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Abstract 

Background:  Schistosomiasis a neglected tropical disease  endemic in Brazil. It is caused by the trematode Schis-
tosoma mansoni, which is transmitted by snails of the genus Biomphalaria. Among measures used to control and 
eliminate schistosomiasis, accurate mapping and monitoring of snail breeding sites are recommended. Despite 
the limitations of parasitological methods, they are still used to identify infected snails. Loop-mediated isothermal 
amplification (LAMP) is a sensitive, rapid, and cost-effective diagnostic method for the identification of infected snails. 
In the work reported here, we aimed to validate the use of LAMP for the detection of S. mansoni in snails of the genus 
Biomphalaria.

Methods:  Snails were collected in five municipalities of the Mucuri Valley and Jequitinhonha Valley regions in the 
state of Minas Gerais, Brazil. Snails were pooled according to collection site and then  squeezed for the detection of  S. 
mansoni and other trematode larvae. Pooled snails were subjected to pepsin digestion and DNA extraction. Molecular 
assays were performed for species-specific identification and characterization of the samples. A previously described 
LAMP assay was adapted, evaluated, and validated using laboratory and field samples.

Results:  Using the parasitological method described here, S. mansoni cercariae were detected in snails from two 
collection sites, and cercariae of the family Spirorchiidae were found in snails from one site. The snails were identified 
by polymerase chain reaction (PCR)–restriction fragment length polymorphism (RFLP). Biomphalaria glabrata, the 
main snail host of S. mansoni in Brazil, was detected in 72.2% of the collection sites. Biomphalaria kuhniana, which is 
resistant to S. mansoni infection, was found in the remaining sites. Multiplex, low stringency (LS), and conventional 
PCR allowed the detection of positive snails in four additional sites. Trematodes belonging to the families Strigeidae 
and Echinostomatidae were detected by multiplex PCR in two sites. The LAMP assay was effective in detecting the 
presence of S. mansoni infection in laboratory (7 days post-infection) and field samples with no cross-reactivity for 
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Background
Schistosomiasis is a parasitic disease that affects nearly 
240 million people in the world. It is closely associated 
with poor sanitation and poverty, as these lead people 
to use contaminated water for domestic use and leisure 
[1]. It is estimated that over 25 million people live in 
areas of the Americas with a high risk of schistosomia-
sis. In Latin America, approximately 7.1 million peo-
ple are infected with the etiological agent, Schistosoma 
mansoni, and 95% of them live in Brazil [2], where the 
northeastern and southeastern regions are the most 
affected [3]. Biomphalaria snails are essential for the 
maintenance of this parasite’s life cycle. Eleven spe-
cies and one subspecies of Biomphalaria have been 
reported in Brazil, and three of them—Biomphalaria 
glabrata, Biomphalaria tenagophila and Biomphalaria 
straminea–have been found to be naturally infected 
with S. mansoni [4]. The presence of susceptible snail 
hosts in water bodies is crucial for the development of 
the parasite, and determines the distribution of schis-
tosomiasis [5]. Knowledge regarding the geographic 
distribution of Biomphalaria snails in Brazil is being 
progressively updated, and demonstrates that these 
intermediate host species are spreading to new loca-
tions [3].

Among the control measures for the elimination of 
schistosomiasis, the surveillance of potential and active 
transmission foci, together with snail control measures, 
are highly recommended [6]. Traditionally, infected snail 
hosts are identified by either inducing cercarial shed-
ding through artificial light exposure [7] or by using the 
shell-crushing method, followed by stereomicroscope 
examination to detect either cercariae or sporocysts in 
the snail tissue [8, 9]. However, many factors can limit the 
effectiveness of these parasitological methods. Inducing 
cercarial shedding is not applicable for the detection of 
early stages of snail infection, and can result in misiden-
tification, as the larvae of other trematode species may 
be morphologically similar to each other, which means 
that an experienced person is required for their accurate 
identification. The shell-crushing method does not allow 
for the specific identification of sporocysts, and can dam-
age the cercarial tissue, thus hindering the observation of 

differential morphological characters. In addition, nei-
ther method can be performed using dead snails [10–13].

