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Waterborne toxoplasmosis investigated and analysed
under hydrogeological assessment:
new data and perspectives for further research
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We present a set of data on human and chicken Toxoplasma gondii seroprevalence that was investigated and
analysed in light of groundwater vulnerability information in an area endemic for waterborne toxoplasmosis in Brazil. Hydrogeological assessment was undertaken to select sites for water collection from wells for T. gondii oocyst
testing and for collecting blood from free-range chickens and humans for anti-T. gondii serologic testing. Serologic
testing of human specimens was done using conventional commercial tests and a sporozoite-specific embryogenesisrelated protein (TgERP), which is able to differentiate whether infection resulted from tissue cysts or oocysts. Water
specimens were negative for the presence of viable T. gondii oocysts. However, seroprevalence in free-range chickens was significantly associated with vulnerability of groundwater to surface contamination (p < 0.0001; odds ratio:
4.73, 95% confidence interval: 2.18-10.2). Surprisingly, a high prevalence of antibodies against TgERP was detected
in human specimens, suggesting the possibility of a continuous contamination of drinking water with T. gondii
oocysts in this endemic setting. These findings and the new proposed approach to investigate and analyse endemic
toxoplasmosis in light of groundwater vulnerability information associated with prevalence in humans estimated by
oocyst antigens recognition have implications for the potential role of hydrogeological assessment in researching
waterborne toxoplasmosis at a global scale.
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Toxoplasma gondii is the causative agent of toxoplasmosis, one of the most common parasitic zoonoses
in humans worldwide. The ingestion of tissue cysts in
undercooked meat or of sporulated oocysts in contaminated food or water results in two modes of transmission
in humans. In epidemiological terms, it is not possible
to determine the predominant route of transmission (oocysts or tissue cysts) by conventional serology (Jones &
Dubey 2010). The same routes (oocysts and tissue cysts)
can infect warm-blooded animals, resulting in human
exposure to infective meat-tissue cysts (Dubey et al.
2005). Water is recognised as a vehicle for disseminating T. gondii oocysts. However, the presence of T. gondii oocysts has been infrequently documented in water
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sources (de Moura et al. 2006) and the evidence for waterborne transmission has been inferred mainly from epidemiological parameters (Bowie et al. 1997, Bahia-Oliveira et al. 2003). Geological and/or geographic factors
affecting the quality of water consumed by people who
do not have access to treated water can provide insight
into the high prevalence of waterborne diseases worldwide. Hence, knowledge of geographic and/or geological
variables as well as other environmental parameters that
affect the quality of water consumed by poor populations may be a starting point for the adequate adoption of
public health policies to cope with this difficult problem.
Global efforts have been made to reduce risk factors for waterborne diseases worldwide. In this sense,
the eighth phase of the International Hydrological
Programme (IHP-VIII), namely, the eight-year medium-term strategy of United Nations Educational, Scientific and Cultural Organization (2014-2021) (unesco.org/
new/en/natural-sciences/environment/water/ihp/aboutihp/), aims to improve water security in response to local,
regional, and global challenges via multidisciplinary and
environmentally healthy approaches to water resources
management. The present study’s use of hydrogeological assessment to improve our understanding of environmental data influencing waterborne toxoplasmosis
is aligned with the IHP-VIII aims. We analysed human
and chicken T. gondii serology in light of information on
online | memorias.ioc.fiocruz.br
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groundwater vulnerability using a previously established
vulnerability map of unconfined aquifers from Campos
dos Goytacazes, state of Rio de Janeiro, Brazil (Alves et
al. 2009), an area of endemic waterborne toxoplasmosis
(Bahia-Oliveira et al. 2003). The results show a clear and
significant association between areas of higher groundwater vulnerability (areas with a higher probability of
surface contamination) and the higher seroprevalence
of T. gondii in free-range chickens. For humans, the use
of an ELISA for a sporozoite-specific protein [T. gondii
embryogenesis-related protein (TgERP)], which differentiates oocyst and tissue cyst-induced infections (Hill
et al. 2011), showed that the oocyst infection route is of
significant magnitude. We discuss the possibility of anti-TgERP antibodies as new potential tools to indicate
recent exposure to T. gondii oocyst antigens and/or a
continuous Toxoplasma re-infection phenomenon in endemic settings where water has been identified as a risk
factor for human infections.
