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Abstract: The Middle Paranapanema River region of São Paulo, Brazil is home to significant diversity of 
Biomphalaria species and is very vulnerable to health and environmental impacts such as schistosomiasis. This 
study updates freshwater malacological surveys for ecosystems in one portion of the Middle Paranapanema River 
Basin, with emphasis on the genus Biomphalaria. Snails were collected from 114 distinct bodies of water between 
2015 and 2018. Biomphalaria specimens were identified according to morphological and molecular characteristics, 
while animals in other genera (Drepanotrema, Lymnaea, Melanoides, Physa and Pomacea) were identified solely 
according to shell characteristics. A geographic information system was used to update intermediate host colonization 
sites and consequently assist in identifying probable hotspots for intermediate hosts of schistosomiasis. The 
sequences of the COI gene relating to the DNA barcode stretch were tested for similarity against sequences found 
in GenBank, for monophyly through Maximum Likelihood phylogenetic inference, and analyzed in ABDG, bPTP 
and GMYC for the delimitation of putative species. Of the 10,722 snails collected, 86.7% were in the Planorbidae 
family (75.5% Biomphalaria and 11.2% Drepanotrema) and 13.3% were other non-Planorbidae species (Lymnaea, 
Melanoides, Physa and Pomacea). The taxonomic COI reference sequences in the NCBI nucleotide database used 
for DNA sequence comparison, and phylogenetic analysis used to test the monophyly of the groups, resulted in more 
reliable taxonomic units than delimitation of the COI sequences in MOTUs using statistical taxonomic models. 
Analysis of the species distribution shows that B. glabrata and B. tenagophila are heterogeneously distributed in 
the study area. B. glabrata colonizes only five water bodies, in the study area, most of them in Ourinhos, while 
B. tenagophila predominates in water bodies in Ipaussu. Contrasting with this, B. straminea, B. occidentalis and 
B. peregrina are evenly distributed throughout the study area.
Keywords: Biomphalaria, freshwater snails, biodiversity, DNA barcode, distribution.

Diversidade de caramujos de água doce Biomphalaria spp. e outros moluscos 
associados, em áreas de risco da esquistossomose, empregando ferramentas 

moleculares e espaciais

Resumo: A região do Médio Rio Paranapanema, em São Paulo, Brasil abriga uma diversidade significativa 
das espécies de Biomphalaria. É também uma região vulnerável a impactos ambientais e de saúde, como a 
esquistossomose. Este estudo atualiza dados sobre a distribuição de caramujos de água doce em ecossistemas 
de uma porção da Bacia do Médio Rio Paranapanema, com ênfase no gênero Biomphalaria. Os caramujos 
foram coletados de 114 corpos distintos de água doce, entre 2015 e 2018. Exemplares pertencentes ao gênero 
Biomphalaria foram identificados de acordo com características morfológicas e moleculares, enquanto animais 
de outros gêneros (Drepanotrema, Lymnaea, Melanoides, Physa e Pomacea) foram identificados somente de 
acordo com características da concha. Ferramentas de análise geoespaciais foram utilizadas para atualizar os sítios 
de colonização dos caramujos e, consequentemente, auxiliar na identificação de possíveis pontos críticos para 
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Introduction

The midsection of the Paranapanema River in the state of São Paulo, 
Brazil is located in areas with mostly flat topography and features shallow 
lentic ecosystems such as streams, marshes, and wetlands colonized by 
macrophytes. These ecosystems are home to diverse freshwater mollusk 
fauna including the genus Biomphalaria; species described in this region 
are Biomphalaria glabrata (Say 1818), B. tenagophila (d’Orbigny 
1835), B. straminea (Dunker 1848), B. occidentalis (Paraense 1981), 
and B. peregrina (d’Orbigny 1835), as well as Pomacea (Perry 1810), 
Drepanotrema (Fischer & Crosse 1880), Lymnaea (Lamarck 1799), 
Melanoides (Olivier 1804), and Physa (Draparnaud 1801). (Piza et al. 
1972, Vaz et al. 1989, Luz et al. 1998, Teles 1989, Fernandez et al. 2003, 
Carvalho et al. 2008, Tuan 2009, Maltchik et al. 2010, Scholte et al. 2012, 
Medeiros et al. 2014, Pereira et al. 2018).

This species richness combined with the volume and extension 
of water in the Paranapanema River Basin presents a significant 
opportunity to explore snail diversity and their relationship with 
potential transmission of waterborne diseases. Specifically, with regard 
to the genus Biomphalaria, the Middle Paranapanema has been the 
source of human cases of schistosomiasis; B. glabrata, B. tenagophila, 
and B. straminea are found in bodies of fresh water in this region, and 
larvae of the trematode Schistosoma mansoni Sambon, 1907 develop 
in these three species causing schistosomiasis in humans.

