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The aim of the present study was to use an integrated approach for the identification of

risk areas for Schistosoma mansoni transmission in an area of low endemicity in Minas

Gerais, Brazil. For that, areas of distribution of Biomphalaria glabrata were identified and

were related to environmental variables and communities with reported schistosomiasis

cases, in order to determine the risk of infection by spatial analyses with predictive

models. The research was carried out in the municipality of Alvorada de Minas, with data

obtained between the years 2017 and 2019 inclusive. The Google Earth Engine was used

to obtain geo-climatic variables (temperature, precipitation, vegetation index and digital

elevation model), R software to determine Pearson’s correlation and MaxEnt software

to obtain an ecological model. ArcGis Software was used to create maps with data

spatialization and risk maps, using buffer models (diameters: 500, 1,000 and 1,500m)

and CoKriging. Throughout the municipality, 46 collection points were evaluated. Of

these, 14 presented snails of the genus Biomphalaria. Molecular analyses identified the

presence of different species of Biomphalaria, including B. glabrata. None of the snails

eliminated S. mansoni cercariae. The distribution of B. glabrata was more abundant in

areas of natural vegetation (forest and cerrado) and, for spatial analysis (Buffer), the main

risk areas were identified especially in the main urban area and toward the northern

and eastern extensions of the municipality. The distribution of snails correlated with

temperature and precipitation, with the latter being the main variable for the ecological

model. In addition, the integration of data from malacological surveys, environmental

characterization, fecal contamination, and data from communities with confirmed human

cases, revealed areas of potential risk for infection in the northern and eastern regions

of the municipality. In the present study, information was integrated on epidemiological

aspects, transmission and risk areas for schistosomiasis in a small, rural municipality

with low endemicity. Such integrated methods have been proposed as important tools

for the creation of schistosomiasis transmission risk maps, serve as an example for other

communities and can be used for control actions by local health authorities, e.g., indicate

priority sectors for sanitation measures.
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INTRODUCTION

In 2018, a centenary had passed since the discovery and
description of the intermediate hosts of Schistosoma mansoni
Sambon, 1907 in Brazil by Adolpho Lutz (1). This human
parasitic disease, also endemic in other Latin American countries,
remains one of the major public health problems in tropical
and subtropical regions of the world (2). It is estimated
that approximately 240 million individuals are infected with
schistosome species and 700–800 million people worldwide are
at risk of infection (3). In Brazil, the presence of S. mansoni,
with its complex life cycle, depends on human beings as
main definitive hosts and freshwater, planorbid molluscs of the
genus Biomphalaria as intermediate hosts. In the field, three
snail species were found naturally infected with S. mansoni:
Biomphalaria glabrata (Say, 1,818), Biomphalaria tenagophila
(Orbigny, 1,835) and Biomphalaria straminea (Dunker, 1,848).

In the State of Minas Gerais (MG), schistosomiasis is still
endemic, but such substantial progress in the control of the
disease has been achieved during the past decades, due to
the implementation of the National Schistosomiasis Control
Program (NSCP), that the positivity rate fell from 10.1% in
1977 to 3.86% in 2015, during the latest national survey (4).
However, even in Brazil, the goal of transmission control or
even elimination of schistosomiasis in most of the endemic
areas still seems to be remote, considering latest epidemiological
data on endemic areas and the vast distribution of intermediate
hosts (5). Nevertheless, community and individual parasite loads
have dropped during the last decades with more or less regular
treatment rounds by NSCP and, nowadays, most individuals
from endemic areas present with reduced parasite loads, are hard
to detect by common diagnostic methods (6).

In the central region of Brazil, the “Estrada Real” belongs to
the old slavery road, which transported diamonds and gold from
Northern Minas Gerais to the commercial ports of the states of
Rio de Janeiro (RJ) and São Paulo (SP) and, which is very popular
today among backpackers and eco-tourists. In addition, it is also
known for its risk areas and active transmission of intestinal
schistosomiasis, where prevalence rates at the municipal level
ranged from 0.06 to 28.2% (7).

One of the smaller municipalities of the “Estrada Real” is
Alvorada de Minas, where adequate intermediate hosts were
shown to be present (8), but the municipality is considered to
be an area of low endemicity by the local health authorities.
However, the last NSCP data indicated prevalence rates of
between 5.0 to 10.0% (7). At present, the municipality has no
active control program and sporadic, individual cases have been
treated by the local public health system.