SUBJECTS, MATERIALS AND METHODS

Study area and the vulnerability map of unconfined aquifers - Campos dos Goytacazes (21º45’15”S
41º19’28’W) is a city in the north of RJ. Campos dos
Goytacazes can be classified as having a tropical wetand-dry climate type and an average annual temperature
between 20-23ºC, with a maximum average temperature
of 32ºC. The average annual rainfall is 1,300 mm unevenly distributed, with dry periods of high temperatures (FEEMA 1993). This is the largest municipality in
the state, with an area of 4,032 km2 and a population of
480,648 inhabitants (IBGE 2014).
The present study was undertaken using a previously established vulnerability map of unconfined aquifers
from Campos dos Goytacazes using DRASTIC methodology. The acronym DRASTIC stands for “depth of the
aquifer, recharge, aquifer media, soil media, topography,
impact of the vadose zone and hydraulic conductivity”
(Alves et al. 2009). This map was used to select residential
sites for sampling human and animals to investigate serology against T. gondii. A total of 64 sites in urban, suburban and rural areas were investigated. Wells were present
on 90% (57 of 64) of the visited properties. Seven properties did not have wells; they were located in urban areas
and received water from the two municipal water treatment plants (Bahia-Oliveira et al. 2003). Two categories
of aquifers occur in the Campos dos Goytacazes region:
fractured and unconfined porous aquifers. The latter,
which are the focus of this study, are composed of sandy
and clay-rich sediments of the Quaternary, sediments
of the Barreiras Formation of the Tertiary and residual
soils from weathering of Precambrian rocks (Alves et al.
2009). The risk of groundwater pollution depends on the
characteristics of the aquifer (geological formation containing or conducting groundwater) and the subsurface
contamination load, which is influenced by anthropic actions (Aller et al. 1987, Foster et al. 1987, Gogu & Dassargues 2000, Panagopoulos et al. 2005, Bojórquez-Tapia et
al. 2009). The groundwater vulnerability map presented
in Fig. 1 was generated using DRASTIC methodology, a
frequently employed method that considers the relevance

Fig. 1: Campos dos Goytacazes, state of Rio de Janeiro, Brazil,
groundwater vulnerability map generated according to DRASTIC methodology (Alves et al. 2009). The blue diamonds indicate the 40 household wells with a depth between 1-10 m.
Urban (the central area of the map outlined by the ellipse),
suburban (outlined by open diamonds) and rural (outlined by
squares) areas are indicated.

of weighted hydrogeological factors (Aller et al. 1987).
Geoprocessing techniques and the software programs
ARCVIEW 3.2 and ARCGIS 9.0 were used in the elaboration and crossing of the thematic maps, resulting in the
four classes/categories of vulnerability shown in the map
in Fig. 1. Four indices (classes/categories of vulnerability)
were identified: from 23-119, from 120-149, from 150179 and from 180-230 (Alves et al. 2009). For the present
study, the levels of probability of contamination (levels of
vulnerability) from soil pollution were the same as previously (Alves et al. 2009). The categorisation attributed to
each index referent to the levels of vulnerability was low
(23-119), moderate (120-149), high (150-179) or extreme
(180-230) (Alves et al. 2009). In demographic terms,
such areas presented urban, suburban or rural features,
as shown in Fig. 1. Because of the scarcity of people and
free-range chickens living in areas of low vulnerability,
these areas were not included in the study.
Study population - A total of 133 individuals living in
the 64 visited properties (64 households) were invited to
participate in the study; 128 (96%) consented (own or their
guardians’) after informed about the project. The study
protocol complied with the Declaration of Helsinki and
was approved by the local ethical committee (Research
Ethical Committee of the Oswaldo Cruz Foundation, RJ;
ruling 347/06) and the Brazilian National Council of Eth-
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ics in Research, Ministry of Health, (ruling 013/2007).