Taxonomic identification of species in the genus Biomphalaria 
uses binary anatomical characters with a high coefficient for retention 
and consistency within a single species, which are associated with 
the characters that exhibit major variations in number and shape 
(Paraense 1961,1975, 1981). Traditional taxonomy requires meticulous 
observation of snails from various bodies of fresh water and an extensive 
geographical area.

Intraspecies variations in morphological characters that are used to 
identify Biomphalaria species are usually minimized, and consequently 
identification is exclusively based on the snails’ anatomy, although this 
method cannot decisively address the natural diversity of the species 
in question.

Results obtained for species of freshwater and land mollusks 
which are medically relevant in the neotropics show the importance 
of combining traditional methods of morphological analysis with 
molecular methods to identify known species as well as potential cryptic 

species (Langand et al. 1999, Vidigal et al. 2000, 2013, Campbell et al. 
2000, Dejong et al. 2003, Wethington et al. 2007, Teodoro et al. 2010, 
Tuan et al. 2012, Palasio et al. 2017, Bezerra et al. 2018).

Molecular analysis shows significant interspecific genetic 
differentiation in some species of Biomphalaria such as B. tenagophila, 
B. glabrata, B. peregrina, and B. straminea, suggesting the presence of 
differentiated lineages in contiguous geographic areas (Tuan & Santos 
2007, Palasio et al. 2018). These results contrast with the phenotypic 
uniformity found in morphological assessment, and demonstrate that the 
molecular characters used to differentiate Biomphalaria species could 
broaden knowledge on the diversity of freshwater snails.

The close relationship between snails of the genus Biomphalaria 
and human health makes diversity studies of this group essential, since 
taxonomy and even the mapping of aquatic ecosystems are necessary 
to monitor and control schistosomiasis. Within the context of public 
health, the inclusion of new approaches can affect the adoption of new 
strategies in the future (Salked et al. 2015).

Spatial analysis techniques are being used systematically to 
analyze distribution patterns of snail species in the genera Bulinus and 
Biomphalaria which colonize specific regions of Africa (Simoonga et al. 
2009; Moser et al., 2014). In Brazil, geographic information systems 
(GIS) have been utilized in studies correlating the distribution patterns 
of snails which are intermediate hosts of S. mansoni in areas where 
schistosomiasis is highly endemic, including Bahia (Bavia et al. 1999, 
Cardim et al. 2011), Pernambuco (Almeida et al. 2003; Gomes et al. 
2012), Minas Gerais (Guimarães et al. 2009, 2010, 2012, Fonseca et al. 
2014), and Sergipe (Barboza et al. 2012, Santos et al. 2016).

The distribution of Biomphalaria species in the state of São Paulo 
was mapped using traditional methods which utilize mollusk checklists 
to record species distribution in macro-geographic administrative 
divisions (Piza et al. 1972, Vaz et al. 1983, 1986, 1987, 1989, 1992). 
There is no record of a mollusk checklist for the middle region of the 
Paranapanema River. It is important to update snail distribution of this 
region and gather this data into a mollusk checklist based on geospatial 
analysis methodology.

With this in mind, our analysis was developed to investigate the 
diversity of mollusk fauna, particularly the distribution patterns of 
Biomphalaria species, using geospatial analysis and taxonomy tools 
that combine morphological and molecular approaches.

hospedeiros intermediários da esquistossomose. As sequências do gene COI relacionadas ao DNA barcode foram 
testadas quanto à similaridade com sequências encontradas no GenBank, por análise filogenética sob maxima 
verossimilhança, e analisadas em ABDG, bPTP e GMYC para a delimitação de espécies putativas. Dos 10.722 
moluscos coletados, 86,7% pertenciam a família Planorbidae (75,5% Biomphalaria e 11,2% Drepanotrema) e 
13,3% a Lymnaea spp., Melanoides spp., Physa spp. e Pomacea spp. A comparação das sequências taxonômicas 
de COI com o banco de dados de nucleotídeos do NCBI, e a análise filogenética usada para testar a monofilia dos 
grupos, resultaram em delimitações taxonômicas comparáveis à delimitação morfológica. As espécies B. glabrata 
e B. tenagophila estão heterogeneamente distribuídas ao longo da área de estudo. B. glabrata foi identificada em 
apenas cinco coleções de água doce, quatro delas em Ourinhos, enquanto B. tenagophila predominou em Ipaussu. 
Por outro lado, B. straminea, B. occidentalis e B. peregrina estão distribuídas uniformemente na área de estudo.
Palavras-chave: Biomphalaria, caramujos de água doce, biodiversidade, código de barras DNA, distribuição.
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Material and Methods

1.	 Study area and snail collection

The study area is located in the Middle Paranapanema River 
Basin, which is located in the west/southwest region of the state of São 
Paulo, on the border with Paraná, Brazil (Figure 1). This region has 
anthropogenic landscapes located between large expanses of sugarcane, 
soy, and coffee plantations as well as pasture areas (Peron & Piroli 
2011, CBH-MP, 2018).

