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1  | INTRODUC TION

Global changes, including climate changes (e.g., temperatures, pre-
cipitations), land use, chemical pollutants, and human-driven disper-
sion, greatly modify the spatial distribution of organisms at a global 
scale (Parmesan & Yohe, 2003; Pereira et al., 2010). While some 

species become locally extinct due to climatic and/or anthropic 
pressures (Pereira et al., 2010), other species extend their geograph-
ical range with some populations sometimes reaching impressive 
abundance at the global scale (i.e., invasive species; Capinha, Essl, 
Seebens, Moser, & Pereira, 2015). Such rapid changes in both the 
distribution and the abundance also concern pathogens (Jones et al., 
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Abstract
Under ongoing climate changes, the development of large-scale monitoring tools 
for assessing the risk of disease emergence constitutes an urging challenge. This is 
particularly the case for snail-borne diseases such as the urogenital bilharziasis that 
emerged in Corsica and threat European countries. The expansion of this tropical dis-
ease mainly relies on the local presence of competent snail hosts such as Bulinus trun-
catus. Unfortunately, very little is known about the actual repartition of freshwater 
snails worldwide which makes new emergences difficult to predict. In this study, we 
developed two ready-to-use environmental DNA-based methods for assessing the 
distribution of B. truncatus from water samples collected in the field. We used two 
approaches, a quantitative PCR (qPCR) and a droplet digital PCR (ddPCR) approach. 
We successfully detected B. truncatus in natural environments where the snail was 
previously visually reported. Our environmental DNA diagnostic methods showed 
a high sensitivity (≈60 DNA copy per mL of filtered water) and a high specificity to 
B. truncatus. Results obtained in qPCR and ddPCR were very similar. This study dem-
onstrates that environmental DNA diagnostics tools enable a sensitive large-scale 
monitoring of snail-borne diseases hence allowing the delimitation of areas poten-
tially threatened by urogenital schistosomiasis.
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2008; Kim, Kabir, & Ara Jahan, 2014), and the resulting (re-)emerging 
diseases constitute a threat to animal (Cohen et al., 2017; Gozlan, 
St-Hilaire, Feist, Martin, & Kent, 2005) and to human health (Blum & 
Hotez, 2018; Morens & Fauci, 2013). Understanding and predicting 
the dynamics and epidemiology of emerging diseases in response to 
environmental changes have thus become an urging challenge in the 
last decades (Ellwanger, Kaminski, & Chies, 2019).

Among the emerging diseases documented so far, 17% are in-
duced by pathogens transmitted by vectors and/or intermediate 
hosts (i.e., vector-borne diseases; VBD) (WHO, 2017). Predicting the 
emergence and spread of VBD is particularly challenging because it 
requires knowledge on the distribution and the spatio-temporal dy-
namics of pathogens and of their intermediate hosts and/or vectors 
that are also potentially influenced by current global change (Blum & 
Hotez, 2018; Richards, Lord, Pesko, & Tabachnick, 2009). In this re-
gard, recent studies together with the development of international 
monitoring networks (e.g., VBORNET in Europe; ECDC, 2011) have 
made it possible to establish real-time risk maps of emergence and 
spread of some arthropod-borne-diseases such as malaria, chikun-
gunya, and dengue (ECDC, 2014; Schaffner et al., 2013).

The monitoring of snail-borne diseases (SBD), and more partic-
ularly those transmitted via freshwater snail species, still remains 
in its infancy (Kincaid-Smith, Rey, Toulza, Berry, & Boissier, 2017). 
The neglected aspect of most SBD diseases contrast with their sig-
nificant impact on human health. For instance, more than 250 mil-
lion peoples are infected by Schistosoma parasites worldwide 
(Stensgaard, Vounatsou, Sengupta, & Utzinger, 2019). This infec-
tious disease is also responsible for more than 200,000 deaths per 
year (WHO, 2002). The SBDs concern several vertebrates including 
humans, livestock, and wild animals. Consequently, these diseases 
also have a significant economic impact especially in the livestock 
industry (e.g., 2.5€ billion of annual losses linked to the fascioliasis 
worldwide; Jones et al., 2018). They are induced by some parasites 
that depend on a snail host to complete their lifecycle. Our current 
knowledge on the distribution and dynamics of SBD mainly relies 
on epidemiological studies based on the prevalence and intensi-
ties of adult parasites within their definitive hosts (either humans 
or animals), while the distribution of snail species involved in the 
transmission of SBD is generally poorly documented (Kincaid-Smith 
et al., 2017). This lack of knowledge can be explained by at least 
four main reasons: first, until very recently, freshwater ecosystems 
received less ecological attention than terrestrial systems (Collen 
et al., 2014; Puth & Post, 2005). Second, the distribution of snail 
populations is highly heterogeneous at both the spatial and tempo-
ral scale which makes their monitoring difficult (Lamy et al., 2012). 
Third, the available classical methods used to collect and identify 
snail species are laborious and time-consuming and important sam-
pling efforts are generally necessary for assessing, with certainty, 
the presence/absence of a targeted species in the field (Lamy et al., 
2012). Thus, it is currently inconceivable to monitor snails’ popu-
lations at large spatial and temporal scales. Finally, once the snails 
collected from a given site, the taxonomic identification of speci-
mens at the species level requires thorough malacological expertise 

and generally these identifications still need to be completed by 
DNA analyses.