The individuals (n = 128) lived in houses located in areas
of moderate (n = 53, aged from 8-79 years), high (n = 60,
aged from 8-84 years) or extreme (n = 15, aged from 1171 years) vulnerability, as shown in the Table. Five millilitres of blood was collected from each person for the
T. gondii serological assays. Standard serological tests
(VIDAS Toxo IgG and IgM Kit, BioMérieux®, and ARCHITECT Toxo IgG, and IgM Kit, Abbott Diagnostics
Division) that detect previous T. gondii exposure without
discriminating the route of infection were performed to
evaluate acute and chronic T. gondii human infection.
Oocyst investigation in water samples - The presence
of viable T. gondii oocysts in groundwater samples from
wells in the studied area was investigated using chicken
bioassays (de Moura et al. 2006). DNA extraction from
fluoropore membranes was also performed with the
FastDNA extraction method (Qbiogene, USA), by using
a procedure previously published (da Silva et al. 1999).
Water samples were collected from 40 previously georeferenced household wells located in the 64 properties in
areas of moderate, high or extreme groundwater vulnerability. A total of 1,750 L of water was collected over a
four-month period (an average of 50 L of water per well).
The water was filtered through fluoropore 3 μm membrane filters (Millipore Billerica, USA) that were then
fed by gavage to specific pathogen-free (SPF) chickens
for bioassay, as previously described (de Moura et al.
2006). Four groups of chickens (total 10) were studied
based on the vulnerability of water filtered through the
membranes that they were fed by gavage: distilled water - control group (2 chickens), moderate vulnerability
(2), high degree of vulnerability areas (3) and extreme
degree of vulnerability (3).
T. gondii serology in free-range chickens - Serum
samples from 197 free-range chickens inhabiting peridomestic areas of the 64 investigated households were
tested for anti-T. gondii antibodies. The chickens were
distributed as follows: 79 in areas of moderate vulnerability, 70 in areas of high vulnerability and 48 in areas
of extreme vulnerability. The sera were evaluated using
a modified agglutination test (MAT), as described by
Desmonts and Remington (1980) and Dubey and Desmonts (1987); a titre of 1:25 was considered indicative
of T. gondii exposure. The animal ethics protocol was
approved under institutional protocol CEUA # 97.
ELISA against TgERP - To investigate the transmission route, the sera of all 128 human participants were
also analysed for reactivity against TgERP, with the aim
of differentiating oocyst-acquired infections from those
acquired through tissue cysts (Hill et al. 2011). Briefly, testing for reactivity to TgERP was performed by
ELISA. TgERP (uncleaved with Factor Xa) was diluted
to a concentration of 2 μg/mL in 0.1 M carbonate buffer, pH 9.6. ELISAs were carried out essentially as described by Gamble et al. (2000). Reference positive and
negative controls were included on each plate. A positive
cut-off was established as the mean value of optical density (OD) of seronegative samples plus three times the
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standard deviation of seronegative samples. Plates were
read at 405 nm using a Vmax ELISA reader. The levels
OD against TgERP were arbitrarily considered as higher
and lower than 1,000 in order to estimate the degree of
positivity among those individuals who tested positive
against this antigen. The degree of positivity against
TgERP was considered high for individuals presenting
values of OD higher than 1,000 and low for individuals
presenting values of OD lower than 1,000.
Statistical analysis - Statistical analyses were performed using a chi-square test for linear trends and Fisher’s exact test was used with a 95% confidence interval
(CI) (GraphPad Prism 6) to assess significant associations between the seroprevalence of human and chickens toxoplasmosis and the groundwater vulnerability
degree. Odds ratios (ORs) with 95% CIs were calculated.