The Paranapanema, Pardo, Turvo, Novo, Capivara, and Pari Rivers 
traverse the region and comprise the Middle Paranapanema River Water 
Resources Management Unit (UGRHI-17) (Safre & Manzione 2015, 
CBH-MP, 2018).

Mollusks were collected from 114 freshwater ecosystems located in 
rural and urban areas across the municipalities of Ipaussu, Chavantes, 
Ourinhos, Ribeirão do Sul, and Assis, from ecosystems where medically 
relevant snails had previously been reported (Figure 1). The location 
and boundaries of the larger and smaller bodies of water were identified 
utilizing physical maps obtained from each of the five municipalities.

The snails were collected from a minimum of 1 and a maximum 
of 44 collection points spaced from 250 m to 1000 m in each of the 
114 bodies of fresh water (additional information file), totaling 654 
sampling points. Variations in the collection points along the same 
body of fresh water resulted from variations in total length (Km) in 
the bodies of water which were the object of study. The results ranged 
from 1 to 159 snails per sample, depending on the productivity of the 
breeding site and the extension of the collection points. The snails 
were collected using a standardized capture scoop made of metal 
mesh (BRASIL 2008) during March, June, September, and December 
of 2015–2018. The samples were placed into containers with water 
from their own ecosystems to keep the specimens alive. Once they 
arrived in the laboratory in Ourinhos, the snail specimens obtained 
from the collection points were grouped and packed in dry gauze 
and sent to the Biochemistry and Molecular Biology Laboratory at 
the São Paulo State Center for Endemic Diseases Control (SUCEN). 
All the collection points were georeferenced using a Garmin eTrex 
GPS device (Garmin, Olathe, USA), with an exact margin of error of 
+/- 3.6 meters (12 feet).

Figure 1. Points where snails and associated mollusk fauna were collected from 114 bodies of water between 2015 and 2018 in the municipalities of Ourinhos, 
Ipaussu, Chavantes, Ribeirão do Sul, and Assis in the Middle Paranapanema region of São Paulo, Brazil. * numbers correspond to the bodies of water (see 
additional information file).
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The diversity of species and genus of snails sampled across areas 
of each municipality was expressed as the frequency of each species or 
genus (i) in relation to the number of water bodies inhabited by species 
or genus sampled.

2.	 Morphological and molecular identification of the snails

The characteristics of the shells of the snails collected were used for 
identification to the genus level. All snails in the genus Biomphalaria 
were exposed to artificial light for 4 hours to stimulate the release of S. 
mansoni cercariae (BRASIL 2008).

From each of the samples containing Biomphalaria snails, which 
are distinguishable by examining their shells, a subsample of up to five 
adult and/or juvenile specimens were separated for morphological and 
molecular identification.

The process of morphological identification in the adult snails 
began with separating the soft parts from the shells after the columellar 
muscle of the animal was relaxed in water at 70 ºC. Next, a 1-mm 
or approximately 10-mm section of the foot was excised from the 
cephalopodal region in the juvenile and adult specimens, respectively, 
for subsequent molecular analysis. The other soft parts from the adult 
specimens were maintained in Raillet-Henry solution for at least three 
days and then dissected and identified according to the morphological 
characteristics of their reproductive systems, as described in Deslandes 
(1959) and Paraense (1975, 1981). The parts used for morphological 
identification were kept as “vouchers” in tubes with Raillet-Henry 
fixation at SUCEN’s Molecular Biology Laboratory (LBMSU) 
(LBMSU-670-674, 675-722, 727-829, 864-899, 935-957, 973-977, 
1007-1026, 1042-1063, 1094-1099 and 1118-1252). Non-Biomphalaria 
vouchers were filed with the Brazilian National Reference Laboratory 
for Schistosomiasis [LRNEM] at the Oswaldo Cruz Institute under 
number LRNEM (NA77-87/17, NA 89-108/17, NA 193/17, NA 
199-201/17, NA194-195/18, NA196/19, NA198/17 and NA197/20).

The cephalopodal section taken from the adults and juveniles 
then underwent procedures to extract and purify the genomic DNA 
using a Qiagen Blood and Tissue Kit (Qiagen, Hilden, Germany). 
After extraction and purification, the genetic material was frozen at a 
temperature of -18°C at the SUCEN laboratory.

The purified genomic DNA then underwent amplification of the 
mitochondrial cytochrome oxidase I gene using LCO-1490 and HCO-
2198 primers (Folmer 1994), according to DNA Barcode protocol 
(Hebert et al. 2003) and PCR conditions described by Tuan et al. 2012.