Methods based on environmental DNA (eDNA) constitute 
a promising approach for monitoring biodiversity (Bohmann et 
al., 2014). These methods were recently applied in a parasitologi-
cal context to detect (cryptic) parasite species, their hosts and/or 
vectors (Bass et al., 2015). In this respect, eDNA has been used for 
detecting targeted parasites species (Huver, Koprivnikar, Johnson, 
& Whyard, 2015; Richey et al., 2018; Rusch et al., 2018), for char-
acterizing parasite communities (Hartikainen et al., 2016), and to 
a lower extent for the detection of parasites’ vectors (e.g., the in-
vasive mosquito vectors Aedes albopictus; Schneider et al., 2016). 
Regarding SBDs, studies have mainly focused on the detection of 
free-living parasite infectious stages present in the water includ-
ing Opisthorchis viverrini (Hashizume et al., 2017); Fasciola hepatica 
(Jones et al., 2018); Schistosoma japonicum (Worrell et al., 2011); and 
Schistosoma mansoni (Sengupta et al., 2019). This approach targeted 
toward the detection of parasites is particularly relevant to iden-
tify active transmission sites, that is, where the parasite is currently 
present and susceptible to infect definitive hosts such as humans 
or livestock species. Surprisingly, very few studies have developed 
eDNA-based methods to detect the presence of snail species that 
constitute intermediate hosts for the parasites and that are thus 
responsible for the transmission of the associated diseases. To the 
best of our knowledge, eDNA-based methods were developed only 
for the detection Galba truncatula and Austropeplea tomentosa (Jones 
et al., 2018; Rathinasamy et al., 2018), both species being involved 
in the transmission of the liver fluke (Fasciola hepatica), and more 
recently for the detection of Oncomelania hupensis involved in the 
transmission of S. japonicum (Calata et al., 2019). Such approach tar-
geted toward the detection of snail hosts is of prime interest to iden-
tify sites where the associated disease could emerge (Kincaid-Smith 
et al., 2017).

In this study, we develop an eDNA-based method to detect the 
presence of B. truncatus from freshwater water samples. This snail 
species hosts two flatworm parasites S. bovis, a cattle parasite, and 
S. haematobium, the latter being responsible for the urogenital form 
of schistosomiasis. The urogenital schistosomiasis is one of the most 
severe and prevalent forms of schistosomiasis in Sub-Saharan Africa 
threatening 436 million individuals and affecting 112 million people 
throughout the world (WHO, 2018). Moreover, infection with S. hae-
matobium also constitutes an extra risk factor for secondary infec-
tions with other infectious agents such as HIV, especially in women 
(WHO, 2002). The morbidity associated with urogenital schistoso-
miasis fortunately globally decreased in the last decades although its 
prevalence has increased throughout Africa (Herricks et al., 2017). 
Moreover, the future distribution of this disease in response to cli-
mate change is difficult to predict at the continental scale (Blum & 
Hotez, 2018) and outside the endemic area (Kincaid-Smith et al., 
2017). In this regard, an outbreak of urogenital schistosomiasis has 
recently occurred in Southern Europe in Corsica (Boissier et al., 
2016; Holtfreter, Mone, Muller-Stover, Mouahid, & Richter, 2014). 
This situation has called for an urgent need to develop environmental 
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diagnosis tools to monitor the distribution of compatible freshwa-
ter mollusks and hence predict possible new transmission sites in 
Europe (Kincaid-Smith et al., 2017).

Importantly, no vaccine exists against schistosomiasis and 
mass chemotherapy by the administration of praziquantel, an anti-
helminth drug, remains the main strategy to control the disease in 
endemic areas. Today, the control of snail populations under a cer-
tain threshold to limit transmission is acknowledged as a comple-
mentary strategy necessary to eradicate schistosomiasis (Bergquist 
et al., 2017). Better characterizing the distribution of host snails 
is thus fundamental for targeting snail control strategies. So far, 
eDNA-based methods were developed to detect the presence of 
free-living stages (cercariae) of S. japonicum (Worrell et al., 2011) and 
S. mansoni (Sengupta et al., 2019) present in the water and suscepti-
ble to infect humans, or within their snail hosts (Amarir et al., 2014), 
but no methods were developed to detect host snail species except 
for O. hupensis (Calata et al., 2019).

We here propose a ready-to-use eDNA protocol to detect the 
presence of B.  truncatus established in natural river streams from 
water samples. We also compared a classical optimized qPCR ap-
proach to a protocol using the droplet digital PCR technology 
(ddPCR), also called “third PCR generation” that provides interesting 
properties for its application in eDNA (Doi, Takahara, et al., 2015). 
First, ddPCR allows the absolute quantification of low levels of nu-
cleic acids. Second, this technology is expected to be more robust 
and hence provide more repeatable results when amplifying DNA 
in the presence of PCR inhibitors (Hindson et al., 2011; Taylor, 
Laperriere, & Germain, 2017), the latter being an important technical 
hurdle in eDNA studies (Doi, Takahara, et al., 2015). So far, only 11 
studies used ddPCR for eDNA detection (Baker et al., 2018; Coble et 
al., 2019; Doi, Takahara, et al., 2015; Doi, Uchii, et al., 2015; Hunter, 
Ferrante, Meigs-Friend, & Ulmer, 2019; Hunter, Meigs-Friend, 
Ferrante, Smith, & Hart, 2019; Jerde et al., 2016; Nathan, Simmons, 
Wegleitner, Jerde, & Mahon, 2014; Rusch et al., 2018; Uthicke, 
Lamare, & Doyle, 2018; Wacker et al., 2019). Based on our results, 
we compare and discuss the pros and cons of these two approaches 
in an eDNA context.