RESULTS

Oocyst investigation in water samples - Water samples collected from the 40 wells investigated in this study
(Fig. 1) totalled 1,750 L collected over a four month period
from June-September of 2013 (average of 50 L of water
per well). The samples were filtered through 17 fluoropore 3 μm membrane filters that were then given to 10
SPF chickens for bioassay. Three chickens (2 from highvulnerability areas and 1 from an extreme-vulnerability
area) seroconverted to T. gondii infection when tested by
MAT. However, viable T. gondii could not be isolated from
these three chickens or from the seronegative chickens fed
with membranes. Attempts to amplify parasite DNA from
fluoropore membranes also yielded negative results.
Serological findings in free-range chickens - Serum samples from the 197 free-range chickens inhabiting peridomestic areas were evaluated using the MAT.
The chickens were distributed as follows: 79 in areas
of moderate vulnerability, 70 in areas of high vulnerability and 48 in areas of extreme vulnerability (Table).
A significant association between seroprevalence and
groundwater vulnerability was observed. Chickens from
areas of high and extreme groundwater vulnerability
were respectively 4.38 and 4.75 times more likely to be
T. gondii seropositive than those from areas of moderate
groundwater vulnerability (OR: 4.38, 95% CI: 2.19-8.74)
for high vulnerability areas and (OR: 4.72, 95% CI: 2.1810.2) for extreme vulnerability areas (Table).
Human seroprevalence of toxoplasmosis based on
conventional and TgERP serology - Serology in humans
was evaluated by both conventional ELISA and TgERP
ELISA, as shown in Fig. 2 and in the Table. In humans,
the prevalence of IgG antibodies, as measured by both
TgERP ELISA and conventional ELISA, was higher in
areas with a higher degree of groundwater vulnerability
(Table). However, no statistically significant differences
in seroprevalence were observed when considering the
degree of groundwater vulnerability. In Fig. 2A, the seroprevalence of conventional antigens and TgERP are
compared as a function of the age range of the patients,
independent of whether they were from areas of moderate, high or extreme groundwater vulnerability. The
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Fig. 2A: Toxoplasma gondii seroprevalence according to age,
as determined by conventional ELISA (●) and T. gondii embryogenesis-related protein (TgERP) ELISA (■) for 128 individuals; B: degree of antigenic recognition, as assessed by TgERP
ELISA according to the age range of the study population.
Optical density (OD) value greater than 1,000 was established
arbitrarily to regard individuals having higher degree of positivity against TgERP (see Subjects, Materials and Methods).

prevalence curves for conventional antigens and TgERP
are parallel in the section of the curves where the slope
is highest (from 8-29 years old); in this age range, six
individuals were positive exclusively for TgERP (they
were negative by conventional ELISA). After the age of
20, the seroprevalence of TgERP was stable at approximately 50%. None of these individuals had IgM levels
compatible with recently acquired toxoplasmosis, as
detected by conventional serology (data not shown). In
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Fig. 2B, the degree of antigenic recognition assessed by
TgERP ELISA is expressed in terms of OD values higher or lower than 1,000 as a function of the age range of
the groups, independent of whether patients were from
areas of moderate, high or extreme groundwater vulnerability. Only TgERP-positive individuals (n = 63) are
shown in Fig. 2B. The number of individuals presenting
OD greater than 1,000 is higher for younger individuals
groups and decreases with age, indicating that probably
the infection is more recent in those individuals. The
numbers in brackets represent the numbers of individuals in each age group in Fig. 2A, B.
DISCUSSION

The DRASTIC methodology has been increasingly
employed in Geographic Information System-based
mapping to geospatially represent and predict groundwater quality and to provide the basis for policy decisions regarding protection of aquifers from chemical and
biological pollutants. It has provided a useful method
for evaluating long-term changes in the vulnerability of
groundwater to microbiological and chemical pollution.
Good agreement has been reported between the areas
classified by this method as highly vulnerable and those
that are found to have high levels of pollution based on
field testing (Hammouri & El-Naqa 2008, Jamrah et al.
2008, Muhammad et al. 2015). Our application of DRASTIC methodology opens new perspectives in understanding environmental aspects of waterborne toxoplasmosis.