Since the 1970s, NSCP has promoted classic intervention
actions that has prioritized large-scale treatment with
praziquantel (9), without considering sometimes very different
epidemiological settings, intermediate host distribution, or
sanitation conditions in the vast endemic areas of Brazil (10).
In its resolution WHA65.21, participants of the World Health
Assembly in 2012, agreed on the intensification on control
measures for several neglected tropical diseases, including
schistosomiasis, and on its elimination as a public health

problem by 2020 (11). However, as that time approached and
passed, it became clear that interventions against schistosomiasis,
which were merely based on preventive chemotherapy, most
probably, would fall short of achieving the envisaged goal of
elimination (5, 12, 13). More precisely, in order to reach such
goals, integrated control measures were proposed, including
sanitation, health education, early diagnosis and treatment, and
monitoring and control of intermediate hosts (5).

In this respect, geo technologies are considered emerging
epidemiological tools for monitoring and decision making of
integrated control measures against schistosomiasis in Brazil and
in any other endemic region of the world (14–25). These tools
and their spatial analyses allow the construction of risk maps,
which define the epidemiological and spatial dimensions of each
disease, information which is crucial to plan and direct control
interventions (26, 27).

In the present work, predictive models were created for
schistosomiasis risk areas, which were based on intermediate
host distribution, presence of coliform bacteria in natural water
bodies, and environmental characterization. In addition, and in
collaboration with the local health authorities, we combined this
data with the notification of schistosomiasis cases in the different
communities of the investigated municipality.

MATERIALS AND METHODS

Study Area
The study was conducted in the Municipality of Alvorada de
Minas, Minas Gerais State, Brazil (18◦43’7” S/43◦22’5”W), which
is located in the mesoregion “Metropolitan Belo Horizonte”
and within the microregion of Conceição do Mato Dentro,
about 210 km north of the capital Belo Horizonte. According to
the latest survey by the Brazilian Institute for Geography and
Statistics, its populations consisted of 3,606 inhabitants and the
municipality occupied an area approximately of 375 km2 (28).
The main economical sources are mining activities, farming,
and cattle breeding. The municipality is a mountainous region,
partly covered by Atlantic rainforest and with a tropical climate.
It is divided by the “Rio do Peixe” river, which is the main
water source of the municipality and which has an extension of
nearly 165 km on its way to the “Rio Doce” river. Data from
2017 indicated that only 33.8% of houses and other constructed
buildings had adequate sanitation (28), which is supposed to be a
risk factor for the transmission of schistosomiasis.

Environmental Epidemiology
Malacological Surveys
The malacological surveys were undertaken five times over a 12-
month period (starting in September 2018) and covered the dry
and rainy seasons. The snails were collected during a collection
effort of 20min at each collection point, as described elsewhere
(29). Criteria for collection points were: localities indicated by
the health workers; water bodies used by the population for
domestic or recreational purposes; proximity to houses (urban
or rural), especially in communities with registered human cases;
and water bodies with ready road access.
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FIGURE 1 | Distribution of water resources and the 46 collection points for the investigation of limnic molluscs, between the years 2018 and 2019, in the Municipality

of Alvorada de Minas, Minas Gerais, Brazil.

Captured molluscs were enrolled in humidified gauze, put
in identified plastic containers (30), and transferred to the
laboratory in Belo Horizonte (Institute for Biological Sciences,
Federal University of Minas Gerais). Molluscs were identified by
the Schistosomiasis Reference Laboratory of the René Rachou
Institute, Fundação Oswaldo Cruz, Belo Horizonte. At each date
and point of collection, five percent of sampled Biomphalaria

were dissected and the taxonomic classification performed by
molecular methods PCR-RFLP (Polymerase Chain Reaction-
Restriction Fragment Length Polymorphism) with the DdeI
enzyme. The protocols and profiles chosen were compared to
those improved by Vidigal et al., 2000 and Caldeira et al., 2016
(31, 32). For molluscs not identified by molecular methods, the
morphological identification procedure of the shells was adopted
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according to Deslandes, 1951 and Paraense, 1975 (33, 34). Each
collection point and water body (river, brook, canal, and lagoon)
was georeferenced, using a Garmin GPSMap 62S (Figure 1).