2  | MATERIAL S AND METHODS

2.1 | Field sampling

2.1.1 | Sampling sites

We focused our sampling on five sites along the Cavu and the 
Solenzara Rivers (Corsica), two geographically isolated rivers where 
a urogenital schistosomiasis outbreak occurred very recently 
(Boissier et al., 2016; Ramalli et al., 2018) (Table 1). These sites in 
Corsica were chosen because the temporal dynamic of the local 
B. truncatus populations is monitored in these two rivers annually 
since 2014. In the Cavu River, we sampled water from three sites 
where populations of B.  truncatus are well established and where 

transmission occurred (Table 1): at the Mulinu Bridge, hereafter de-
noted “MB”; at the recreational A Tyroliana Park, hereafter named 
“AT,” and at the “3 Pool” site, hereafter denoted “3P” these sites 
respectively correspond to site 5, 8, and 9 in Boissier et al. (2016). 
We sampled water from a fourth site upstream the Cavu River, 
hereafter denoted “WI” (i.e., Water Intake; corresponding to site 10 
in Boissier et al., 2016) where no B.  truncatus has ever been ob-
served. This site was sampled to validate or invalidate the absence 
of B. truncatus at this site so far determined through visual inspec-
tion only. Along the Solenzara River, we sampled water from one 
site (the U Rosumarinu Snack, hereafter denoted “UR”) where local 
infection with schistosomiasis occurred recently (Noel et al., 2017). 
Additionally to these sampling sites in Corsica, we also sampled 
water from an artificial channel in Perpignan city (Southern France) 
where B. truncatus never occurred. This site was considered as a field 
negative control. All samples were collected during the first week 
of September 2018. This period succeeds to the highest density pe-
riod of B. truncatus in Corsican rivers (i.e., august; Kincaid-Smith et 
al., 2017) and before high-water period (i.e., October–November). 
At each site, we also measured environmental conditions: including 
water temperature, pH, flow at the water surface (measured in the 
river bed), and human activity (i.e., presence/absence of anthropic 
structures/individuals).

2.1.2 | Water sampling protocol

Our sampling protocol was designed to quantify possible effects of 
filtration volume and sampling location relative to the streambed 
(i.e., shore vs. streambed of the river) on our ability to detect B. trun-
catus DNA at a given site. To this aim, a total of 7 water samples were 
collected at each site. Specifically, three water volumes (1, 3, and 5 L) 
were filtered at two different locations within the river (i.e., shore 
vs. streambed) at each sampling site. Moreover, 500 ml of commer-
cial spring water was filtered at each site and rigorously following 
the same protocol as a technical field negative control. Each water 
filtration was achieved using a filtration unit including a 0.45-µm 
PES sterile membrane of 90 mm (VWR PES filter Unit 1 L, Model 
514-0301) connected to a manual vacuum pump (Mityvac, Model 
MV8500). This mesh size constitutes a good compromise between 
membrane clogging rate and eDNA capture capacity for lotic envi-
ronment (Hinlo, Gleeson, Lintermans, & Furlan, 2017). The resulting 
filtration membrane was then removed from its initial filtration unit, 
immediately stored in a 50 ml falcon filled with a Longmire buffer 
(Longmire, Maltbie, & Baker, 1997), and stored at room temperature 
until subsequent DNA extraction. We followed classical specific 
recommendations to avoid DNA contamination overall the sampling 
process (Taberlet, Coissac, Hajibabaei, & Rieseberg, 2012). In par-
ticular, scissors and forceps used to remove the membranes from 
filtration units were decontaminated before each sampling by suc-
cessively placing instruments in a 10% bleach bath during 1  min, 
1 min in a DNA AWAY™ solution (Thermo Scientific) followed by a 
flame sterilization step.
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To evaluate the repeatability of our results, technical duplicates 
were achieved at two sampling sites (i.e., MB and AT) for which we 
respectively observed the lowest B. truncatus density (≈10 mollusks/
m2) and an intermediate density of ≈50 mollusks/m2. A total of 13 
filtering membranes were thus obtained for each of these two sites 
([3 filtrations volumes × 2 river localities × 2 duplicates] + 1 technical 
negative control).

Once all the water samples were collected, a visual inspection 
was achieved to qualify the local density of B. truncatus in the sam-
pling area (low: 10–50 mollusks; medium: 50–100 mollusks; and high: 
more than 100 mollusks). This was achieved by inspecting rocks and 
the vegetation on a 1 m2 surface on the shore of the river and follow-
ing the same capture effort (30 min per site).

2.2 | Development of qPCR primers

2.2.1 | In silico development of qPCR primers

To design specific primers, we focused on the mitochondrial cy-
tochrome c oxidase I (cox1) gene that have been first proposed for bar-
coding studies on animal DNA (Hebert, Cywinska, Ball, & deWaard, 
2003) and classically (although not exclusively) used for the detec-
tion of animal eDNA (Tsuji, Takahara, Doi, Shibata, & Yamanaka, 
2019). A total of 25 primer pairs were developed based on an align-
ment of 210 cox1 sequences from B. truncatus from several countries 
available from the Barcode of Life Database BOLD (Ratnasingham & 
Hebert, 2007) to account for intraspecific variability. Primer pairs 

TA B L E  1   Geographical coordinates (using Google Mercator projection), biotic, and abiotic parameters at each prospected sites

Site acronym MB AT 3P WI UR Control

Geographical coordinates 41°42'16.82"N
9°20'5.23"E

41°43'12.22"N
9°18'6.27"E

41°43'53.14"N
9°17'36.87"E

41°44'29.30"N
9°17'39.58"E

41°50'37.86"N
9°20'36.87"E

42°40'55.60"N
2°54'4.14"E

Sampling date 26/09/2018
3:30 p.m.

26/09/2018
11:40 a.m.

26/09/2018
9:40 a.m.

26/09/2018
8:30 a.m.

27/09/2018
9 a.m.

04/10/2018
15 p.m.

pH 8.3 8.5 8.7 9 8.3 8.4

T (°C) 21.5 20 18.8 18 19.5 17.4

Human activity Yes Yes Yes Yes Yes No

Water flow 1 m/s 0.5 m/s 1 m/s 0.1 m/s 0.5 m/s 0.5 m/s

Snail density 10/m2 50/m2 >100/m2 0/m2 >100/m2 0/m2

Abbreviations: 3P, 3 Pool; AT, A Tyroliana Park; Control, Perpignan University channel; MB, Mulinu Bridge; UR, Solenzara snack; WI, Water intake.