In order to overcome these limitations, several alterna-
tive methods for the xenomonitoring of human schisto-
somes have been developed. Molecular approaches, such 
as conventional polymerase chain reaction (PCR) [14–
17], low stringency-PCR (LS-PCR) [18], PCR–restriction 
fragment length polymorphism (PCR–RFLP) [19], nested 
PCR [17], multiplex PCR [20–22], real-time quantitative 
PCR [23, 24], DNA sequencing [25], and loop-mediated 
isothermal amplification (LAMP) [26–30] have all been 
shown to be more accurate and sensitive alternatives to 
the traditional microscope-based methods. Despite the 
high sensitivity and specificity of molecular methods, 
their cost and requirement for laboratory equipment 
have limited their usage for surveillance. In this con-
text, the LAMP assay stands out as a promising method 
for the detection of S. mansoni infection in the field, as 
it does not require laboratory equipment such as PCR or 
electrophoresis apparatus [27].

The estimated annual cost of schistosomiasis in Brazil 
is over US $41 million, with more than 90% of this eco-
nomic burden related to indirect costs (e.g. loss of pro-
ductivity and wages due to sick leave, hospitalization, and 
premature death) [31]. This high economic burden and 
the persistence of schistosomiasis transmission in many 
areas in Brazil highlight the need for additional tools to 
control and eliminate this disease. In this study, the appli-
cation of LAMP as described by Fernández-Soto et  al. 
[32], with some adaptations, provided a rapid, accurate, 
specific, and sensitive isothermal method as an alterna-
tive approach for mapping and monitoring S. mansoni 
infection in Biomphalaria snail hosts.

Methods
Study area and malacological survey
The study was conducted in the municipalities of Fran-
ciscópolis (−17.9579, −42.0079) and Malacacheta 
(−17.84379959, −42.11119843) located in the Mucuri 
Valley (MV) region, and in the municipalities of Jequit-
inhonha (−16.4355, −41.0033), Joaíma (−16.653889, 
−41.030833) and Ponto dos Volantes (−16.752778, 
−41.503889) located in the Jequitinhonha Valley (JV) 
region. Both regions are endemic for schistosomiasis and 

other trematodes. When compared to LS and conventional PCR, LAMP showed 100% specificity, 85.7% sensitivity, and 
a κ index of 0.88.

Conclusions:  Our findings suggest that LAMP is a good alternative method for the detection and monitoring of 
transmission foci of S. mansoni, as it was three times as effective as the parasitological examination  used here for the 
detection of infection, and is more directly applicable in the field than other molecular techniques.

Keywords:  Schistosomiasis, Biomphalaria, Schistosoma mansoni, LAMP, Molecular diagnostics
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are located in the state of Minas Gerais, Brazil (Addi-
tional file 1: Figure S1).

A total of 1001 snails were collected between July and 
August 2019 by members of the Helminthology and 
Medical Malacology Research Group (René Rachou 
Institute–Fiocruz Minas). All collection sites were geo-
referenced using global positioning system technology 
(Additional file 2: Table S1). The snails were transported 
to Fiocruz Minas, and some were deposited in the 
Fiocruz Collection of Medical Malacology (Fiocruz-
CMM) after analysis.
Parasitological examination and morphological 
identification of trematode larvae
The snails were separated into pools in the Lobato Par-
aense Mollusk Room (LPMR) at the René Rachou Insti-
tute–Fiocruz Minas according to their collection site 
(the number of snails in each pool is given in Additional 
file  2: Table  S1) and then subjected to a shell-crushing/
squeezing method for the detection of their natural infec-
tion with S. mansoni or other trematodes. The squeezed 
material was examined under a stereomicroscope to 
detect the presence of cercariae and/or sporocysts. The 
detected cercariae were isolated and part of the material 
was then observed under an optical microscope using 
non-permanent preparations for morphological identifi-
cation. The morphological identification step was carried 
out according to the identification keys and descriptive 
works of different authors [33–36]. Cercariae were pre-
served in ethanol for future morphological and molecu-
lar analyses.

Pepsin digestion and DNA extraction
The pooled squeezed snails were transferred to 50-ml 
centrifuge tubes labeled with the collection site code 
and subjected to pepsin digestion following the protocol 
of Wallace and Rosen [37] and sedimentation in accord-
ance with the Baermann-Moraes method. The sediment 
was centrifuged for 20  min at 5000  g, the supernatant 
removed, and the remaining pellet cryopreserved at 
–80 °C until DNA extraction.