The amplified products were then sequenced in an ABI3100 
sequencer (Applied Biosystems, Foster City, CA, USA) at the Molecular 
Biology Laboratory of the Butantan Institute.

The eletrochromatograms were visualized and analyzed in Chromas 
software (Technelysium Pty Ltd., South Brisbane, Australia) and aligned 
in MAFFT version 7 software (Katoh et al. 2017, <https://mafft.cbrc.
jp/alignment/server/>), using the highly rigorous Q-INS-I parameter. 
The sequences were visually corrected using the BioEdit 7.2.5 tool 
(Hall 1999) and individually analyzed in the NCBI GenBank database 
(<https://www.ncbi.nlm.nih.gov/genbank/>) to obtain the similarity 
values between the target sequence and sequences which had been 
previously filed in GenBank.

COI sequences which had previously been identified according to 
morphology, were used to classify the species into taxonomic units, along 
with sequences from immature specimens and those with ambiguous 

morphology. This process utilized the following statistical tests: (i) 
ABGD (Puillandre et al. 2012), which uses distance as a parameter to 
infer the barcoding gap; ii) bPTP (Zhang et al. 2013), which calculates 
the highest probability of branching through Bayesian analysis and (iii) 
GMYC (Fujisawa & Barraclough 2013), with an algorithm using models 
of speciation and coalescence to infer putative species.

The results based on genetic distance between the sequences were 
obtained using the online version of ABGD software (<http://wwwabi.
snv.jussieu.fr/public/abgd/>). The results for bPTP were obtained using 
the online version of the software (<https://species.h-its.org/>), with a 
tree containing sequences grouped by the NJ method as the input file, 
and the GTR+G model generated in MEGA X. The models were selected 
using the Akaike information criterion (AIC) via Modelgenerator 
software (Keane et al. 2006).

The results for the GMYC model were obtained from the online 
version (<https://species.h-its.org/gmyc/>) using an ultrametric input 
tree calculated from the grouping of the COI sequences according 
to the Neighbor-Joining method (NJ), with the GTR+G model in 
MEGA X (Kumar et al. 2018). To test the hypothesis of monophyly, 
the COI-sequences were tested under the Maximum-Likelihood (ML) 
principle in PHYML 3.2 software (Guindon & Gascuel 2003), which 
uses the NNI heuristic method to obtain the initial tree and exhaustive 
search (SSR) for obtaining the tree with the highest likelihood value. 
The values of support for the branches were obtained by parametric 
method approximate Likelihood Ratio Test (aLTR) associated to the 
non-parametric method Shimodaira-Hasegawa (SH) (Shimodaira & 
Hasegawa 1999, Anisimoiva et al. 2011). The analyzes were done under 
General Time Reversible (GTR) model. The trees were visualized in 
Treeview (Page 2001).

Interspecific and intraspecific genetic divergence values were 
calculated using MEGA X (Kumar et al. 2018).

3.	 GIS Mapping

Together with the coordinates from the collection sites, the data on 
identification of the snails at the species and genus levels were used to 
create thematic maps showing the distribution of Biomphalaria species 
and the other mollusk groups. This was done in QGIS software version 
2.18.22 (QGIS Development Team, 2018). The cartographic materials 
showing river layers and census tracts were obtained from the Brazilian 
Institute of Geography and Statistics (IBGE 2010a, 2010b, 2010c) and 
the São Paulo State Secretary of the Environment (SMA 2013).

Results

1.	 Taxonomic composition

Between 2015 and 2018, 10.722 snails were collected with 
conchological characteristics of animals in the genera Biomphalaria, 
Drepanotrema, Physa spp., Melanoides spp., Lymnaea spp., and 
Pomacea spp. These snails were found at 258 collection points and 
totaled 473 positive samples. During this same period, negative results 
were obtained at 396 collection points, totaling 421 samples.

Of the 473 positive samples, in 298 only snails in the genus 
Biomphalaria were collected (N=7092). In 108 samples (N=1960) 
snails from the following genera were collected: Drepanotrema 
spp., Physa spp., Melanoides spp., Lymnaea spp., and Pomacea spp. 
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In the remainder of the 67 positive samples, 1006 snails in the genus 
Biomphalaria were collected; these were randomly associated with the 
snails belonging to other genera (N=664) described above. Snails in 
the genus Lymnaea were found at only 13 collection points; 3 of these 
specimens were Lymnaea columella (Say, 1817) and trematodes were 
not present No Biomphalaria snails shed S. mansoni cercarian flukes.

The complete taxonomic composition according to conchological 
analysis is depicted in Figure 2.

Of the total of 365 positive samples containing individuals of 
Biomphalaria, specific identification methods could be applied to 
individuals from 276 samples. In the 89 remaining samples, specific 
identification was not viable because the specimens had died during 
transport from the field to the laboratory.