Snail species Origin Sampling date Collaborators

Bulinus truncatusa  Corsica, France 2018  

Bythinia tentaculata Corsica, France 2018  

Radix balthicaa  Corsica, France 2018  

Ancylus fluviatilisa  Corsica, France 2018  

Gyraulus laevis Corsica, France 2018  

Gyraulus sp. a Corsica, France 2018  

Physa acutaa  Corsica, France 2018  

Potamopyrgus 
antipodaruma

Corsica, France 2018  

Pysidium sp. Corsica, France 2018  

Theodoxus fluviatilis Corsica, France 2018  

Biomphalaria 
glabrata

Brazil 2018  

Bulinus forskalii South-Africa 2017 Tine Huyse, KU 
Leuven, Belgium

Bulinus globosus Senegal 2012 Tine Huyse, KU 
Leuven, Belgium

Bulinus africanus South-Africa 2017 Tine Huyse, KU 
Leuven, Belgium

Radix natalensis South-Africa 2017 Tine Huyse, KU 
Leuven, Belgium

Galba truncatula Corsica, France 2018  

aSpecies which occurrence was reported in the Cavu River and/or Solenzara River. 

TA B L E  2   Snails’ species used 
for assessing the specificity of the 
developed qPCR and ddPCR primers
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were designed using Geneious® 8.1.4. (Kearse et al., 2012) and fol-
lowing classical criteria so as to optimize hybridization. The specific-
ity of the resulting primer pairs to B. truncatus was first assessed in 
silico. To do so, a local database regrouping cox1 sequences from 
14,500 Mollusca species and available on BOLD and NCBI nucleotide 
databases was first created. Virtual PCRs using our designed primer 
sets were ran on the resulting database using ecoPCR 0.5.0. (Boyer 
et al., 2016) for detecting possible cross-amplification on related 
snail species. To check whether these primers could amplify a simi-
lar amplicon on other nonfreshwater mollusk species, we also ran a 
Primer-BLAST analysis against the nr database (Ye et al., 2012). The 
nr database contains nonredundant set of sequences (i.e., genomic 
DNA, transcripts, and proteins) from several databases hence allow-
ing the use of BLAST analysis against DNA sequences from other 
species. This bioinformatic pipeline is summarized in Figure S1. All 
primer pairs showing a 100% specificity to B. truncatus (N = 4) were 
kept for subsequent qPCR specificity tests.

2.2.2 | Testing the specificity of the qPCR primers

The specificity of the resulting qPCR primers was assessed in vitro 
by qPCR on DNA templates from a total of 16 freshwater snail spe-
cies (see Table 2), including three B.  truncatus sister species (i.e., 
B. forskalii, B. globosus, and B. africanus). Moreover, qPCRs were also 
performed on an equimolar pool of DNA extracts from each of these 
16 species (at 0.5 ng/µl each) and including or excluding B. trunca-
tus DNA. Only the primer pairs amplifying exclusively B. truncatus 
DNA in individual DNA or pooled DNA were kept for the ensuing 
experiment.

2.3 | Molecular analyses

All molecular experiments were carried out under a sterile table top 
hood. Before and after each protocol (i.e., DNA extraction, PCR re-
action preparation), the working surface was bleached, washed using 
a DNA AWAY™ solution (Thermo Scientific™), and then exposed to 
UV light during one hour.

The DNA positive controls were extracted from 5 B.  truncatus 
individuals that were collected in the field in Corsica. Total genomic 
DNAs from these mollusks were extracted using the E.Z.N.A.® 
Tissue DNA kit (OMEGA Bio-Tek, Inc) following the “tissue protocol” 
for animal tissues, supplied in the kit handbook.

Total DNA from each membrane was extracted using the 
DNeasy® Blood & Tissue Kit (QIAGEN) which is commonly used in 
eDNA studies and which is supposed to yield an important amount 
of extracted DNA (Goldberg et al., 2016; Hinlo et al., 2017). We fol-
lowed an adapted version of the “tissue” protocol from the kit hand-
book. Briefly, membranes were subdivided into 4 equal sections to 
allow the use of microcentrifuge tubes during subsequent extraction 
steps. Lysis was performed at 65°C during 1 hr using a final solution 
containing 567 µl of ATL buffers and 63 µl of proteinase K. We next 

added 630 µl of AL buffers and 630 µl of 100% ethanol in the fol-
lowing steps (steps 2 and 3). The subsequent steps were performed 
following the manufacturer protocol, and the resulting genomic DNA 
was finally eluted in 100 µl of AE buffer. At the end of the extraction, 
we thus obtained four eluates of 100 µl for each membrane.

2.3.1 | Quantitative PCR approach

The four sections from each membrane were analyzed twice mean-
ing that a total of 8 qPCR reactions were ran for each membrane. 
A total of 200 sections from 50 filter membranes (4 sections per 
membranes) were thus duplicated and processed in qPCR. Hence, 
400 qPCR reactions were used for analyzing the 50 membranes col-
lected. These 400 reactions were performed on two independent 
qPCR runs each of which containing the negative and positive qPCR 
controls. To limit possible biases due to inter-run Ct differences in 
subsequent statistical analyses, all samples that were included in our 
analyses were processed on the same first qPCR run.

