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Abstract 

Background: Urogenital schistosomiasis, caused by infection with Schistosoma haematobium, is endemic in Niger 
but complicated by the presence of Schistosoma bovis, Schistosoma curassoni and S. haematobium group hybrids 
along with various Bulinus snail intermediate host species. Establishing the schistosomes and snails involved in 
transmission aids disease surveillance whilst providing insights into snail-schistosome interactions/compatibilities and 
biology.

Methods: Infected Bulinus spp. were collected from 16 villages north and south of the Niamey region, Niger, 
between 2011 and 2015. From each Bulinus spp., 20–52 cercariae shed were analysed using microsatellite markers and 
a subset identified using the mitochondrial (mt) cox1 and nuclear ITS1 + 2 and 18S DNA regions. Infected Bulinus spp. 
were identified using both morphological and molecular analysis (partial mt cox1 region).

Results: A total of 87 infected Bulinus from 24 sites were found, 29 were molecularly confirmed as B. truncatus, three 
as B. forskalii and four as B. globosus. The remaining samples were morphologically identified as B. truncatus (n = 49) 
and B. forskalii (n = 2). The microsatellite analysis of 1124 cercariae revealed 186 cercarial multilocus genotypes (MLGs). 
Identical cercarial genotypes were frequently (60%) identified from the same snail (clonal populations from a single 
miracidia); however, several (40%) of the snails had cercariae of different genotypes (2–10 MLG’s) indicating multiple 
miracidial infections. Fifty-seven of the B. truncatus and all of the B. forskalii and B. globosus were shedding the Bovid 
schistosome S. bovis. The other B. truncatus were shedding the human schistosomes, S. haematobium (n = 6) and the 
S. haematobium group hybrids (n = 13). Two B. truncatus had co-infections with S. haematobium and S. haematobium 
group hybrids whilst no co-infections with S. bovis were observed.

Conclusions: This study has advanced our understanding of human and bovid schistosomiasis transmission in the 
Niger River Valley region. Human Schistosoma species/forms (S. haematobium and S. haematobium hybrids) were 
found transmitted only in five villages whereas those causing veterinary schistosomiasis (S. bovis), were found in most 
villages. Bulinus truncatus was most abundant, transmitting all Schistosoma species, while the less abundant B. forskalii 
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Background
Schistosomiasis is a snail-borne neglected tropical dis-

ease (NTD) associated with poverty, poor sanitation and 

lack of safe water [1, 2]. An estimated 180–200 million 

people are infected, primarily from tropical low and mid-

dle-income countries [3]. Schistosomes are diverse, with 

25 species currently recognised within the genus Schisto-

soma, and exhibit preferences for both their intermediate 

snail and mammalian hosts, both of which governs their 

distribution. In sub-Saharan Africa, there are four species 

that cause human schistosomiasis, whilst there are many 

more that infect livestock and/or wildlife [4].

Schistosomes can be identified by species-specific phe-

notypic characteristics, particularly associated with the 

adult worms and their eggs. Additionally, epidemiological 

and ecological characteristics, such as geographical region 

and intermediate snail and definitive mammalian host 

associations, are used as proxies for species identifica-

tion at a given focus [5]. Supported by new field collection 

and sample preservation methods [6, 7], molecular data 

from schistosome collections have revealed new species 

distributions [8], interspecies hybridisation [9–12], and 

unexpected host associations [13], all of which highlight 

the need to incorporate molecular analyses into disease 

surveillance. Molecular data are particularly pertinent for 

free-living schistosome cercarial larvae, which have lim-

ited species-specific morphologies [14] and also for schis-

tosomes that overlap in their snail intermediate host use.

Aside from schistosomes, snail host identification can 

pose complications as it often relies on species-specific 

morphological characteristics, including shell charac-

teristics, morphology of reproductive organs and chro-

mosome counts [15]. However, morphologically similar 

snails can be very difficult to identify, with phenotypic 

plasticity, including overlap in shell morphology poten-

tially confounding accurate identifications [16]. Molec-

ular analyses provide greater accuracy and also enable 

interrelationship, phylogenetic and population diver-

sity analyses [17]. Moreover, precise snail identifica-

tions are needed to determine the true hosts involved in 

Schistosoma spp. transmission. This is vital for mapping 

and monitoring disease transmission and determining 

infection risk to human and livestock populations sur-

rounding snail habitats [18], which in addition will also 

aid in determining suitable localities for targeted snail 

control, both of these points being listed by the World 

Health Organisation as critical actions necessary for 

reaching the goal of eliminating schistosomiasis as a 

public health problem by 2030 [19].