DNA extraction of the digested pooled snails was per-
formed using the Wizard Genomic DNA Purification Kit 
(Promega, Madison, USA) in accordance with the manu-
facturer’s instructions.

PCR–RFLP for species‑specific molecular identification 
of snails
Genomic DNA (gDNA) obtained from snail samples 
from all collection sites was used as the template for spe-
cies-specific identification using a PCR–RFLP assay. The 
species-specific profiles generated after the digestion of 
the amplified internal transcribed spacer (ITS) fragment 
by the DdeI restriction enzyme (Promega) were used to 

identify the snails present in each pool; the profiles previ-
ously described by Caldeira et al. [19] were used as a ref-
erence. The results were visualized on silver-stained 6% 
polyacrylamide gels.

Multiplex PCR for family‑specific molecular identification 
of trematodes
In order to investigate the presence of trematode infec-
tion, the gDNA obtained from snail samples from all 
collection sites was used as the template for a trema-
tode family-specific multiplex PCR in accordance with 
Mesquita et al. [38]. To compare the size of the amplified 
DNA fragments obtained from the field material, vari-
ous positive controls were included using gDNA from 
cercariae belonging to the following trematode families: 
Clinostomidae, Echinostomatidae, Schistosomatidae, and 
Strigeidae. These samples were provided by the Labora-
tory of Trematode Biology, Department of Parasitology, 
Federal University of Minas Gerais, Brazil. Negative con-
trols without DNA were included in each reaction. The 
resulting PCR products were visualized on silver-stained 
6% polyacrylamide gels.

LS‑PCR for molecular detection of the presence of S. 
mansoni infection in snails
The gDNA obtained from snail samples from all the col-
lection sites was used as the template for the LS-PCR for 
the detection of S. mansoni infection, which employed 
primers for the minisatellite region-mitochondrial DNA 
(mtDNA) protocol described by Jannotti-Passos et  al. 
[18]. A sample from S. mansoni (10 ng/µl) was included 
as a positive control, and a negative control (no DNA) 
was also used. The amplification profile of the positive 
control was used as the standard for the amplification 
profile obtained from the unknown DNA samples.

Conventional PCR for molecular detection of the presence 
of S. mansoni in snails
The outer primers F3 and B3 designed by Fernández-Soto 
et al. [32] were used in the conventional PCR to amplify 
a 203-bp mitochondrial fragment of the S. mansoni sam-
ples from MV and JV. Positive (10  ng/µl of S. mansoni 
gDNA) and negative controls (no DNA) were included. 
The reaction was carried out in a final volume of 25  µl 
containing 1X PCR Buffer (Invitrogen, USA), 1.5  mM 
MgCl2 (Invitrogen), 0.25 mM of each dNTP (Invitrogen), 
2 pmol/µl of each primer (F3 and B3), 1.5 U of Platinum 
Taq DNA Polymerase (Invitrogen) and 2 µl of the DNA. 
The reaction was set up as follows: (i) initial denaturation 
at 94 °C for 1 min; (ii) 30 cycles of 20 s at 94 °C, 20 s at 
60  °C and 30 s at 72  °C; (iii) final extension at 72  °C for 
10  min. The PCR products were run and visualized on 
silver-stained 6% polyacrylamide gels.
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LAMP assay for specific detection of S. mansoni infection 
in snails
In order to detect S. mansoni infection, gDNA obtained 
from pooled snails was used as the template for the 
LAMP assay using the primers described by Fernández-
Soto et  al. [32] targeting the minisatellite region of the 
mtDNA, with adaptations of the established protocol. 
Briefly, the optimized reaction was carried out in a final 
volume of 25 µl as follows: 1X Isothermal Amplification 
Buffer [20 mM Tris–HCl at pH 8.8, 50 mM KCl, 10 mM 
(NH4)2SO4, 2 mM MgSO4, 0.1% Tween20; New England 
Biolabs, MA], 8  mM of supplementary MgSO4 (New 
England Biolabs), 1.4  mM of each dNTP (Invitrogen), 
40 pmol/µl of each inner primer (FIP/BIP), 5 pmol/µl of 
each outer primer (F3/B3), 1 M betaine (Sigma, USA), 8 
U of Bst 2.0 WarmStart DNA polymerase (New England 
Biolabs), and 2  µl of the DNA. The reaction tubes were 
incubated at 65 °C for 50 min, and then heated at 80 °C 
for 5 min to stop the reaction. The amplification products 
were detected using silver-stained 6% polyacrylamide 
gels. The results were also visualized by color change 
after the addition of 2  µl of SYBR Green I ×1000 (Life 
Technologies, CA) by the naked eye (positive, yellow-
green; negative, orange) and by exposure to ultraviolet 
light (positive, fluorescent; negative, non-fluorescent).