The qPCRs reactions were performed using the Takyon™ No 
ROX SYBR® kit (Eurogentec) in a total volume of 10 µl, containing 
2.5 µl of undiluted template DNA, 5 µl of MasterMix 2X (final con-
centration = 1X), and 2.5 µl of 10 µM primer mix (final concentra-
tion = 0.2 µM). The qPCR program was set as follow: 95°C for 3 min 
followed by 45 cycles of 95°C for 15  s and 60°C for 1 min, using 
a LightCycler®480 qPCR device. The resulting fluorescence signals 
were analyzed using the LightCycler®480 software v1.5.0. A signal 
was considered positive (i.e., with the presence of B. truncatus DNA) 
if the melting peak obtained for the sample displayed a melting tem-
perature comprised between 79 and 82°C as defined by the classical 
melting curve obtained for the PCR positive control used in all qPCR 
runs (i.e., a 0.15 ng/µl DNA extract from a B. truncatus individual). 
Finally, we considered that eDNA from B. truncatus was present on a 
filtering membrane if two qPCR replicates from the same membrane 
section (i.e., at least 1 section fully positive) displayed a melting 
curve specific to B. truncatus.

Finally, the eDNA signal of B. truncatus obtained in qPCR was val-
idated on a subset of 20 membranes section. Sequences from these 
qPCR products were obtained using ABI 3730xl sequencer at the 
GenoScreen platform (Montpellier, France).

2.3.2 | Droplet digital PCR approach

Because ddPCR is highly sensitive and because it is supposed to be 
robust even in the potential presence of PCR inhibitors, the ddPCR 
reactions were ran on pools of DNA extracts from the four sections 
of each membrane. Noteworthy, this pooling strategy was also tested 
in our qPCR analyses but failed to provide repeatable results. The 
ddPCRs were ran using the TaqMan chemistry on a QX200 AutoDG 
Droplet Digital System (Bio-Rad) at the I.A.G.E. platform (Montpellier, 
France). More specifically, we amplified a 165 bp region of the cox1 
gene using the Btco2F (5′ ATTTTGACTTTTACCACCAT 3′) and 
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Btco2R (5′ GATATCCCAGCTAAATGAAG 3′) primers and using the 
FAM-labeled Btco2P probe (5′ TCGAAGGAGGGGTTGGAACAGG-
FAM 3′) specific to B.  truncatus in the ddPCR reactions. These 
primers and probe were generated on a consensus sequence of 
B. truncatus obtained from the same sequence file used as a template 
for the design of qPCR primers (i.e., alignment of 210 B.  truncatus 
cox1 sequences downloaded from the NCBI). Then, the best primers 
and probe combination were selected through melting temperature 
comparison and BLAST analyses against online databases and a local 
sequence file containing 108 cox1 sequences of other freshwater 
snail species. The specificity of the developed primers and probe 
complex was next tested using the same mollusk DNA templates 
as those used for testing the specificity of the qPCR Btco1 primers, 
that is, individual ddPCR reactions were run on four equimolar pools, 
two of them containing pooled DNA of 3 B. truncatus sister species 
including and excluding B. truncatus DNA, the two others contain-
ing pooled DNA from endemic freshwater snail species of Corsica 
(Table 2) with and without B. truncatus DNA. According to the results 
from this test of specificity, only the primers and probe complex 
mentioned above showed a perfect specificity to B.  truncatus and 
was selected for the ensuing experiments. Individual ddPCR reac-
tions were performed on all membranes including negative controls 
as well as on the same positive control as for qPCR in a final volume 
of 20 µl containing 9 µl of template DNA. The resulting fluorescence 
signals were analyzed using QuantaSoft™ software v1.7. (BioRad). A 
signal was considered positive (i.e., with the presence of B. truncatus 
DNA) if (a) at least one positive droplet was detected and (b) the pos-
itive droplet displayed the same order of fluorescence magnitude as 
the positives droplets obtained for a ddPCR positive control. Finally, 
we considered that eDNA from B. truncatus was present on a filter-
ing membrane if at least one positive droplet met the above criteria.

From the results obtained using the ddPCR approach, the num-
ber of B. truncatus eDNA copies per liter (c/L) of filtered water for 
each sample (i.e., each membrane) was estimated using the following 
equation (Agersnap et al., 2017; Rusch et al., 2018):

With CL: the number of eDNA c/L for the amplified sample; Crdd: 
the copy number per reaction volume (c/20 µl) and applying a 10% 
correction of losses during droplet generation; Ve: the total volume 
of eluted DNA after extraction; Vr: the volume of extracted DNA 
used for ddPCR reaction; and Vw: the total volume of filtered water 
(Agersnap et al., 2017).

2.4 | Data analysis

Several factors can influence the concentrations of eDNA isolated 
from environmental samples including the sampling protocols used 
(Dickie et al., 2018; Li, Lawson Handley, Read, & Hanfling, 2018) and 
the local abundance of the targeted species, the latter factor being 

linked to the temporal demographic fluctuations of natural popula-
tions (Wilcox et al., 2018). With these considerations in mind, we 
statistically defined the most suitable conditions for optimizing the 
eDNA detection following our filtration protocol. To this end, we ran 
several generalized linear models (GLM) to infer the effect of the vol-
ume of filtered water (vol), the sampling position (pos), and the local 
density of B. truncatus (dens) on eDNA yielding, that is, cycle thresh-
old values (Ct) obtained in qPCR and log-transformed c/L obtained 
in ddPCR. We also accounted for possible interactions between 
these variables in our models. The most parsimonious model for ex-
plaining c/L and Ct were selected based on the Akaike information 
criterion (AIC) (Akaike, 1974; Burnham & Anderson, 2003; Buxton, 
Groombridge, & Griffiths, 2017). When several models were equally 
supported (i.e., ΔAIC < 2; Burnham & Anderson, 2003), we retained 
the model containing the lowest number of parameters. All GLMs 
were generated using the function glm implemented in R 3.4.3 using 
Rstudio 1.1.383 interface (RStudio, 2016).

3  | RESULTS

3.1 | Sampling sites

The environmental conditions (e.g., temperature, pH) were very 
similar among the sampling sites. Likewise, all sites presented human 
activities (generally bathing) except the control site that is inacces-
sible to the public. The water flow varied from one site to another, 
ranging from 0.1 m/s for the site WI to 1 m/s for the site MB; these 
data are displayed in Table 1.

