwards analysis of the distribution of positive soil samples with Toxoplasma gondii DNA. k is the number of nearest neighbors; T[k] is the test
statistic, E[T] represents expected value. P-value is obtained by Monte Carlo simulations. Bonferroni and Simes P-value for multiple tests are respectively
P = 0.87 and P = 0.32.
k

T[k]

E[T]

Var[T]

z

Monte Carlo P value

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

20
37
65
94
115
133
148
158
182
203
224
249
271
296
321
342
363
384
405
430
448
469
487
510
530
553
574
596
614
637

20.54
41.07
61.61
82.15
102.69
123.22
143.76
164.30
184.84
205.37
225.91
246.45
266.98
287.52
308.06
328.60
349.13
369.67
390.21
410.74
431.28
451.82
472.36
492.89
513.43
533.97
554.50
575.04
595.58
616.12

19.65
40.06
60.44
82.32
103.98
126.09
147.61
169.57
195.54
217.58
243.31
267.01
294.03
320.01
345.08
369.00
395.12
421.21
448.98
474.81
504.13
534.63
562.80
594.86
631.62
667.43
700.64
740.74
776.74
816.26

−0.12
−0.64
0.44
1.31
1.21
0.87
0.35
−0.48
−0.20
−0.16
−0.12
0.16
0.23
0.47
0.70
0.70
0.70
0.70
0.70
0.88
0.74
0.74
0.62
0.70
0.66
0.74
0.74
0.77
0.66
0.73

0.64
0.87
0.04
0.03
0.51
0.79
0.95
1.00
0.23
0.52
0.55
0.18
0.42
0.17
0.18
0.51
0.48
0.54
0.50
0.17
0.80
0.50
0.80
0.33
0.63
0.32
0.53
0.44
0.80
0.32

Table 3
Model selection results using Akaike Information Criterion corrected for
small sample size (AICc). Each row represents a candidate model to explain
Toxoplasma gondii prevalence in soil as a function of potential explanatory
variables. For each model tested, the table indicates the residual deviance
(Dev), number of parameters (K) and AICc. The model with the minimum
AICc (AICmin) was considered as the best model to explain the data; all
other models were evaluated based on the difference from this minimum
(AICc = AICc − AICmin of the best model). The Akaike weight (AICcWt)
represents the relative likelihood for a given model to be the best among
all other models. Akaike weight values which range from 0 to 1 can be
interpreted as the probability for a model i to be the best model given the
data.
Model

Dev

K

AICc

AICc

AICcWt

Zone
Cat frequency index
Null model
Habitat
Zone × habitat

286.75
284.76
293.59
293.08
280.60

3
5
1
3
9

292.85
295.01
295.59
299.18
299.37

0.00
2.16
2.76
6.33
6.52

0.60
0.20
0.15
0.03
0.02

The Cuzick–Edwards test showed no signiﬁcant spatial
clustering among positive soil samples for the ﬁrst to tenth
nearest neighbors (k = 1, . . ., 30; Table 2).
Multinomial logistic regression was ﬁnally used to
determine which of our three hypotheses was associated
with positive sample at T. gondii DNA. The model best
explaining the spatial distribution of T. gondii DNA in
soil included only the spatial zones (Table 3). The likelihood ratio test showed that the model retained was
better than the null model (difference in deviance = 6.84,
df = 2, P = 0.033). In this model, the village was signiﬁcantly

more frequently contaminated than the secondary periphery zone (odds ratio = 2.51, 95%CI = [1.24–5.08]; P = 0.010),
whereas the difference between the secondary periphery
and the proximal periphery was not signiﬁcant (OR = 1.70,
95%CI = [0.82–3.51], P = 0.147, Table 4).
Within the village, positive results for soil contamination were not signiﬁcantly related to cat frequency index
(Cochran–Armitage trend test = 1.96, P = 0.162). Although
not signiﬁcant, the observed trend was, however, consistent with our hypothesis that soil contamination increases
with cat frequency, i.e., we found T. gondii DNA in 8/27,
10/27 and 13/27 samples for cat frequency indices of 1, 2
and 3, respectively (Table 1). Finally, no effect of land use
was detected.

4. Discussion
To our knowledge, this is the ﬁrst study to use a PCRbased approach to obtain a representative estimate of the
level of soil contamination with T. gondii, at the scale of a
village, using a stratiﬁed sampling accounting for spatial
distribution of cats and land use.
Due to the moderate sensitivity of the detection methods used, the small number of previous studies carried out
were spatially restricted to sites at which high levels of contamination were expected: cat defecation sites in urban
areas and farm surroundings in rural areas. The results
obtained were therefore not representative of the wider
area (Afonso et al., 2008; Lass et al., 2009; Du et al., 2012;
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Table 4
Parameters of the model selected to explain the prevalence of Toxoplasma gondii DNA in soil samples: parameter estimates, P-values of Wald tests,
odds-ratios (OR) and 95% conﬁdence intervals. Odds-ratios are estimated using the exponential of the coefﬁcients of the logistic regression.
Zone

Parameter estimate (SE)

P-value

OR

IC95% CI

Secondary periphery (reference)
Proximal periphery
Village

0.53 (0.37)
0.92 (0.36)