Of the total of 276 samples of snails in the genus Biomphalaria, 
taxonomic identification by morphological and molecular characters 
was applied to subsamples of 144 snails. Because of technical problems 

extracting and purifying the genomic DNA, subsamples of 63 snails 
were identified by morphological characters alone. Immature snails 
(N=4 samples) with ambiguous morphology and wrinkling in the 
reproductive system due to problems obtaining the soft tissue (N=65 
samples) offered a further opportunity to apply the DNA barcode, 
because it was impossible to dissect or morphologically identify these 
specimens.

The samples which were identified using molecular biology or 
molecular as well as morphological analysis (4+65+144 = 213 samples) 
produced 275 COI gene sequences which were compared with the 
sequences deposited in GenBank for similarity (Table 1). All the COI 
sequences obtained in the present study corresponded to the nominal 
species present in GenBank filed under access numbers KX354433-
KX354444 and MK395801-MK396064. Data related to the geographic 
coordinates, reference numbers for the COI sequences in GenBank and 
each voucher specimen are presented in the additional information file.

Figure 2. Sampling results and observed frequency of species of Biomphalaria, and snails in the genera Drepanotrema, Physa, Pomacea, Melanoides, and 
Lymnaea, observed in the period 2015-2018 in the area under study.
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Table 1. Similarity indexes between the 275 COI gene sequences for Biomphalaria, the sequences in GenBank, and the number of molecular taxonomic units 
obtained using different statistical methods (ABGD, bPTP, GMYC).

Morphological species Number 
of seqs

Bodies of 
water

Genbank Number of MOTUs
Number 

seqs E Best fit Best fit 
MOTU ABGD bPTP* GYMC**

A
du

lts

B. glabrata 17 4 29 100 B. glabrata 1 1 1
B. occidentalis 58 23 21 100 B. occidentalis 1 1 1
B. peregrina 45 18 14 95-99 B. peregrina 2 3 5
B. straminea 11 7 96 99 B. straminea 1 2 2
B. tenagophila 46 9 107 100 B. tenagophila 1 1 1
Total 177 45 6# 8 10

A
m

bi
gu

ou
s 

m
or

ph
ol

og
y 

(M
a)

Biomphalaria spp.

8 4 29 100 B. glabrata 1 1 1
52 19 21 100 B. occidentalis 1 1 1
13 10 15 95-100 B. peregrina 2 3 4
7 6 96 99 B. straminea 1 2 2

11 8 107 100 B. tenagophila 1 1 1

Im
m

at
ur

e 
(I

m
) Biomphalaria spp.

2 1 29 100 B. glabrata 1 1 1
4 2 21 100 B. occidentalis 1 1 1
1 1 107 100 B. tenagophila 1 1 1

Total 98 32 6# 8 9

A
du

lts
 +

 Im
+ 

M
a B. glabrata +Ma + IM 27 5 29 100 B. glabrata 1 1 1

B.occidentalis+Ma+IM 114 28 21 100 B. occidentalis 1 1 1
B. peregrina+Ma 58 26 14 95-99 B. peregrina 2 3 6
B. straminea+Ma 18 9 96 99 B. straminea 1 2 2
B.tenagophila+Ma+IM 58 12 107 100 B. tenagophila 1 1 1
Total 275 65 6# 8 11

2.	 Integrated morphological and molecular taxonomy

In order to separate the species into taxonomic units (DNA barcode), 
275 sequences were evaluated; 177 of those sequences were obtained 
from the COI gene in adult individuals which had previously been 
morphologically identified, while the remaining 98 came from immature 
specimens or those with ambiguous morphology.

The similarity between the COI gene sequences and the sequences 
filed in GenBank was 99–100% for B. tenagophila, B. glabrata, B. 
occidentalis, and B. straminea. Minimum similarity values of 95% were 
obtained for comparison of some sequences from B. peregrina. This 
similarity value was also obtained for sequences derived from immature 
specimens, adults or those with ambiguous morphology (Table 1).

When analyzed in ABGD, bPTP, and GMYC, the COI sequences 
from B. glabrata, B. tenagophila, and B. occidentalis with the lowest 
values for intra-species genetic diversity produced three different groups 
of molecular operational taxonomic units (MOTUs). Nevertheless, the 
three statistical methods differ with regard to the number of MOTUs in 
species with higher rates of intraspecific genetic diversity. In ABGD, 
B. peregrina was identified in two groups of putative species. In bPTP, 
B. peregrina and B. straminea were identified in three and two groups, 
respectively, while in GMYC there was statistical support for the 
identification of B. peregrina in 5 putative species. (Table 1).