In order to access the specificity of the modified assay, 
gDNA from trematodes commonly found parasitizing 
Biomphalaria snails in the Neotropical region was used 
as the template for the reaction described above. Cer-
cariae samples of the following trematode families were 
used for this purpose: Clinostomidae, Echinostomatidae, 
Strigeidae, Spirorchiidae, Diplostomidae and Notocoty-
lidae. These samples were provided by the Laboratory of 
Trematode Biology, Department of Parasitology, Federal 
University of Minas Gerais, Brazil. B. glabrata positive 
and negative for S. mansoni infection, as well as adult 
worms of S. mansoni, were also used (samples provided 
by Fiocruz-CMM).

The analytical detection limit of the LAMP assay was 
determined by serial dilutions of S. mansoni from 10 ng/
µl to 0.1 fg/µl.

Validation of the LAMP assay using laboratory and field 
samples
The validation step using laboratory samples evalu-
ated the capacity of the assay to detect different stages 
of infection including in pools with different propor-
tions of negative and positive snails. For this, B. glabrata 
snails were obtained from the LPMR, and the following 
squeezed samples were prepared: single snails obtained 
at either 1, 7, 14 or 28  days post-infection; a pool con-
taining 20 negative snails and one snail at the pre-patent 

period of infection; and another pool containing 20 nega-
tive snails and one snail that was shedding cercariae. The 
extracted gDNA was used as the template for the opti-
mized LAMP assay.

For validation using field samples, the gDNA from 
snails collected at the MV and JV regions was used as the 
template for the LAMP assay.

Statistical analysis
To analyze the agreement between diagnostic tests, the 
κ index and its 95% confidence interval were calculated 
using the GraphPad online tool (www.​graph​pad.​com/​
quick​calcs/​kappa1/). The Landis and Koch [39] scale of 
agreement was used to analyze the data.

The sensitivity and specificity of the LAMP assay were 
calculated using a combination of the results from the 
LS-PCR and conventional PCR as references and the 
following formulas: sensitivity = (number of LAMP-
positive results/number of infected snails) × 100; speci-
ficity = (number of LAMP-negative results/number of 
non-infected snails) × 100.

Results
Parasitological examination and morphological 
identification of trematode larvae
A total of 399 snails were collected from 13 collection 
sites in MV. In the JV, 602 snails were collected from five 
collection sites (Fig. 1). Observation under a stereomicro-
scope after the shell-crushing examination demonstrated 
the presence of S. mansoni cercariae in snails from col-
lection sites MV41 and JV04. The presence of cercariae 
belonging to the Spirorchiidae was observed in snails 
from collection site JV03.
Species‑specific molecular identification of the snails
The B. glabrata ITS-DdeI restriction profile was observed 
in snails from collection sites MV03, MV16, MV40, 
MV41, MV45, MV49, MV52, and MV65, and from all 
collection sites in JV. Biomphalaria kuhniana ITS-DdeI 
restriction profile was observed in snails from collection 
sites MV07, MV20, MV34, MV37, and MV39.

Molecular investigation of the presence of four different 
families of trematodes in Biomphalaria snails
A multiplex PCR was conducted to detect the presence 
of infection by parasites of the Clinostomidae, Echi-
nostomatidae, Schistosomatidae, and Strigeidae in the 
field-collected snails. Using the gDNA extracted from 
the pooled snails, it was possible to detect the presence 
of cercariae belonging to the Strigeidae and Schistoso-
matidae in B. glabrata from collection site MV03, the 
Echinostomatidae in B. kuhniana from collection site 

http://www.graphpad.com/quickcalcs/kappa1/
http://www.graphpad.com/quickcalcs/kappa1/
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MV20, and the Schistosomatidae in B. glabrata from 
collection sites MV41, MV45, MV52, MV65, JV04, and 
JV05 (Fig. 2a, b).