In order to stimulate and verify cercariae release in the
laboratory, all specimens of the genus Biomphalaria captured
were individually exposed to an artificial light source for a
duration of 4 h, at a temperature of between 28 and 30◦C.
Afterwards, the presence of typical, bifurcate cercariae was
verified under a stereomicroscope and a 20x magnification (35,
36). Snails without cercarial shedding were re-examined once
a week, for a total of 4 weeks. Each analysis contained the
confirmation of cercarial shedding during the daytime (light
stimulation) and overnight, when molluscs were individually
checked for the presence of other types of cercariae in the early
morning, in order to certify absence of any trematode infection.

The research was submitted to the Biodiversity Authorization
and Information System (Sisbio), under number 68627-1 and
authentication code 068627012019029.

Fecal Contamination of Water Samples With Coliform

Bacteria
The Colilert R© test kit (IDEXX Laboratories Inc., Westbrook,
Maine, USA) was used for the examination of water samples
from different collection sites where molluscs were captured.
Additionally, water samples from three urban locations without
the presence of molluscs were included, two from the central
urban area and one from a district of the municipality, all areas
frequently used by the population. The test kit is capable of
detecting the presence of coliforms and especially Escherichia coli
in liquid samples.

For the identification of E. coli, it was necessary to
use a 365 nm ultraviolet lamp according to (37), for the
detection of fluorescence produced in the metabolism of 4-
methylumbelliferyl-β-d-glucuronide (MUG) (38, 39).

Environmental Characterization
The environmental characterization of the collection sites
followed the guidelines for the evaluation of diversity of habitats,
as proposed by the Environmental Protection Agency (EPA)
(40) with adaptations, as proposed by (41, 42). The protocol
evaluated the characteristics of each segment of water body and
its environmental impacts, imposed by anthropogenic activities.
For a better description of the habitats of the malacofauna,
we modified parameters 8 and 10, according to (42) (see
Supplementary Material Appendix 1). As proposed in another
adaptation for environmental characterization (41), three levels
for environmental preservation were defined, where 0–15 points
indicated impacted water bodies, 16–25 points altered, and
higher than 26 points indicated natural water bodies.

Registered Human Cases of Schistosomiasis in

Alvorada de Minas
In order to relate the malacological data to the occurrence of
human schistosomiasis cases, non-identifiable information on
human cases in settlements or communities of each district was
obtained from the local Secretary of Health for the years 2017 to
2019 inclusive.

Since 2011, the national program for schistosomiasis control
has been discontinued and no sistemic epidemiological surveys
have been conducted in this area. At present, suspected cases are
being dealt on an individual basis, with fecal and/or serological
exams and individual treatment. The municipality has a low
endemicity profile for schistosomiasis, with 107 cases between
the years 2017 to 2019, with an average of 35 cases per year, <1%
in the municipality’s population. Human parasitological research
in Alvorada de Minas will be carried out at another time in the
study, when funding is available.

Spatial Epidemiology
Obtained Data
The ecological study analyzed the spatial patterns of the obtained
data. Based on a codified cartography, a database with each
of the sampling points, data on present snail species, fecal
contamination with E. coli, quality of habitat, and presence
of human cases in the respective community was mounted.
After evaluation and integration of the different variables, the
information was converted in nominal values, which contained
and defined the arbitrary variable “weight” and served for the
identification of risk areas (Table 1).

From the coordinates, the shape of points containing the
database was generated. Other related databases were imported:
Brazilian municipalities geocoded database, projection and
datum considered Geocentric Reference System for the Americas
version 2000 (SIRGAS 2000–IBGE, 2018). From these databases,
choropleth maps were generated for the analysis of spatial
distribution of data in relation to environmental variables.

The remote sensing geo-climatic variables (temperature,
vegetation index, precipitation, and digital elevation model) were
obtained from the Google Earth Engine (GEE) using the products
MODIS/006/MOD11A2, MODIS/006/MOD13Q1, UCSB-CHG
/ CHIRPS / DAILY, and USGS / SRTMGL1_003, respectively.
GEE is a cloud platform used for geospatial analysis, with high-
performance computational resources and providing a wide
range of data (43). Due to the absence of some data, only the
distribution of B. glabrata was used for the correlation with the
GEE data.

Data on cover and land use in 2018 were extracted from the
Brazilian Annual Land Use and Land Cover Mapping Project

TABLE 1 | Arbitrary score sheet of the variables obtained in the field.