Of the estimated 3–4 million people at risk of human 

schistosomiasis in Niger, the majority of the disease is 

urogenital, caused by Schistosoma haematobium (includ-

ing S. haematobium group hybrids), with transmission 

relying on freshwater Bulinus spp. snails [20, 21]. There 

is also a relatively unknown burden of veterinary schis-

tosomiasis caused by the schistosomes Schistosoma bovis 

and Schistosoma curassoni, and also S. bovis-curassoni 

hybrids [22–24], all of which are transmitted by Bulinus 

spp. [22, 23, 25]. Additionally, the occurrence of S. hae-

matobium group hybrids, involving a mixture of human 

and veterinary schistosome species (S. haematobium-S. 

bovis, S. haematobium-S. curassoni, S. haematobium-

S. bovis-S. curassoni) have been reported from humans 

in Niger [10, 24, 26], and are reported in other African 

countries [9, 11, 27–31]. This complicates transmission 

and epidemiology, while raising many questions regard-

ing the general biology of both snail and mammalian host 

specificities of these closely related schistosome species.

Our current understanding of S. haematobium and S. 

bovis interactions with the intermediate hosts in Niger 

is based on morphological identifications (cercariae and 

their snail host), cercarial emergence patterns, and exper-

imental infections. Regarding the intermediate hosts of 

human schistosomiasis, Bulinus senegalensis, Bulinus 

forskalii and Bulinus truncatus have previously been 

reported to transmit S. haematobium [32–36] while Buli-

nus umbilicatus and B. senegalensis have been reported 

as shedding the veterinary schistosomes, S. curassoni and 

S. bovis, respectively [25, 34]. However, molecular data 

are needed to support these predominantly morphologi-

cal observations for both snail and schistosome, provid-

ing a more accurate assessment of snail-schistosome 

relations and epidemiology [10, 32].

Using a combination of methods, this study investi-

gates the snail-schistosome relationships of S. haemato-

bium group species and their Bulinus snail hosts along 

the Niger River Valley to: (i) identify the Bulinus species 

involved in schistosomiasis transmission in the Niamey 

region of Niger; (ii) identify the schistosome species 

being transmitted by specific Bulinus spp. in these areas; 

and (iii) investigate schistosome single- and multiple spe-

cies/genotypes co-infections within individual snails.

and B. globosus, only transmitted S. bovis. Our data suggest that species-specific biological traits may exist in relation 
to co-infections, snail-schistosome compatibility and intramolluscan schistosome development. 

Keywords: Schistosoma haematobium, Schistosoma bovis, Hybrids, Urogenital schistosomiasis, Bulinus globosus, 
Bulinus truncatus, Bulinus forskalii, Cercariae, Niger, Molecular identification



Page 3 of 15Pennance et al. Parasites Vectors          (2020) 13:268  

Methods
Study area and sample collection

This study was part of the urogenital schistosomiasis con-

trol project in Niger, incorporated into the wider Schis-

tosomiasis Consortium for Operational Research and 

Evaluation (SCORE) programme [37]. Malacological sur-

veys coupled with snail schistosome infection screening 

were conducted at potential urogenital schistosomiasis 

transmission sites, in 16 villages located approximately 

60 km upstream (North) and downstream (South) of Nia-

mey, along the Niger River basin.

In total, 68 potential transmission/water contact sites 

were surveyed monthly from July 2011 to January 2016, 

a subset of those reported in Rabone et al. [38]. At each 

site, two collectors searched and collected snails, mor-

phologically identified as Bulinus spp. [15] using scoops 

and by picking them directly from freshwater vegeta-

tion for 15–30 min. Individual snails were then checked 

for patent schistosome infections by cercarial shedding. 

Furcocercous cercariae were morphologically identified 

using descriptions of Schistosoma spp. [14], and collected 

and preserved for molecular characterisation on What-

man-Indicating FTA Classic Cards (GE Healthcare Life 

Sciences, Buckinghamshire, UK) by pipetting individual 

cercariae onto the card in 2–3  µl [30], and the corre-

sponding infected snails were preserved in 100% ethanol 

for future molecular identification.