Transmission of T. gondii via drinking water has
been reported in the context of outbreaks and as a risk
factor in toxoplasmosis-endemic areas (Jones & Dubey
2010, Karanis et al. 2013, Krueger et al. 2014). However,
estimation of the levels of host exposure to T. gondii oocysts via drinking water is a complex and multifactorial
subject. In Colombia, it was investigated the geographical factors influencing frequency of serological markers
for congenital toxoplasmosis and it was found a significant correlation between mean rainfall at the city studied and the incidence of markers for congenital infection
(Gómez-Marin et al. 2011).
Features including unknown levels of contamination
from water sources and the fact that T. gondii can be
transmitted by several modes contribute to a lack of specific recommendations to prevent the transmission of T.
gondii via drinking water (Dubey 2004).
We were not able to amplify DNA from the parasite
or isolate the parasite despite the seroconversion of three
chickens fed with membranes filtered water from wells
classified as highly or extremely vulnerable, reinforcing
the need to improve and/or to seek new alternatives to
investigate (or estimate) the presence of T. gondii oocysts
in water sources. In fact, the detection of viable T. gondii
oocysts in sources of water is difficult because it depends
on bioassays due to oocysts’ inability to reproduce in vitro (Gilot-Fromont et al. 2012, Karanis et al. 2013). This
is a disadvantage in comparison with other types of waterborne pathogens, such as those that multiply in vitro.
A direct and statistically significant relationship between higher groundwater vulnerability and higher T.
gondii seroprevalence was observed only for chickens
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as far as we know it has not been previously described
or investigated under this perspective. For human seroprevalence, this relationship was evident only as a tendency
without statistical significance (Table). This difference
between trends in chicken and human seroprevalence may
be explained at least in part by the behaviour of humans
with respect to their constant mobility across areas with
diverse risk of T. gondii oocyst groundwater contamination, whereas chickens are confined to the same peridomestic areas during their lifespan and also by the differential habits and hygiene behaviour observed in humans.
Regarding this last point, Casartelli-Alves et al. (2015)
published a study on environmental contamination by T.
gondii based on georeferencing isolates from chickens
in an endemic area of RJ. The researchers applied questionnaires for risk factors that considered the ingestion of
unfiltered and untreated water from natural sources, including wells and rivers. They found that in 100% of the
51 farms investigated, chickens drank untreated and unfiltered water. Humans used untreated water (unfiltered
and not boiled) for drinking on 41.2% (n = 21) of the farms
and treated water (filtered) for drinking on 58.8% (n = 30).
Free-range chickens are considered to be good indicators of soil contamination by T. gondii oocysts (Dubey
2010). The area studied had been previously described
as having high levels of soil contamination with T. gondii oocysts (da Silva et al. 2003). Our observed strong
association between positive T. gondii serology and
higher degree of groundwater vulnerability reveals that
chickens can be also good indicators for vulnerability of
groundwater contamination with T. gondii oocysts and
suggests that this further investigation is warranted.
We hypothesise that under hydrogeological conditions
of groundwater vulnerability, if soils are (or have been,
for a certain period) contaminated with T. gondii oocysts,
as can be estimated based on free-range chickens’ seroprevalence, there is a significant chance that the groundwater will be contaminated with T. gondii oocysts and will
become an important and persistent source of parasite
infection. Ground water would be a more favourable environment than soil for the persistence and “preservation”
of oocysts and for the organism’s evolution and perpetuation. In fact, soil contamination by T. gondii oocysts is not
a stationary event because it can varies depending on the
presence of feline excretion of oocysts in faeces and on
environmental conditions such as temperature and moisture (Dubey 2004, Casartelli-Alves et al. 2015).
With this in mind, it is possible to consider the direct
association observed between the degree of groundwater
vulnerability and chicken seropositivity might represent
a type of “vicious cycle” in which felines contaminate
soil with T. gondii oocysts, which, by percolation, contaminate the groundwater or other water sources. Chickens and other birds can acquire T. gondii infection by
drinking contaminated water and then, by carnivorism,
felines are in turn infected. Corroborating this possibility there are at least two already reported aspects of
environmental contamination. First, T. gondii oocysts
remain viable in fresh and marine water for long periods (Lindsay et al. 2003). Second, free-range chickens
(and birds in general) that drink unfiltered water from
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wells and other natural untreated sources of water (such
as lakes or lagoons) can become infected (CasartelliAlves et al. 2015). A third aspect that is consistent with
this hypothesis is the hydrophilic nature and negative
charge of T. gondii oocysts in freshwater (Shapiro et al.