Molecular detection of S. mansoni in snails using LS‑PCR 
and conventional PCR
The amplification pattern for S. mansoni generated 
after LS-PCR was observed for snails from collection 
sites MV41, MV45, and MV52, and JV02, JV04, and 
JV05 (Fig.  3a, b). The conventional PCR amplification 
of a mitochondrial fragment using the outer primers 

Fig. 1  Maps of the study areas. The dots represent the collection sites and the size of the dots the population density of the snails in a the Mucuri 
Valley (MV) region and b the Jequitinhonha Valley (JV) region. Red dots represent the locations for which Schistosoma mansoni infection was 
detected in snails by molecular methods

Fig. 2  Multiplex polymerase chain reaction (PCR) results. Investigation of the presence of trematode infection in snails collected in a MV and b JV. 
Family Schistosomatidae DNA was detected in snails from collection sites MV41, MV45, MV52, MV65, JV04 and JV05. Co-infection with members 
of families Strigeidae and Schistosomatidae was detected for collection site MV03. Family Echinostomatidae DNA was detected for collection site 
MV20. M PhiX174 HaeIII marker, Cl cercariae belonging to the family Clinostomidae, Sc cercariae belonging to the  Schistosomatidae, Ec cercariae 
belonging to the Echinostomatidae, St cercariae belonging to the Strigeidae, −ve negative control, m 100-bp marker; for other abbreviations, see 
Fig. 1
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described by Fernández-Soto et al. [32] under the condi-
tions standardized in the current study (Additional file 3: 
Figure S2) gave the same results as the LS-PCR. S. man-
soni infection was detected in B. glabrata from collection 
sites MV41, MV45, and MV52MV, and JV02, JV04, and 
JV05 (Fig. 3c, d).

Use of a LAMP assay to detect S. mansoni in Biomphalaria 
snails
We found that with some modifications to the Fernán-
dez-Soto et al. [32] protocol, the LAMP assay was effec-
tive in detecting S. mansoni infection in snails, with no 
cross-reaction with other trematode species that also 
parasitize Biomphalaria spp. (e.g. Clinostomidae, Diplos-
tomidae, Echinostomatidae, Notocotylidae, Spirorchiidae 
and Strigeidae) (Fig. 4a). The assay had a detection limit 
of 0.1  ng of the parasite DNA (Fig.  4b). The assay was 
also able to detect infection by S. mansoni in laboratory 
samples when polyacrylamide gels or SYBR Green I were 
used to visualize the amplification products. When visual 
inspection employing SYBR Green I (1000 X) was used, 

the infection could be detected as early as 7  days after 
exposure of the snail to the parasite (Fig. 4c).

Applicability of the LAMP assay to field‑collected 
Biomphalaria snails
Snails collected in the MV and JV were examined using 
LAMP. The LAMP amplification product was detected 
in B. glabrata from collection sites MV03, MV41, MV45, 
MV52, JV02, JV04, and JV05 when visualized using sil-
ver-stained 6% polyacrylamide gels. After the addition of 
2 µl of SYBR Green I ×1,000, a color change was detected 
in snails from the same collection sites, except MV03 
(Fig. 5) (Additional file 4: Table S2).

Considering LS-PCR and conventional PCR as refer-
ence tests, the optimized LAMP assay presented a sen-
sitivity of 85.7% and specificity of 100%. The κ index 
showed an “almost perfect” agreement of 0.88 between 
the LAMP assay and the other molecular methods eval-
uated in this study. Therefore, our results showed that 
either LS-PCR, conventional PCR, and/or the LAMP 
assay could be used for xenomonitoring of transmis-
sion areas (Table 1), and that S. mansoni infection in B. 

Fig. 3  Detection by low stringency (LS)-PCR of S. mansoni infection in snail samples from a MV and b JV, and by conventional PCR using snail 
samples from c MV and d JV. Infection was found for the collection sites MV41, MV45, MV52, JV02, JV04, and JV05 by both methods. Sm S. mansoni, 
B+ B. glabrata infected with S. mansoni, B- B. glabrata not infected with S. mansoni; for other abbreviations, see Figs. 1 and  2
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glabrata from collection sites MV41, MV45, MV52, JV02, 
JV04, and JV05 could be detected by all three methods 
(Fig. 1).