Variables Assigned score Scoring criteria

Biomphalaria glabrata 2 High susceptibility

Other specimens of Biomphalaria 1 Low susceptibility or

not susceptible

E. coli contamination 1 Presence of E. coli

Habitat 1 Attributed to highly

impacted environments

Human Infection 1 Presence of patients

diagnosed and treated

between 2017 and

2019 in the

communities.
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(Projeto MapBiomas, 2020) (https://mapbiomas.org/) version
5.0 (44).

The ecological variables (Climatic, Topography and
Vertical Distance to the Nearest Drainage data) were
obtained from the National Institute for Space Research
(http://www.dpi.inpe.br/Ambdata/), which provides
environmental data on biodiversity studies, with a 1 km
spatial resolution. The distribution of B. glabrata was added to
the ecological model.

Processing Data
The script (https://code.earthengine.google.com/
35ac6e4beae421f8f22d6aaee16df141) was constructed to obtain
the image with average values from October 2018 to September
2019, the period corresponding to the malacological collection.
From these databases, choropleth maps were generated for the
analysis of spatial distribution of data in relation to remote
sensing (RS) variables.

Pearson’s coefficient was used to verify the existence
of a correlation between the presence of B. glabrata and
environmental and RS variables. For determining the significance
of the results, p ≤ 0.05 was adopted.

The configurations of MaxEnt used were: cross validate
and logistic. The performance of the model was ascertained
using the area under the curve (AUC) of the receiver
operating characteristic.

To suggest risk areas, geoprocessing techniques and spatial
analysis tools were used. The Buffer technique was used to point
out potential risk areas from the radial distance from a risk
point (45). The hydrographic sub-basins of the municipality were
isolated and delimited and buffers of 500, 1,000, and 1,500mwere
merged from the sampling points with the presence of B. glabrata.
The sections of water resources internal to these buffers were
cut and highlighted, excluding those sections belonging to other
basins, in order to estimate the possible expansion of outbreaks
during the rainy periods.

For each point, arbitrary values were determined individually
for each study variable, which were later grouped to determine
what was classified by us as “Total Arbitrary Weight” (Table 1),
which was used to indicate potential risk even without the
presence of B. glabrata at that point.

The CoKriging Interpolation technique was used to perform
the prediction of spatial risk in locations that had not been
measured, based on measurements made at specific points (46).
The Source Dataset was used in the following order: presence
of B. glabrata (weight two) with presence of other Biomphalaria
species (weight one), community with human cases (weight one),
altered habitat (weight one), and E. coli contamination (weight
one). An Ordinary method that presented SemivariogramModel
[0.58755 ∗ Nugget+ 0.5771 ∗ Stable (0.1726, 0.089162, 137.3, 2)],
Anisotropy true, Lag Size 0.014; Number of Lags 12.

Geoprocessing and spatial analyses were performed in
ArcGis 10.4 (https://www.arcgis.com/), Pearson’s correlation was
performed using R software (https://www.r-project.org/) and
ecological model was performed using MaxEnt software (https://
biodiversityinformatics.amnh.org/open_source/maxent/).

RESULTS

Malacological Surveys, Fecal
Contamination and Its Spatial Distribution
Forty-six collection points were evaluated, of which 14 points
contained snails of the genus Biomphalaria. In total, 767molluscs
were collected and from morphological and molecular analyses
the presence of B. glabrata, B. tenagophila, B. straminea, B. cousini
and B. kuhniana was confirmed. The first three of those are
natural intermediate host species of S. mansoni and B. cousini
and are considered potential intermediate hosts, which is based
on experimental infections in the laboratory (47). Most of the
captured planorbid snails were collected in lentic environments,
e.g., in 13 out of 14 collection points, but none of the snails
eliminated S. mansoni cercariae. Biomphalaria glabrata and other
species of this genus were found in the urban area and were
also distributed in the eastern affluents of the main river (Rio
do Peixe), with the exception of two points in the southwestern
region, where only other Biomphalaria species were captured
(Figure 2).

As for the classification of the environments of the different
collection points, the applied protocol indicated the presence
of 37 (80.4%) highly impacted and 9 (19.5%) slightly impacted
environments. Of the environments with the presence of
Biomphalaria, 13 (92.8%) were classified as highly impacted
sections and only one collection point (# 10) was classified
as slightly impacted (see Supplementary Material Appendix 2).
The environments evaluated as impacted or altered were
classified in the spatial distribution as altered habitats, which was
the case in 37 of the 46 sampling points, distributed throughout
all districts and regions of the municipality (Figure 2).