0.147
0.010

1.70
2.51

0.82–3.51
1.24–5.08

Ajmal et al., 2013). Moreover, among these studies, only
Du et al. (2012) tried to identify factors associated with the
presence of oocysts.
Overall, the level of contamination with T. gondii DNA
within our study site (crude frequency: 29.2%, adjusted frequency: 26.7%) was higher than that reported in previous
studies despite their focus on sites where contamination
was expected to be particularly high: pig farms (21.1%, Du
et al., 2012) or backyards (20%, Ajmal et al., 2013). However,
this difference is difﬁcult to interpret, because it may result
partly from the sensitive detection method used in our
study (Lélu et al., 2011), combined with a sampling scheme
designed to maximize sensitivity (four replicates of 5 g of
soil per sampling point, with results considered positive if
at least one replicate gave a positive result) and biological
factors, such as the large size of the cat population.
As predicted, the level of contamination differed significantly between the three zones deﬁned in the study area.
The proportion of positive soil samples was highest in the
village (38.3%) and then decreased to 29.6% and 19.7% in
the proximal and secondary periphery, respectively. The
high level of soil contamination found within the village
was expected, as this zone corresponded to the core area
of the local cat population. However, contamination levels
did not vary with cat frequency index. This ﬁnding suggests
that direct observations of cats are insufﬁcient to describe
the spatial distribution of cat defecation areas.
A high level of contamination around households and
farms within the village was expected, not only because
the cat population is generally concentrated in this area, but
also because juvenile cats, which are chieﬂy responsible for
the excretion of oocysts into the environment, are likely to
be particularly abundant and active within this area (Dubey
et al., 1995; Gauss et al., 2003). By contrast, the proximal
periphery, corresponding to the most distant area used by
house- and farm-based cats is probably mainly used by
sub-adults and adults cats for hunting and, occasionally,
for defecation (Liberg, 1982; Fitzgerald and Turner, 2000;
Germain et al., 2008). Young cats are the main source of
oocysts in the environment, but several studies in Germany
and Switzerland have suggested that older cats, aged up to
18 years, make a signiﬁcant contribution to environmental
loading (Schares et al., 2008; Herrmann et al., 2010; BergerSchoch et al., 2011). Moreover, occasional cases of young
cats following their mothers during hunting activities have
also been reported in the literature (e.g., Rosenblatt and
Schneirla, 1962). A signiﬁcant decrease of T. gondii prevalence with increasing distance from buildings, especially
farms, has already been reported in previous studies focusing on intermediate hosts (Lehmann et al., 2003; Gotteland
et al., 2013). The authors also attributed this pattern to the
high density of young cats in farm buildings.

However, unexpectedly, we found that soil contamination was not restricted to areas of high cat frequency,
with high levels of contamination also found in the secondary periphery of the study area, which we expected to
be much less frequented by cats. This substantial contamination of areas more than 300 m away from households and
farms may result from: (i) larger home ranges than generally assumed, at least for some individuals, (ii) the presence
of signiﬁcant wildcat and wildcat-domestic hybrid populations in the surrounding forests (Germain et al., 2008)
and, (iii) oocyst dispersal due to soil washing (VanWormer
et al., 2012; Simon et al., 2013) or human and animal activities, such as the movement of agricultural machinery and
domestic animals. Farm machinery and cattle are usually
housed in farm buildings, in which the soil constitutes a
reservoir for oocysts. We therefore cannot rule out the possibility that mechanical and animal vectors are involved
in the dissemination of oocysts to various sites (e.g., crop
ﬁelds, meadows, etc.), with dispersal process potentially
decreasing in efﬁciency with increasing distance from the
initial hotspot of contamination, the village. A detailed
exploration of the mechanisms of oocyst dispersal might
provide an explanation for the observed distribution.
We expected forest areas to be the most favorable for
oocyst survival and crop ﬁelds to have lowest capacity for
oocyst persistence. However, we obtained no evidence suggesting that the presence and persistence of oocysts may
vary with soil characteristics. The poor survival of oocysts
in dry soils may, however, be counterbalanced by the preference of cats for such soils. Further analyses of oocyst
dynamics in different types of soil and of the spatial pattern of cat defecation sites would be useful, to test this
hypothesis.
5. Conclusion
The level of soil contamination with T. gondii DNA was
found to be higher than previously estimated and not
restricted to the immediate vicinity of households or farm
buildings. These ﬁndings indicate that a low density or the
complete absence of cats is not necessarily associated with
an absence of oocysts (Dubey et al., 1995; Mateus-Pinilla
et al., 2002). Inhabited areas where cat populations are
concentrated probably constitute preferential areas of contamination, in which the risk of oocyst-induced infection
for human is particularly high. However, peripheral areas,
beyond the boundaries of the home ranges of cats, are also
often contaminated. This contamination may be due to the
occasional use of these areas by domestic cats, the presence
of wildcats or hybrids in these areas, or the dissemination
of T. gondii by rain or other mechanisms. These results, and
our knowledge of the persistence of infectious oocysts in
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the soil under favorable conditions, provide support for risk
management strategies based on hygiene policy, at least
whilst environmental contamination cannot be efﬁciently
controlled.
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