Discussion
In the present study, we identified active foci of S. man-
soni transmission in six collection sites in the munici-
palities of Franciscópolis, Jequitinhonha, Joaíma, 

Fig. 4  Optimization and validation of the loop-mediated isothermal amplification (LAMP) assay. LAMP products were visualized either by 
silver-stained 6% polyacrylamide gels or visual inspection of reaction tubes, with a 1:10 dilution of SYBR Green I, by the naked eye (positive, 
yellow-green; negative, orange) or exposure to ultraviolet (UV) light (positive, fluorescent; negative, non-fluorescent). a Specificity analysis of the 
optimized LAMP assay. No cross-reactivity was detected. b Analytical limit of detection. Optimized LAMP detected up to 10–1 ng of S. mansoni 
DNA. c Validation of the optimized LAMP assay using snails maintained in the laboratory at different stages of infection and pooled conditions. S. 
mansoni DNA was detected in all conditions. B− Negative snail, B+ Biomphalaria snail infected with S. mansoni, Nt cercariae belonging to the family 
Notocotylidae, Dp cercariae belonging to the family Diplostomidae, B1 snail 1 day post-infection (dpi), B7 snail 7 dpi, B14 snail 14 dpi, B28 snail 28 dpi, 
P1 pool of 19 negative snails plus one snail at the pre-patent period of infection, P2 pool of 19 negative snails plus one snail shedding cercariae; for 
other abbreviations, see Figs.  2 and 3

Fig. 5  MV and JV snails examined by LAMP assay to detect S. mansoni infection. LAMP products were either visualized by using silver-stained 
6% polyacrylamide gels or observed by visual inspection with the naked eye of reaction tubes with a 1:10 dilution of SYBR Green I (positive, 
yellow-green; negative, orange) or with UV light exposure (positive, fluorescent; negative, non-fluorescent). For abbreviations, see Figs. 1, 2,  3 and  4
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Malacacheta, and Ponto dos Volantes. Our results 
confirm that these areas, which are located in Minas 
Gerais, are endemic for S. mansoni. Around 70% of the 
areas endemic for S. mansoni in Brazil are located in 
Minas Gerais, and have been the subject of many stud-
ies over the years [3, 40–44]. Both MV and JV are very 
poor regions within Minas Gerais. Poverty contributes 
to the increased contact of individuals with contami-
nated water, as populations from underprivileged areas 
usually seek natural watercourses for domestic use and 
leisure activities, which leads to an increase in schisto-
somiasis transmission rates [41, 43]. Thus, monitoring 
snail breeding sites is vital for schistosomiasis control, 
but the methods commonly used to examine snails have 
some limitations and often give false negative results. 
Alternative methods, such as molecular approaches, 
enable the detection of infected snails at a higher level 
of accuracy than parasitological methods, which sup-
ports the need for additional molecular tools for the 
precise mapping and monitoring of areas  endemic for 
S. mansoni.

In this study, a total of 1001 snails were collected 
from 18 sites in five municipalities of MV and JV in 
Minas Gerais, Brazil. Trematode larvae, detected by 
parasitological examination of the collected snails fol-
lowing shell-crushing, were found in 16.6% (3/18) of 
the collection sites, and most of them (two-thirds) were 
larvae of S. mansoni.

B. glabrata was identified in 72.2% (13/18) of the 
surveyed sites by PCR-RFLP. This result indicates that 
these are potential areas for the transmission of schisto-
somiasis, as this snail species is the main intermediate 
host of the parasite in Brazil due to its high compatibil-
ity with S. mansoni and wide distribution throughout 
the country [3, 45–47]. B. kuhniana snails were found 
in 27.8% (5/18) of the surveyed sites. Although this spe-
cies is not thought to be important for the transmission 
of schistosomiasis, its close morphological similarity 
to the intermediate host B. straminea highlights the 

importance of correctly identifying these snail species 
in order to accurately map potential foci of schistoso-
miasis [48–50].