Microbiological analysis of water quality was limited
to 18 environments, with the presence of different limnic
molluscs and at points 13, 14, and 23 without registration
of any mollusc. Of the 14 environments that presented
Biomphalaria, microbiological analysis was carried out in
13 environments, and of these, only three collection points
(15, 32, and 41) were not contaminated with E. coli. Overall,
coliform bacteria was found in all water samples 17 (100%)
and 15 (88.23%) of the samples were positive for E. coli
(Figure 2).

Within the municipality, 10 communities were registered with
cases of schistosomiasis, which corresponded to 26 collections
points for limnic environments (Figure 2). The western district
of the municipality (Itaponhoacanga) recorded human cases,
altered habitat and fecal contamination, but no Biomphalaria
species were found in this area. In the communities to the south,
altered habitats, fecal contamination and B. tenagophila were
registered, but there was no record of human schistosomiasis.
Also, some communities registered only altered habitats. All the
other urban and rural communities under evaluation presented
with all relevant environmental risk factors in addition to notified
human cases.

Three sample points did not present relevant malacofauna
variables, environmental factors and treated patients (points 26,
27, 43), and were considered to be of low risk for schistosomiasis
(Figure 2).
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FIGURE 2 | Distribution of environmental and epidemiological data (malacology, altered environments and the presence of E. coli), and cases of infected humans in

the nearby communities, identified by collection points, in the municipality of Alvorada de Minas, Minas Gerais, Brazil. The white circles represent investigated areas

that did not show factors associated with schistosomiasis.

Environmental Characterization and
Additional Risk Factors
In addition to these main variables, environmental, geo-climatic
factors, such as temperature, precipitation, altitude and use of
vegetation, were analyzed for association with infection.

Pearson’s correlation indicated a significant positive
correlation with the precipitation variables (indirect) and
an inverse correlation with land surface temperature (LST) at
night (indirect). The results were: precipitation (cor = 0.36; p =
0.01); and LST-night (cor = −0.33; p = 0.02) (Figure 3). Other
variables did not show significant correlations.

The main river (Rio do Peixe) cuts through the central town
area from north to south, and is supplied by numerous rivers
and streams of small and larger size, whose springs originate
from both the western (more rugged relief) and the eastern
region (less rugged relief). At lower altitudes, the characteristics
of the wavy relief with small plains facilitates the formation

of a hydrographic network with favorable backwaters for the
establishment of Biomphalaria.

The average annual temperature in the municipality varies
between 17.8–21.0◦C and the annual precipitation varies between
1,358–1,545mm, with lower temperatures and higher rainfall
being observed in the region of higher altitude, in the extreme
west, unfavorable for the reproduction of Biomphalaria. The
lower areas registered higher temperatures and less rainfall,
favoring reproduction and establishment of planorbid species.

The land use in Alvorada de Minas is dominated by a
fragmented mosaic of “Forest Formation” and “Pasture”, with
important continuous and connected forest areas, and large
continuous pasture areas with small forest fragments. Other types
of land use were also observed, such as “Mosaic of Agriculture
and Pasture,” distributed throughout the municipality, and
“Rocky Outcrop” and “Savanna Formation,” representative of the
quartzitic rock fields of the Serra do Espinhaço in the western
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FIGURE 3 | Correlation map of Biomphalaria glabrata with precipitation and land surface temperature at night, using 2018–2019 GEE data and land use map,

municipality of Alvorada de Minas, Minas Gerais, Brazil.

region of the municipality. Other types of smaller areas included
“Forest Plantation,” “Urban Infrastructure,” and “Mining” and
its associated structures. In the western region, there are more
natural areas (forest, savanna, and rupestrian fields) in relation to
the eastern region of the municipality, which, despite registering
important native areas, has extensive pasture areas.

Biomphalaria glabrata were predominantly collected at
sites that are located close to natural vegetation (forest and
savanna−55.56%) and in modified/anthropized areas (pasture
and agriculture−44.44%). On the other hand, the opposite was
observed at collection points without the presence of planorbid
species, where anthropized environments dominated (54.05%).