3.2 | Development of qPCR primers

Among all the primer pairs tested, Btco1F (5′ TYGAAGGAG 
GGGTTGGAACA 3′) coupled with Btco1R (5′ RKTRATTCC 
TGGTGCYCGT 3′) provided the best results regarding the qPCR 
specificity tests (i.e., only the DNA from B. truncatus or pooled DNA 
containing B. truncatus DNA were positive in qPCR) and were thus 
used for subsequent qPCR analyses. This primer pair resulted in the 
amplification of a 179 bp amplicon specific to B. truncatus.

3.3 | Molecular analyses

3.3.1 | Quantitative PCR approach

Based on the result obtained from the qPCR approach and accord-
ing to our validation criteria, DNA from B.  truncatus was detected 
from a total of 35 among the 44 field membranes analyzed (79.5%) 
at sites MB, AT, 3P, and UR. No B. truncatus DNA was detected in 
the water samples collected from the WI site which confirms our 
previous environmental diagnostic through visual inspections at this 
site. No B. truncatus DNA was detected in our negative control site 

CL=

Crdd

0.9
∗

Ve

Vr

Vw
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(i.e., University channel) or in the 6 field negative controls (i.e., spring 
water filtered at each sampling site). Noteworthy, two among the 
total of 48 field negative control replicates showed a measurable 
Ct value (Site UR:  37.39 and Site MB:  39.17). However, these two 
samples displayed unspecific melting curves compared to those ob-
tained from positive controls. Likewise, none of our 6 qPCR negative 
controls showed a measurable Ct value. These results indicate that 
DNA contamination during the overall process from water sampling 
to qPCR reactions is very unlikely.

The water samples filtered on the river shore and in the stream-
bed provided similar results, that is, 85.7% [18/21] of positive samples 
at the shore and 81% [17/21] at the streambed location (Figure 1). 
However, we observed a slight tendency in the Ct values to be higher 
for samples filtered in the river shore (35.67; SD ± 1.79 Ct) than those 
filtered in the river streambed (37.71; SD ± 1.69 Ct). The median Ct 
value for all eDNA samples was 35.2; SD ± 1.7, ranging from 32.3 to 
38.84. Moreover, our sequencing validation step confirmed that the 
amplified DNA fragments during qPCR belonged to B. truncatus with 
a pairwise identity ranging from 97.52% to 100% and with a cov-
erage of 97% to the matching sequences (NCBI accession number: 
MG407340.1 and MG407341.1).

3.3.2 | Droplet digital PCR approach

The ddPCR provided the same results to those obtained using the 
qPCR approach. DNA extracts from the filtered membranes ob-
tained from sites MB, AT, 3P, and UR were positive to B. truncatus 
DNA (79.5%, 35/44 membranes) using ddPCR (i.e., at least one 
positive droplet presenting the same fluorescence amplitude as the 
DNA control was detected). Eighteen of the twenty-one filtration 
achieved on the river shore were positive to B. truncatus DNA (i.e., 
85.7%), and 17/21 (i.e., 81%) filtration achieved on the streambed of 
the river were positive (Figure 2). No positive droplet was detected 
for the two ddPCR negative controls, for the six field negative con-
trols, and for samples collected at site WI. The estimated number of 
DNA copies per ddPCR reaction volume ranged from 1.27 c/20 µl to 
42.82 c/20 µl with a median value of 9.14 c/20 µl; SD ± 9.61 c/20 µl. 
The median number of DNA copies per liter of filtered water was 
550.15 c/L; SD ± 610.21 c/L.

The lowest sensitivity threshold estimated from the ddPCR anal-
yses (i.e., the lowest eDNA concentration detected in our samples) 
was 0.06  c/µl which represents approximately 60  c/ml of filtered 
water.

3.4 | Statistical analyses

Among all GLMs performed using the qPCR dataset, the best-sup-
ported model was the following: Ct ~ volume + position + density 
(Table 3). According to this model, the snail density (p < .001) and the 
volume of filtered water (p < .01; see Table 3 and Figure 3) signifi-
cantly affect the Ct values obtained by qPCR after molecular process. 

Accordingly, a higher water volume and a higher mollusk density de-
crease the Ct value obtained which means that the concentration 
of B. truncatus eDNA is higher for these samples. A significant posi-
tive effect of the sampling position (shore) was also found (p < .05; 
Table 3), hence indicating that the Ct value obtained by qPCR tends 
to be higher and thus eDNA concentration is lower in water samples 
collected on the river shore compared to the streambed.

Concerning the ddPCR dataset, the best-supported model ex-
plaining c/L predicted a single positive effect of the B. truncatus den-
sities (p < .001; Table 3). This result indicates that a higher mollusk 
density results in a higher eDNA concentration which is congruent 
with our expectations (Figure 4).

4  | DISCUSSION

Under the current global change context, it is essential to develop 
large-scale monitoring tools to understand and predict the dynam-
ics and epidemiology of emerging diseases (Ellwanger et al., 2019). 
In this study, we present the first application of two eDNA-based 
methods, namely a ddPCR- and a qPCR-based protocols, to de-
tect environmental DNA of B.  truncatus, an intermediate host of 
S.  haematobium, in natural rivers. Indeed, we were able to detect 
the presence of B.  truncatus from water samples collected at four 
natural transmission sites previously reported in Corsica (Ramalli et 
al., 2018), while no B. truncatus eDNA was detected in sites where 
this species had never been visually reported before. The sensitivity 
of our two protocols reached 100% (assessed in silico and in vitro) 
when using 3 or 5 L of water during filtration but dropped to 91.7% 
when filtrating 1 L of water using both qPCR and ddPCR. This result 
indicates that according to our results, at least 3 L of water is neces-
sary to reach an optimal sensitivity whatever the density of mollusks 
at the sampling site.