Some of the snails collected in this study were depos-
ited in the Fiocruz-CMM, which was founded in 1993 
and currently holds a collection of more than 16,800 
snails from all over the world [51, 52]. According to 
the database of Fiocruz-CMM, which is available on 
the Centro de Referência em Informação Ambiental 
website [53], Biomphalaria snails have been previ-
ously reported in 14 of the 23 municipalities of MV. B. 
glabrata, B. straminea, and Biomphalaria schrammi 
have been collected in nine, 11, and two municipali-
ties, respectively. The last survey in Fransciscópolis 
took place in 2013, and that in Malacacheta in 2015. In 
the present study, we have shown, to our knowledge for 
the first time, the presence of B. kuhniana in Malaca-
cheta and B. glabrata in Franciscópolis. JV comprises 
55 municipalities, and Biomphalaria snails have been 
reported in 33 of them.  Biomphalaria  straminea and 
B. glabrata have been previously collected in 21 and 18 
municipalities respectively, while B. kuhniana and B. 
tenagophila in one municipality each. The most recent 
surveys were conducted in Jequitinhonha in 2006, in 
Joaíma in 2014, and in Ponto dos Volantes in 2012. The 
results for JV from our study match the data obtained 
from previous ones. We have found that the presence 
of B. glabrata has been maintained over the years  in 
almost all of the areas in which we have conducted our 
surveys. Data from Fiocruz-CMM combined with our 
findings reinforce the importance of constant monitor-
ing of these areas.

Trematode infection in snails was investigated using a 
multiplex PCR protocol that enables the differentiation 
of four important families commonly found parasitiz-
ing Biomphalaria snails [38, 54–56]. Schistosomatidae 
species were detected in 44.4% (8/18) of the study sites, 
while Echinostomatidae and Strigeidae were each found 
in 5.5% (1/18) of the sites. Snails from the collection sites 
MV41 and JV04 that were found shedding S. mansoni 
cercariae by parasitological examination had their infec-
tion confirmed by multiplex PCR through amplification 
of the 140-bp target corresponding to the Schistosoma-
tidae. In five further sites in MV, and one in JV, Schis-
tosomatidae infection in snails was also detected. Even 
though the amplification of Schistosomatidae DNA does 
not necessarily indicate the actual presence of S. man-
soni, the results raise concern that these areas might be 
potential foci for schistosomiasis. As expected, no ampli-
fication was observed for the snails collected at site JV03, 
since the set of primers used does not cover members of 
the Spirorchiidae isolated from snails from this location. 
As the primers used in the multiplex PCR amplify DNA 

Table 1  Comparison between the results of the low stringency-
polymerase chain reaction (LS-PCR) together with the 
conventional PCR assay (LS-PCR + conventional PCR) and the 
loop-mediated isothermal amplification (LAMP) assay (κ index: 
0.88)

LAMP assay

Positive Negative Total

LS-PCR + conven-
tional PCR

Positive 6 0 6

Negative 1 11 12

Total 7 11 18
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of four trematode families, it was not possible to confirm 
that snails from the remaining collection sites were not 
infected with other trematode families.

Both the LS-PCR and conventional PCR were able to 
detect the presence of S. mansoni in snails from 33.3% 
(6/18) of the surveyed sites. The LAMP assay used in 
this work revealed the presence of S. mansoni in snails 
from 38.8% (7/18) of the collection sites, when amplifi-
cation was visualized using polyacrylamide gels, with an 
almost perfect κ index agreement with LS-PCR and con-
ventional PCR, with 100% specificity, and 85.7% sensi-
tivity. When reaction tubes were visually inspected after 
the addition of an intercalating dye, amplification was 
detected for snails from six collection sites, the same 
result as obtained by LS-PCR and conventional PCR. A 
very weak amplicon generated by the multiplex PCR cor-
responding to Schistosomatidae was detected in snails 
from collection site MV03, but no amplification was 
detected with LS-PCR and conventional PCR using this 
sample as the template. The apparent LAMP product of 
this sample, when visualized using a polyacrylamide gel, 
suggested the hypothesis that this technique was more 
sensitive than the LS-PCR and conventional PCR for the 
detection of S. mansoni infection in snails. LS-PCR can 
detect up to 1 pg of S. mansoni DNA [18], conventional 
PCR up to 0.01  pg (Additional file  3: Figure S2), while 
the LAMP assay had a limit of detection of 0.1  ng. The 
LAMP assay was expected to be less sensitive than the 
other evaluated methods, but the impact of PCR inhibi-
tors usually present in field samples should be considered 
when evaluating the performance of each method. In 
addition, although several trematode samples were used 
to test the specificity of the optimized LAMP assay, sam-
ples of other species that belong to the Schistosomatidae 
were not used. The analysis of the results of the LAMP 
assay together with those of the multiplex PCR suggested 
cross-reactivity between members of the same family. In 
the Brazilian context, other schistosomes are not of great 
relevance to human health, as only S. mansoni causes 
schistosomiasis in Brazil. Avian schistosomes have been 
reported to cause cercarial dermatitis in the northern 
hemisphere, but this condition has not been reported 
thus far in Brazil [57–59]. As an alternative means of 
avoiding inconclusive results, we suggest that the visual 
inspection of reaction tubes by the naked eye should 
be prioritized, instead of running the LAMP products 
in gels. This strategy not only reduces the possibility of 
inconclusive results, but is also more applicable under 
field conditions when equipment is lacking.