The lowest values (5%) for interspecific genetic divergence were 
observed when comparing sequences from B. tenagophila vs. B. 
occidentalis, and the highest values (12%) were seen in comparisons 
of sequences from B. peregrina vs. B. glabrata and B. peregrina vs. B. 
tenagophila (Table 2).

Analysis of the distribution of K2P distance values calculated for 
the pairs of COI sequences displayed in Figure 3 shows an area of 
intersection between the intra- and interspecies values. This intersection 
zone is comprised of 10% of the sequences from the B. peregrina taxon.

Phylogenetic analysis shows the results of grouping the sequences 
into five monophyletic branches with high statistical support (Figure 4), 
and was the method with closest approximation with the taxonomic 
results obtained from analysis of the morphological variables.

3.	 Mapping and distribution of the taxonomic groups 
identified

Snails in Biomphalaria species colonized 76 of the 114 bodies of 
fresh water sampled, with B. glabrata and B. tenagophila being most 
frequent in the region between the Pardo and Paranapanema Rivers.

B. glabrata was concentrated in five of the 114 bodies of water, 
while B. straminea, B. occidentalis, and B. peregrina were evenly 
distributed across the study area (Figure 5 and Table 3).



7

Surveying and mapping freshwater snails

Biota Neotrop., 19(4): e20190746, 2019

http://dx.doi.org/10.1590/1676-0611-BN-2019-0746	 http://www.scielo.br/bn

Table 2. Inter (light grey) and intraspecies genetic distances (dark gray) for 275 COI gene sequences from Biomphalaria species collected in the Middle Paranapanema 
River Basin (São Paulo, Brazil), using the Kimura 2-parameter model (K2P, Kimura, 1980). The values were obtained in MEGA X.

Species B. occidentalis B. tenagophila B. glabrata B. straminea B. peregrina
B. occidentalis 0.00-0.00
B. tenagophila 0.05 0.00-0.00
B. glabrata 0.08 0.08 0.00-0.01
B. straminea 0.08 0.08 0.08 0.00-0.01
B. peregrina 0.11 0.12 0.12 0.10 0. 00-0.08

Figure 3. Distribution of 275 sequences of the COI gene from Biomphalaria 
specimens collected from the Middle Paranapanema River (São Paulo, Brazil) 
from 2015 to 2018 in pair comparisons according to the K2P distance calculated 
in MEGA X.

Drepanotrema spp., Melanoides spp., Lymnaea spp., Physa spp., 
and Pomacea spp. were found in 68 of the 114 bodies of water sampled 
(Figure 6, Table 3). In 39 of these bodies of water, species in these 
genera were found in sympatry with Biomphalaria spp. Nevertheless, 
only ten of these 39 bodies of water contained Biomphalaria species 
which can act as intermediate hosts for Schistosoma mansoni (Table 3).

Considering the results of identification by morphology, 
morphology+DNA barcode, and DNA barcode, in addition to the results 
obtained by shell analysis of the other taxa found in the study region, 
we can see from our results (Table 3) that freshwater bodies in Ourinhos 
contain 80% of all B. glabrata snails and 40% of B. occidentalis sampled 
in the whole study area. B. tenagophila snails mostly inhabits freshwater 
bodies at Ipaussu (39%), while B. straminea and B. peregrina are spread 
over the study area. It is worth to note the high frequency of Lymnaea 
spp. in freshwater bodies at Assis.

Discussion

The taxonomic diversity of species in the genus Biomphalaria, 
as assessed using morphological methods and DNA barcoding, is 
consistent with the malacological survey conducted in freshwater bodies 
of Ourinhos, Ipaussu (Tuan 2009) and Assis (Piza et al. 1972, Teles & 
Vaz 1987), along the Middle Paranapanema River Basin.

In general, all the COI sequences obtained are highly similar to 
the nominal species sequences in GenBank. The lowest similarity 
value with the GenBank sequences was observed in B. peregrina; this 
species included a group of 9 sequences with high genetic distance, 
which as of this writing is the greatest intraspecies distance obtained for 

Biomphalaria species (Spatz et al. 2000, Vidigal et al. 2000, Collado et 
al. 2011, Collado & Mendez 2012, Tuan & Santos 2007, Standley et al. 
2011, Rumi et al. 2017). Although the genetic variation observed within 
morphologically recognized as B. peregina specimens, all the sequences 
comprised a highly supported monophyletic group, suggesting that 
this taxon probably contains cryptic lineages. Detailed morphological 
analysis of specimens from a wide geographic area involving nuclear 
molecular markers is necessary to test this hypothesis.