2009), which could facilitate widespread contamination
of groundwater from unconfined aquifers.
We did not detect a statistically significant association
between human infections and vulnerability of aquifers.
In a previous study in the same area, we showed that the
magnitude of T. gondii transmission via oocyst ingestion
is probably related to drinking water (Bahia-Oliveira et
al. 2003). In our study, none of the individuals presented
signs or symptoms of recent infections, and all were IgM
negative, indicating the presence of antibody to TgERP in
chronically infected individuals. However, we have only
indirect evidences, our data on TgERP IgG levels in the
individuals who, based on conventional serology, were
chronically infected, indicates that (i) it potentially may
be used in further studies to estimate of exposure to the
T. gondii oocysts at the individual level and (ii) continual
re-infection may be occurring in areas endemic for waterborne toxoplasmosis since after the age of 20, the seroprevalence of anti-TgERP was stable at approximately 50%.
The great genetic diversity of circulating parasites in
Brazil, especially in Campos dos Goytacazes (Dubey et
al. 2003, 2008, Su et al. 2012, Shwab et al. 2014), could
contribute to the possibility of a gradual acquisition
(with age) of immunity (a broader repertoire) against the
plethora of antigenic diversity resulting from this genetic
diversity. In fact, the T. gondii re-infection phenomenon
has been well documented in the context of congenital
toxoplasmosis and the basis of the evidence is the genetic
diversity of the parasite possibly involved in the re-infection episodes documented (Elbez-Rubinstein et al. 2009).
Reinforcing this possibility is the fact that the six individuals who were negative by conventional serology
and positive by TgERP ELISA in the present study were
recently re-tested and continued to be negative by conventional serology (data not shown), however we cannot rule out the possibility of a cross-reactivity between
TgERP antigens and antigens from other parasites for
instance. Nonetheless, a viable explanation for these
data is the possibility that the antigenic diversity of circulating parasites generates an immune response in the
population that is not 100% covered by commercial tests
against T. gondii; those tests are made with dominant
antigens from parasite strains circulating in Europe and
North America that present with lower genetic diversity
in comparison with Brazilian strains. All of these data
open avenues to investigate the possibility of the T. gondii re-infection phenomenon in endemic areas. In this
sense, it will be necessary to investigate the recognition
of antigens other than those used in conventional, commercially available serology as well as to investigate the
presence of DNA parasite in peripheral blood as previously reported (Martino et al. 2005).
In conclusion, our data open new perspectives on
experimental design and new avenues for understanding the dynamics of soil and groundwater contamination with T. gondii. For instance, controlled studies are

warranted using hydrogeological assessment and field
experiments with Toxoplasma-free sentinel chickens
(Moré et al. 2012). Further, anti-TgERP IgG levels may
be used to estimate frequency of individual T. gondii
oocyst exposure and experimental studies are possible
in which patients are followed using this serological parameter to evaluate how and the frequency with which it
varies in controlled population-based studies.
Finally, the investigation of waterborne toxoplasmosis via this new approach may produce more consistent
data using a lower number of human and animal serum
samples in comparison with conventional investigations
of T. gondii seroprevalence. These hydrogeological maps
can provide a basis for planning strategies to reduce the
risk of T. gondii infection in animals and humans. Furthermore, under the current circumstances of the world
water crisis an urgent need has come into view for the
agreement of coordinated and concerted actions involving interdisciplinary approaches to tackle with water
safety questions. In this sense this novel presented approach may be replicated in other areas and also for other
waterborne infections, not only in toxoplasmosis, what is
possible because hydrogeological maps are increasingly
being used to improve spatial and anthropic activities focused on preventing groundwater source contamination.
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