The LAMP assay was first described in 2000 [60], and 
has since been used to detect many pathogens, including 
S. mansoni, but mostly in human samples [32, 61–65]. 
The applicability of LAMP for the screening of snails 

to characterize areas of S. mansoni transmission is very 
promising [66], and has been tested by several authors 
[26–30]. Molecular techniques can detect the pres-
ence of S. mansoni even when snails are not shedding 
cercariae, which should provide valuable information 
for surveillance services, as in many endemic areas col-
lected snails rarely shed cercariae even though schisto-
somiasis transmission remains present. A failure to find 
cercarial shedding can be misleading, as it often gives 
the false impression of low or even absent transmission 
[66]. Although PCR-based methods can fulfill this gap in 
knowledge, these techniques are inappropriate for labo-
ratories with limited resources, as they require expen-
sive machinery and technical expertise, which increase 
the associated costs of each reaction. Among all the 
advantages associated with isothermal assays, the pos-
sibility of performing these tests directly in the field in 
laboratories with limited equipment is undeniable. We 
used the LAMP assay described by Fernández-Soto et al. 
[32]. When following the exact conditions described by 
Gandasegui et  al. [29], non-specific amplification was 
detected for trematodes that belong to the Diplosto-
midae and Spirorchiidae (Additional file  5: Figure S3). 
These trematodes are very commonly found parasitiz-
ing Biomphalaria spp. in Brazil, and are morphologically 
similar to S. mansoni. Therefore, we considered relevant 
the maintenance of the specificity of the reaction, even 
though the adaptation of the original protocol resulted 
in a reduction in the analytical limit of detection (from 
1 fg to 0.1 ng). Our findings confirmed that the amount 
of S. mansoni DNA that can be determined by the assay 
was sufficient for the presence of the parasite 7 days after 
exposure of the snails toeight miracidia, and in pooled 
samples, to be detected byvisual inspection alone.

Using the LAMP assay, we determined a level of infec-
tion by S. mansoni in snails that was three times that 
determined by parasitological examination using a shell-
crushing method, and revealed six active transmission 
areas for schistosomiasis, in MV and JV. Molecular meth-
ods also allowed the mapping of potential transmission 
foci through the identification of B. glabrata in much of 
the surveyed area, as demonstrated in the maps gener-
ated by this study.

Conclusions
Parasitological methods based on the detection of S. 
mansoni larval forms in Biomphalaria snails are lim-
ited and are affected by the variation in disease preva-
lence in different regions, such that false negative results 
may often be obtained when these methods are applied. 
The LAMP assay, which performed as well as the other 
molecular approaches evaluated in this study, was a sen-
sitive, specific, rapid, and precise diagnostic alternative to 
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the latter. However, as an isothermal method, LAMP is 
relatively easy to perform directly in the field or in labo-
ratories with limited equipment. Considering the chal-
lenges associated with the control of schistosomiasis, and 
even for the interruption of its transmission in endemic 
areas, mapping and monitoring transmission foci at a 
higher level of accuracy should help to improve decision-
making processes to ensure more appropriate allocation 
of public funds and resources aimed at the elimination of 
schistosomiasis as a public health problem.
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