More specifically, the sampling procedure that provides the best 
detection rate consists of a 5-liter filtration preferentially in the river 
streambed. Whatever the PCR technology used, we can argue that 
in this current version our protocols designed for water collection, 
sample preservation, and eDNA extraction are robust. The consid-
erations of these three protocol aspects are critical for establish-
ing a reliable eDNA-based approach (Goldberg et al., 2016) but are 
generally neglected in most publications. Only 5% of eDNA-based 
studies provided critical aspects of their sampling protocols (Dickie 
et al., 2018) and most eDNA studies suffer from a lack of reproduc-
ibility especially when their protocols are applied in natural environ-
ments for the first time (Tsuji et al., 2019). Finally, no standardized 
method for eDNA sampling is available so far (Tsuji et al., 2019). This 
technical lack raises the necessity of further studies benchmarking 
all existing sampling protocols in an attempt to define standardized 
sampling pipelines adapted to different environments and environ-
mental samples (i.e., water, sediment, and air).

In this line, several aspects could be developed to improve our 
eDNA-based monitoring tools (Dickie et al., 2018). First, the robust-
ness of our protocols should be validated in different freshwater 

info:ddbj-embl-genbank/MG407340.1
info:ddbj-embl-genbank/MG407341.1
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environments with different hydrodynamic profiles. In the pres-
ent study, all of the prospected sites, but the negative University 
channel site, presented a lotic hydrodynamism (i.e., flowing water) 
and whether the sampling strategy developed in this study could 
be applied in lentic environments (i.e., still freshwater) still needs 
to be assessed. Lentic environments are known to present some 
specific characteristics that can influence the eDNA decay (e.g., 

temperature, sunlight, and pH; Klobucar, Torrey, & Phaedra, 2017; 
Strickler, Fremier, & Goldberg, 2015). They also generally con-
tain significantly more suspended solids (Takahara, Minamoto, 
Yamanaka, Doi, & Kawabata, 2012), which could increase the PCR 
inhibitors concentration in eDNA samples. Second, the ergonomic 
aspect and efficiency of our sampling tools could be further opti-
mized. For instance, filtration units are voluminous and are probably 

F I G U R E  1   Membranes positiveness 
obtained from the quantitative 
PCR approach. The displayed percentage 
is calculated on the 8 qPCR replicates 
from the samples filtered on the river 
shore (a) and at the river streambed (b). 
Membranes are considered positive if 
at least two replicates from the same 
membrane section are positive

(a) Water sampled on the river shore
Site Water intake Mulinu Bridge A Tyroliana park 3 Pool Solenzara river University

1L

3L

5L

control

0 %

0 %

0 %

0 % 0 % 0 % 0 % 0 % 0 %

0 %

0 %62.5 %

37.5 %

37.5 %

75 %

50 %

62.5 % 62.5 %

100 % 37.5 %

62.5 %

100 %

75 %

62.5 %75 %

87.5 %

100 %

100 %

100 %

(b) Water sampled on the river streambed
Site Water intake Mulinu Bridge A Tyroliana park 3 Pool Solenzara river University

1L

3L

5L

control

0 %

0 %

0 %

0 % 0 % 0 % 0 % 0 % 0 %

0 %

0 %25 %

62.5 %

62.5 %

12.5 %

50 %

100 % 100 %

100 % 100 %

100 %

100 %

100 %

50 %87.5 %

87.5 %

62.5 %

75 %

75 %

F I G U R E  2   Membranes positiveness 
obtained from the droplet digital 
PCR approach. All positive membranes 
from the samples filtered on the river 
shore (a) and at the river streambed (b) 
are displayed in green. A membrane 
is considered positive if at least one 
positive PCR reaction compliant with the 
fluorescent signal from the DNA control 
is detected

(a) Water sampled on the river shore
Site Water intake Mulinu Bridge A Tyroliana park 3 Pool Solenzara river University

1L

3L

5L

control

(b) Water sampled on the river streambed
Site Water intake Mulinu Bridge A Tyroliana park 3 Pool Solenzara river University

1L

3L

5L

control
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inappropriate when field conditions are difficult (e.g., isolated pros-
pecting sites; long fieldwork). The size-reduction of filtration devices 
could also be contemplated, for instance using smaller membrane 
holders coupled with a vacuum automated pump, although the 
latter could also be a limitation in some field conditions. Likewise, 
the use of silicate micro-beads (Wilcox et al., 2018) or dried mem-
branes (Balint et al., 2018) could be more convenient than Longmire 

solution for sample preservation although this would need to be 
validated. In terms of eDNA capture, the previous studies bench-
marking different filtration membrane composition found that ni-
trate cellulose membranes (NC) coupled with DNA extraction with 
DNeasy® Blood & Tissue Kit provide higher eDNA yielding (Hinlo et 
al., 2017), these findings could also constitute relevant improvement 
to consider.

TA B L E  3   Best fitted GLM models that explain (Ct)s and (c/L)s obtained by qPCR and ddPCR based on the AIC criterion and number of 
parameters (nPars) (a) and the parameter estimates obtained from the chosen models

(a)

GLM models nPars AIC ΔAIC Platform

Ct ~ vol + pos + dens 5 134.92 0 qPCR

Ct ~ vol * pos + dens 6 134.94 0.02

Ct ~ dens 3 135.94 1

Ct ~ vol + dens 4 136.07 1.13

c/L ~ dens 3 106.11 0 ddPCR

c/L ~ pos + dens 4 108.08 1.97

(b)