As we found in this study, a lack of genetic variation in sequence 
groups in B. occidentalis is commonly diagnosed in this species (Tuan 
et al. 2012). What was uncommon was the lack of genetic diversity in 
B. tenagophila, since previous studies have shown that high levels of 
genetic diversity of this species were found in subpopulations within 
other regions (Palasio et al. 2018). The genetic homogeneity observed 
in the study region in B. tenagophila may be a result of incomplete 
sampling of all of the genetic variants of this species. Furthermore, 
Biomphalaria species are subject to cycles of local extinction followed 
by recolonization, experiencing dramatic declines in genetic variability 
(Buckling et al. 2000) with only a fraction of total species variability 
remaining at the end of several cycles. This type of narrowing event 
may have extinguished a significant portion of total genetic diversity 
for this species, which could explain underestimation of B. tenagophila 
diversity in this region.

The methods based on distance (ABGD) and trees (bPTP and 
GMYC), ABGD approached demarcation according to morphology-
based taxonomy which discriminate B. glabrata, B. tenagophila and B. 
occidentalis. The lack of a distinct barcode gap in our dataset, as showed 
in the frequency histogram for intra and interspecific distributions, 
suggests, at first, that distance-based methods are unsuitable for 
Biomphalaria species delimitation. However, intra and interspecific 
values overlapped only for a set of sequences of B. peregrina with 
the higher values for intraspecific genetic diversity. This result might 
also explain the subdivision of this species into three molecular 
taxonomic units in bPTP and five in GMYC. Overall, the three statistical 
methodologies applied (ABGD, bPTP, and GMYC) for delimitation of 
the 177 COI sequences, produced numbers of molecular taxonomic units 
that most probably reflected variations in intraspecies genetic diversity. 
In fact, the differences seen in the number of MOTUs between the 
bPTP and GMYC methods are commonly observed; the most logical 
explanation is that these methods reflect differences in each species 
with regard to effective population size and the rates of mutation and 
speciation processes (Dellicour & Flot 2018).

B. tenagophila colonized 14 of the 92 bodies of water positive for 
Biomphalaria, seven of which are located in Ipaussu. This information 
contrasts sharply with previous studies (Vaz 1989, Teles 1989, SUCEN 
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Figure 4. Phylogenetic tree with 275 COI sequences, analyzed by maximum likelihood in PhyML using the GTR model. Two sequences were used as an outgroup. 
The branch support values were calculated using Shimodaira-Hasegawa [SH]-aLRT. The black bars indicate the species boundaries based on ABGD, bPTP, and 
GMYC, respectively. The colored bars correspond to the boundaries based on morphology.
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Table 3. The species and genera distribution according to their frequency (%) in each area compared to all positive water bodies sampled (N=92) along five areas 
between 2015-2018, in the Middle Paranapanema, São Paulo, Brazil. Frequency (%) = (number of water bodies with taxon i sampled in each area/total number of 
water bodies in the five areas sampled) × 100. *Source IBGE.

Area Extension 
(km2)*

N water 
bodies with 

taxon i

% of water bodies in each area with taxon i

B. 
glabrata

B. 
tenagophila

B. 
straminea

B. 
occidentalis

B. 
peregrina

Drepanotrema 
spp.

Lymnaea 
spp.

Physa 
spp.

Pomacea 
spp.

Melanoides 
spp.

Ipaussu 209,6 16 0 39 17 8 27 5 0 11 14 8

Chavantes 188,7 12 0 25 17 16 13 14 17 17 17 8

Ourinhos 296,8 25 80 29 25 41 22 25 17 33 36 36

Ribeirão 
do Sul 203,2 9 0 0 25 7 15 15 0 10 4 4

Assis 460,6 30 20 7 17 29 23 40 67 29 29 44

Figure 5. Distribution of Biomphalaria species identified by collection point during the period 2015–2018 in Ourinhos, Ribeirão do Sul, Ipaussu, Chavantes, 
and Assis. The numbers correspond to the bodies of water where the snails were collected.

2012) indicating that this species was present in bodies of water in 
Chavantes and Ourinhos Today, the bodies of water in Ourinhos 
(more specifically the Christoni, Fundo, and Água da Veada streams) 
are not colonized by B. tenagophila, which may indicate a change in 
the distribution area of this species in the Middle Paranapanema River 
Basin region.

A significant change was seen in the distribution of B. glabrata 
compared with studies from other periods and at specific points in the 
Middle Paranapanema River region. Although B. glabrata was described 
in previous research involving bodies of water in Água de Jacu in Assis 
and Furninhas in Ourinhos (SUCEN 1980, Tuan 2009) in this current 
study we found that this species had been replaced by B. tenagophila. 

Contrasting with previous studies (Piza & Ramos 1960, Teles & Vaz 
1987), in bodies of water in the municipalities of Ipaussu, Chavantes, and 
Ribeirão do Sul no specimens of B. glabrata were identified. However, it 
is difficult to compare the current fauna and species identified in previous 
studies because of the lack of precise information about the bodies of 
water and locations where the animals were collected.