The variables which contributed most to the predictive
model was the December precipitation (49.2%) and vegetation
(21.5%). With an AUC of 0.997, the predictive capacity of the
model was high (Figure 4). These variables were in accordance
with those found by the correlation (precipitation) and land
use/MapBiomas (natural vegetation) models.

Risk Mapping
A buffer map was created to indicate an elevated relative
risk in relation to the collection points with B. glabrata and

within a radius of 500–1,000m, to indicate areas that demand
greater environmental attention in terms of avoidance of human
waste disposal. A radius of between 1,000 and 1,500m was
used to indicate the risk of colonization of new environments,
considering a potential displacement of B. glabrata, passively
downstream and actively upstream. Five major stretches of
these water resources were identified as of elevated risk for
schistosomiasis. The more distant from the point of occurrence,
the lower the risk (see Figure 5).

The presence of B. glabrata was confirmed at nine sampling
points. In the first section located to the east, four points
were identified with an approximate route of 7 km in the
main channel. The second and third sections were located
to the north, with only one point of approximately 3 km
in the main channel. The fourth section located in the
urban area, also presented a point approximately 300m from
Rio do Peixe and approximately 4 km in the main channel
(Rio do Peixe). Finally, the fifth stretch with two points
recorded approximately 3.5 km in the main channel (Rio do
Peixe). The stretches also reached some of its closest affluents
and other points, where no B. glabrata were found (see
Figure 5).
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FIGURE 4 | Spatial distribution of Biomphalaria glabrata in the municipality of Alvorada de Minas, Minas Gerais, Brazil, obtained by MaxEnt.

By the total arbitrary weight technique, we were able to
combine additional variables for risk mapping in areas not
exclusively associated with the presence of Biomphalaria. The
total arbitrary weights applied to the sampling points of the
limnic environments revealed risk areas other than the risk radius
identified in the buffer technique, which was only for B. glabrata.
Sampling points with the presence of B. glabrata registered values
of between four and six, suggesting that the presence of these
molluscs is strongly associated with at least two other factors
analyzed. Some locations registered values of three and two,
suggesting potentially favorable environments for B. glabrata,
e.g., in the district west of the Peixe River. Other locations
obtained values of between one and zero, suggesting the absence
of environmental conditions for B. glabrata, as in the community
close to the sampling points 26 and 27 (Arrudas), also west of the
Peixe River.

In order to make better risk predictions, we used cokriging,
with the presence of Biomphalaria (B. grabrata with a value
of 2; any other species of Biomphalaria value 1) as the main
variable and in combination with other support variables,
such as community with human cases, altered habitat, and

E. coli contamination. Cokriging revealed an elevated risk
for schistosomiasis (value >) in the main urban area of the
municipality and the entire eastern region of Rio do Peixe.
Especially in the extreme east, in the Ribeirão community, the
risk of infection obtained a value of higher than 2. On the
contrary, throughout the western region of the main river, a
lower risk for infection (value <1) resulted. The slightly elevated
risk attributed in the far west, and the high risk in the far east,
both observed beyond the radius of influence of the sampling
points, were the result of geostatistical distortions and should
be disregarded. The assigned risk estimates are more significant
when closer to the sampling points and less powerful in areas with
fewer points nearby, e.g., the southern stretch of the Peixe River
(Figure 6).

DISCUSSION AND CONCLUSIONS

The research carried out analyzed the presence of essential
components for the identification of possible risk areas for
schistosomiasis (48, 49), such as details on malacofauna,
environmental factors related to the disease and the distribution
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FIGURE 5 | Distribution of Biomphalaria glabrata habitats and risk zones, according to Buffer estimates, in the period from 2018–2019, Alvorada de Minas, Minas

Gerais State, Brazil. Collection points with B. glabrata (red circles) and buffer risk zones for downstream or upstream waterbodies for 500 meters (red), 1,000 meters

(orange), and 1,500 meters (yellow) distance.

of patients treated by the municipal health department. The
integration of this data permitted to create predictive scenarios
for the determination of areas with the highest environmental
risk, something that was hardly applied in endemic regions
in Brazil.

Molecular identification of the collected Biomphalaria species
was done by PCR-RFLP, a method previously established by our
research group in various studies (31, 32). As such, it was shown
that the defined restriction profiles are reproducible and proved
also to coincide with the morphological identification of the
species. For our relatively restricted endemic area with its small
but connected water bodies, the objective was to identify the
species of the genus Biomphalaria and check for the presence of
infected snails, without the intention of performing populational
studies. In this case, the morphology or/and the PCR-RFLP
satisfactorily met our needs.