Variable Estimate SE z-value p-value

qPCR

Intercept 36.685959 0.446015 82.253 <2e-16

3 L −0.764357 0.418130 −1.828 .06754

5 L −1.181857 0.418130 −2.827 .00471

Shore 0.861609 0.338734 2.544 .01097

Density −0.022992 0.004628 −4.968 6.76e-07

ddPCR

Intercept 4.800520 0.303499 15.817 <2e-16

Density 0.017062 0.004619 3.694 .00022

F I G U R E  3   Representation of the 
estimated qPCR cycle thresholds 
(residuals) as a function of the volume 
of filtered water and the B. truncatus 
densities at the sampling sites. ** and *** 
represent differences with significant 
levels below 0.01 and 0.001 respectively

1 L 3 L **5 L 1 L 3 L **5 L 1 L 3 L **5 L   
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Another major finding of this study is the potential of the ddPCR 
as an alternative quantification platform to the qPCR for environ-
mental samples. In our study, qPCR and ddPCR gave strictly the same 
results regarding sensitivity since the same samples were found pos-
itive whatever the technology used. The only difference between 
these two PCR technologies is that ddPCR was able to provide re-
liable results on the pooled samples while qPCR did not. This result 
hence provides a small advantage of ddPCR compared to qPCR be-
cause it requires less replicates to give reliable results. Finally, be-
cause we did not conduct comparative analyses using qPCR and 
ddPCR on the same dilution standards, it is difficult to conclude on 
the most accurate technology regarding absolute quantification of 
environmental DNA and ultimately mollusk density in the field. Thus, 
based on our results and because ddPCR is generally argued as very 
sensitive and accurate even for the amplification of low quality DNA 
samples (e.g., high amount of inhibitors and/or untargeted DNA; 
Hindson et al., 2011; Taylor et al., 2017), we predict that the ddPCR 
will be increasingly used for detecting eDNA in the next few years.

The financial aspect of these protocols is also an important con-
sideration for the development of large-scale monitoring tools. To 
this end, we investigated and compared the prices and time cost be-
tween the three approaches for monitoring B. truncatus presented in 
this paper (i.e., qPCR, ddPCR and visual prospecting), following the 
same method as in (Sengupta et al., 2019). The estimated prices for 
each site included the reusable materials (e.g., forceps, DNA primers, 
and probe), meaning that these prices are applicable for a first-time 
application of the protocol but should be devaluated in subsequent 
applications (Table S1). As expected, traditional visual survey remains 
the most economic approach (i.e., ≈20 EUR for all prospected sites; 
12 hr/8 sites; Table S1). However, this approach is not adapted for 
large-scale monitoring as they require extensive workforce propor-
tional to the number of prospected sites and huge malacological 
knowledge. Regarding the two eDNA-based methods developed in 

this study, we estimated that the price between the two PCR tech-
nologies differed by 5 EUR (i.e., ≈60 EUR/sites; 6 hr/5 L × 8 sites for 
qPCR and ≈65 EUR/sites; 5h20/5 L × 8 sites for ddPCR; Table S1). 
Importantly, however, the estimation for ddPCR included service de-
livery. When estimating the price of ddPCR if realized in our labora-
tory facilities, prices are expected to be similar or even less expensive 
than qPCR analysis in a recurrent use framework. Expenditures re-
lated to ddPCR apparatus acquisition, which is much more expensive 
than those for qPCR, could be the only limiting aspect of this technol-
ogy (Doi, Uchii, et al., 2015). However, this expense is compensated 
by the ability to obtain an absolute quantification from a single reac-
tion compared with qPCR. Hence as denoted in the previous studies, 
ddPCR technology would be an interesting alternative to qPCR in 
quantifying eDNA from environmental samples as this enables ab-
solute quantification from a single sample and due to the inhibitors 
dilutions during the sample singulation step (Doi, Uchii, et al., 2015).

In a schistosomiasis prevention perspective, these two eD-
NA-based approaches constitute promising tools for assessing the 
current distribution of B. truncatus from water samples collected in 
the field, and hence to identify new environments where schisto-
somiasis could emerge within and outside its endemic zone. In this 
regard, tropical schistosomes were recently found to be preadapted 
to temperate temperatures (Mulero, Rey, Arancibia, Mas-Coma, & 
Boissier, 2019), meaning that the spread of urogenital schistosomi-
asis northward mainly relies on the presence of locally adapted and 
compatible B. truncatus populations as those established in Corsica 
(Doby, Rault, Deblock, & Chabaud, 1966; Ramalli et al., 2018) in 
Spain and Portugal (Martínez-Ortí, Vilavella, Bargues, & Mas-Coma, 
2019). In this context, we believe that these developed tools will help 
better assessing the risk of schistosomiasis emergence worldwide.

Importantly however, other factors need to be accounted to es-
tablish efficient risk maps of emergence and spread of schistoso-
miasis at large scale, which include human population movements, 

F I G U R E  4   Representation of 
the estimated B. truncatus DNA copy 
per liters of filtered water  estimated 
using ddPCR as a function of B. truncatus 
densities at the sampling sites. *** 
represent differences with significant 
levels below 0.001
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the spatial fluctuation of schistosomes’ intermediate hosts under 
current climate changes, the invasion ability of African schistosomes 
species, the effect of hybridization between schistosome species 
on the invasion ability of the parasite, and finally the susceptibility 
of other European freshwater snails’ species to Schistosoma par-
asites (Kincaid-Smith et al., 2017). To this end, the combination of 
eDNA-based tools with spatial modeling approaches such as eco-
logical niche modeling (ENM) would improve our ability to gener-
ate “real-time” risk maps of schistosomiasis in Europe and endemic 
countries (Kincaid-Smith et al., 2017). ENM approaches were already 
used for spatial monitoring of freshwater snail species involved in 
SBD transmission such as fascioliasis and schistosomiasis (Cordellier 
& Pfenninger, 2009; Pedersen et al., 2014). Therefore, the use of 
ENM modeling approaches coupled with eDNA-diagnosis tools 
appears to be a next development step for SBD risk assessment 
endeavors.
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