In this study we confirmed the existence of five B. glabrata hotspots 
using georeferencing techniques, one in Assis (Fortuninha) and four in 
Ourinhos (Sobra, Lageadinho, Jacu, and Christoni. This finding allows 
for the adoption of prophylaxis activities in the affected bodies of water, 
and also encourages educational efforts to restrict access to these sites. 
It will also allow comparisons of mollusk species in future studies.
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Figure 6. Distribution of non-Biomphalaria snails collected by collection point during the period 2015–2018, in Ourinhos, Ribeirão do Sul, Ipaussu, Chavantes, 
and Assis. in the state of São Paulo, Brazil. The numbers correspond to the bodies of water where the snails were collected.

Previous reports show colonization of B. straminea in few bodies 
of water, restricted to the municipalities of Ourinhos (Teles 2005). The 
current study shows that the geographical area occupied by B. straminea 
has expanded to bodies of water in Assis, Chavantes, and Ipaussu, which 
is new information. B. straminea is a species with a high potential for 
colonization of new environments far from the neotropical region, as 
demonstrated by data on colonization of this species in Asia (Woodruff et 
al. 1985). The current expansion of B. straminea throughout the bodies 
of water in the Middle Paranapanema River region is consequently not 
surprising.

As for the Planorbidae species, Drepanotrema spp. was most 
commonly found, followed by Physa spp., Pomacea spp., and 
Melanoides spp. These snails are common benthic mollusk fauna in 
the continental waters of southeastern Brazil (Paraense1975, Thiengo 
et al. 2006, Ohlweiller et al. 2010, Medeiros et al. 2014, Fernandez 
et al. 2018). They are often associated with polluted environments, 
due to their high degree of resilience (Moreno & Callisto 2006); their 
presence in the Middle Paranapanema River near human-altered areas 
is reasonable. Representatives of these Planorbidae species were easily 
found in sympatry with Biomphalaria. For this reason, Pomacea spp. 
and Melanoides spp. have been used in schistosomiasis prevention 
efforts involving biological control of snails in the genus Biomphalaria 
(Guimarães et al. 2001, Fernandez et al. 2001, Thiengo et al. 2005, 
BRASIL 2008). In the present study we observed that these vector and 
non-vector species inhabit the same bodies of fresh water, without any 
evidence that any one species predominates.

A notable finding was the presence of Lymnaea columella, one of 
three species in the genus Lymnaea in which Fasciola hepatica (the 
common liver fluke) develops; this parasite causes fasciolosis in Brazil 
(Barbosa 1995, Maure et al. 1998, BRASIL 2008).

Our collection method, which subdivided the entire total watershed 
comprising 114 bodies of water into various sampling points, provided 
a comprehensive qualitative analysis of freshwater snail species in the 
Middle Paranapanema River Basin. Additionally, the use of geospatial 
tools permitted unique and highly effective mapping of the bodies of water.

The region features the intermediate hosts B. glabrata, B. 
tenagophila, and B. straminea (CVE 2011ab), but B. occidentalis and 
B. peregrina predominate in this area and are refractory to S. mansoni 
under natural conditions. These two species were identified in 62 bodies 
of water, without previous mention in the literature.

Can DNA barcoding replace traditional identification methods? 
Validation of the DNA barcode as a routine mollusk identification 
technique requires comparisons of the results obtained using the same 
technique and methodology by independent laboratories. The results 
from sampling the Middle Paranapanema River indicate that the base 
data of COI-Folmer sequences for Biomphalaria in GenBank must 
be broadened in order to represent specimens collected in different 
geographical areas and cover the entire distribution of each species. 
There are just 14 COI-Folmer sequences for B. peregrina, with the 
majority of specimens collected from the state of São Paulo. Sequences 
from species such as B. orbignyi, B. kuhniana, B. oligoza, and B. 
schrammi are absent from GenBank.
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Molecular methodology should be used in mollusk analysis 
alongside traditional methods involving morphological identification 
of adult snails in order to provide a more comprehensive understanding 
of each species. The application of DNA barcoding is promising for 
juvenile and adult specimens in which morphological identification 
is not precise, and may consequently help improve mollusk research.

In conclusion, the identification of Biomphalaria snails to the 
species level through DNA Barcode complements and enhances the 
traditional morphological taxonomy. The COI sequences dataset already 
available in GenBank is valuable to identify immature snails at species 
level. The COI sequences were grouped into five monophyletic groups, 
all of them convergent with morphological identification. B. occidentalis 
and B. peregrina predominate along the freshwater environments along 
the portion of the middle Paranapanema river assessed in this study. 
We identified hotspots for B. glabrata and B. tenagophila with highest 
probability for reproducing these two key species for schistosomiasis 
infection, which can be used in the planning of the disease control.
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