Among the possible intermediate host species for S. mansoni
transmission, collected B. glabrata species were classified as the

most relevant ones, mainly due to their high compatibility with
the trematode and their overlap with the distribution of human
schistosomiasis in Brazil (50, 51). Furthermore, B. glabrata is
not only the most susceptible snail species for S. mansoni
transmission in Brazil, but it is also the species that has the
vastest distribution in the State of Minas Gerais (30) and the
largest distribution in the municipality of Alvorada de Minas.
Consequently, B. glabrata was present in nine out of 14 habitats
with individuals of the Biomphalaria genus, whereas B. straminea
and B. tenagophila were present in only one habitat, that is why,
they were included in the arbitrary weight Biomphalaria spp.
However, under favorable conditions, these snails can transform
these environments into places of high risk for transmission.

In the study, more than 80% of the sites with Biomphalaria
were found to be contaminated with E. coli in the limnic
environments. In order to investigate the microbiological quality
of the water, the microorganisms were used to merely indicate
fecal contamination as a kind of surrogate marker, according to
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FIGURE 6 | Risk map for transmission of schistosomiasis, estimated by Cokriging with total arbitrary weight of environmental and human epidemiological data, in the

Municipality of Alvorada de Minas, Minas Gerais, Brazil. Relative risk is indicated by a graduated color map, with red areas corresponding to high risk and dark blue

areas with absent risk of infection.

the American Public Health Association (APHA) (52). As such,
the detection of E. coli is indicative of the possible presence
of other waterborne pathogens, however, there is no absolute
correlation between the number of indicator bacteria and actual
presence and the number of enteric pathogens, e.g., schistosome
eggs or miracidia (52). According to the WHO (53), E. coli
is the best microbial indicator of fecal contamination in water
samples and is exclusively related to traces of feces, as well as
indicating recent fecal contamination in water bodies and can
be detected with a low budget. Thus, the presence of bacteria in
the aquatic environment may be related to the release of fresh
domestic sewage into water bodies or the presence of feces from
other homeothermic animals. Nevertheless, in other endemic
areas in northeastern Brazil similar results were obtained and
indicated the need for improvements in the basic sanitation
system of those municipalities (48, 54). Also, from their studies,
it was concluded that there was a need to include results on
E. coli contamination in spatial analyses to contribute to the

determination of risk areas. The authors are well aware that
there is the possibility of a contribution of other mammals
in transmission and maintenance of the biological cycle of S.
mansoni in endemic areas, mainly by rodent species (55, 56)
and by cattle (57–59). However, this was beyond the scope of
the present study, which makes it an opportune area for future
investigations, since this rural municipality has agriculture as one
of its main economic activities.

The protocol for rapid assessment of habitat diversity
showed a greater presence of molluscs in impacted stretches,
as observed by others during malacological surveys carried
out in municipalities of different Brazilian States (60–62). In
this respect, others also described the adaptation and strong
resistance of different mollusc species, collected in polluted
environments (63). Interestingly, human schistosomiasis cases
were notified by the local health authorities in the western area.
However, no adequate intermediate hosts were found there.
Alvorada de Minas is a municipality which is frequented by
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tourists and backpackers and even for the local population it is
relatively easy to get to different locations within themunicipality
and to adjacent places. As such, we cannot exclude the possibility
of dislocation of inhabitants during leisure activities and of
water contact in areas where infected molluscs might be
present. This justifies the cases of schistosomiasis in the district
(Itapanhoacanga) even without the registration of Biomphalaria
in the western region.

The absence of intermediate hosts in the western region
of the investigated municipality may be due to the lower and
unfavorable temperatures for Biomphalaria in the extreme west.
In a similar study, lower temperatures as limiting conditions were
also discussed for the distribution of snails and the maturation
of cercariae (22). In the same region, the topography presents a
considerable elevation (1,300m above sea level) and the highest
parts are mostly rocky, including some mining areas. Thus, the
water collections are left without considerable vegetation and
not appropriate for the settlement of Biomphalaria species. In
addition, more elevated springs, more rugged terrain, and higher
rainfall result in a higher flow of water, which is a less favorable
environment for Biomphalaria along the downstream channels,
and also reduces the potential for skin contact with released
cercariae in suchwater bodies. As noted by others (64), significant
precipitation creates a rapid flow of water unsuitable for cercariae
or snail survival. In this same context, the higher flow of water
in this region accelerates the purification of water, reducing the
chance of fecal contamination by E. coli.

In a northeastern state of Brazil, studies used ecological
models to determine potential risk areas for the occurrence of
Biomphalaria species (48, 64). In both studies, precipitation was
the variable which contributed most to the predictive models.
As for the State of Minas Gerais, rainfall is generally recurrent
betweenOctober andMarch (65). Here, the precipitation variable
for the month of December was related to the beginning of the
rainy period between the months of October 2018 to September
2019. The distribution of snails and, as a consequence, the
occurrence of human schistosomiasis cases can be modeled from
the environmental and climatic characteristics and, therefore,
the Biomphalaria distribution maps obtained can be used as
risk predictors for the distribution of S. mansoni, as previously
shown (66).

The Buffer map presented the risk in different circles of
risk levels around the collection points with B. glabrata, in
order to estimate the areas of transmission and the possible
expansion to new environments. Other researchers, (67)
used the same tool and applied a distance of 100–500m
to determine risk areas in an urbanized, touristic area
in Northeastern Brazil. Another study (68), resulted in a
significant distance of 400–800 meters from the residences to
the water sources defined as risk areas. Thus, demonstrating the
importance of such a tool for studies on the epidemiology of
schistosomiasis. In general, due to better and more readily
available information on the wide distribution of these
molluscs and their ability to colonize diverse environments,
significantly altered distribution maps on the adequate,
intermediate host species for S. mansoni transmission were
elaborated (69).

In the State of Minas Gerais, some studies showed the
potential of using krigging to estimate areas for the occurrence of
Biomphalaria in designed risk maps (19, 65, 70). In the present
study, krigging showed to be a less satisfactory tool, since the
relationships between several variables were investigated. In the
cokriging system applied here, the cross-correlation between the
different variables was more satisfactory to calculate the poorly
sampled or unsampled areas, thus providing a tool for the more
complete mapping of the risk areas throughout the municipality.

A methodological gap in our study was the use of rough data
on human infections from the Municipal Secretary of Health,
e.g., merely identification of communities with notified human
infections. However, in future investigations on a larger scale, it
would be interesting to explore more precisely the spatial effects
at the family and/or household level. Another limitation was the
lack of an even greater sampling effort of water bodies, which
was adjusted to the environments with the greatest potential
for occurrence of Biomphalaria species and to the vicinity of
housings or communities. However, the malacological survey
had a good territorial coverage. In our opinion and since
schistosomiasis is still considered a major public, economic and
environmental health problem, it was important to consider
different factors and variables for the determination of risk areas
as a kind of integrated approach and based on environmental
data and human epidemiology.

For future studies, we would recommend the temporal
analysis of risk of infection and the addition of quantitative
data on biological materials (examination of human feces; snail
data and microbiological exams) collected in the field. Such data
collection was beyond the initial scope of the study. However,
this could further improve the precision of the model for more
accurate estimates of risk areas and its application to identify
priority areas for intervention.

Schistosomiasis is a dynamic and resilient disease that
predominantly affects impoverished and less developed areas
where, in many cases, the parasitic cycle is maintained by a
restricted number of affected families or small communities.
Alvorada de Minas is a predominantly rural municipality with
only one water treatment plant located in the center of the
town. The rest of the houses receive water directly from
natural water collections without treatment and, in some cases,
treated water is distributed by trucks. In this respect, data
from the Brazilian Institute of Geography and Statistics from
the year 2017, showed that only 33.8% of the households had
adequate sanitary sewage, which is considered a risk factor
for waterborne diseases (52, 71), especially when combined
with the presence of adequate intermediate hosts. As discussed
before, the presented analyses helped to identify risk areas. This
should give assistance to the municipal decision-making process
on the construction of septic tanks and any other sanitation
interventions. We believe, that the results of this study may be
used to direct measures for improvements in health services and
the implementation of control measures for the disease, as well
as for social and economical development, since the municipality
intends to explore its potential in rural tourism. Spatial analyses
must be taken into account for basic sanitation solutions and
infrastructure actions, for Alvorada de Minas to develop. This
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might serve as an example for other, similar communities, which
are still endemic for intestinal schistosomiasis.
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