All information on collection dates and site localities 

containing infected snails can be found in Additional 

file 1: Table S1 and Rabone et al. [38]. Primers and PCR 

cycling conditions used for molecular characterisation 

and identification of the schistosome cercariae and the 

Bulinus snail hosts, are described in Additional file  2: 

Table S2.

Molecular identification and mitochondrial cox1 analyses 

of the schistosome‑infected Bulinus spp.

The soft tissue of the individual snails was removed from 

the shell, and DNA extracted using the Qiagen DNeasy 

Blood and Tissue Kit (Qiagen, Manchester, UK) as 

described in Pennance et al. [8]. Each snail was identified 

by analysis of a partial mitochondrial cox1 DNA region. 

Due to the genetic diversity within and between Bulinus 

spp., different primer combinations and PCR cycling con-

ditions were used as described in Additional file 2: Table S2 

[17, 39]. The primer Primer Bglob_CoxF (Additional file 2: 

Table S2) was designed manually for use in this study using 

the reference B. globosus (Niger strain) cox1 data (Gen-

Bank: AM286294, Kane et al. [17]). For Bulinus spp., PCRs 

were performed using PuReTaq Ready-To-Go PCR beads 

(GE Healthcare Life Sciences, Buckinghamshire, UK) in 

25 µl reactions composed of 1 µl of the snail DNA and 1 µl 

of each primer at a concentration of 10 µmol. Amplicons 

(4 μl) were visualised by gel electrophoresis on a 2% Gel-

Red agarose gel and positive reactions were purified using 

the QiaQuick PCR Purification Kit (Qiagen).

Amplicons were Sanger sequenced in both direc-

tions using a dilution of the original PCR primers on an 

Applied Biosystems 3730xl DNA analyser and the edited 

cox1 data from each sample was analysed using the NCBI 

BLASTn search to confirm species identity. Addition-

ally, each cox1 nucleotide sequence was translated (using 

the invertebrate mitochondrial genetic code) and the 

resulting amino acid sequence analysed using the NCBI 

BLASTx search to further confirm species identity and to 

check for the occurrence of non-coding data which indi-

cates the presence of mitochondrial pseudogenes. This 

was performed due to nucleotide deletions observed in 

the cox1 regions from some of the samples.

The cox1 consensus sequence data from each snail 

were aligned in Sequencher v5.4.6 (GeneCodes Corp., 

Michigan, USA) and then collapsed together to identify 

individuals with identical sequences (haplotypes). The 

number of unique cox1 haplotypes was recorded for each 

Bulinus species. A haplotype network was generated 

using PopART [40] to investigate haplotype relationships 

and diversity.

Haplotype sequences were imported into Geneious 

v11.1.4 [41] for phylogenetic analysis together with refer-

ence data available from GenBank; Nigerien Bulinus spp. 

accession numbers: AM286308 (B. forskalii), AM286294 

(B. globosus), AM286316 (B. truncatus), AM286317 (B. 

truncatus) (see [17]). Biomphalaria glabrata (AY380531; 

see [42]) was included as the outgroup. Haplotype align-

ments were performed using the MAFFT v7.388 [43, 

44], MUSCLE v3.8.425 [45] and Clustal W v2.1 [46] tools 

in Geneious v11.1.4 [41]. Alignments were executed in 

PAUP* [47] and then an appropriate evolutionary nucleo-

tide substitution model was selected in MrModelTest v2.4 

[48] using the Akaike Information Criterion. Bayesian 

inference analysis and phylogenetic tree construction was 

performed using MrBayes v3.2.7a [49] under the GTR + G 

model for 5 million generations. The ‘burn-in’ was defined 

as the point at which the average standard deviation of 

split frequencies (ASDOSF) reported from MrBayes out-

put was at least < 0.01 over 5 million generations, although 

a ‘burn-in’ of 3.5 million generations was used for consist-

ency. Clades were considered to have high nodal support if 

Bayesian inference posterior probability was ≥ 0.95, there-

fore tree nodes with < 0.95 were collapsed in SumTrees 

v4.4.0 [50] to give the final tree topology.

Genetic profiling and molecular species identification 

of the schistosome cercariae

DNA was prepared from individual cercariae on FTA 

cards as previously described [7]. A minimum of 20 
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(except for one snail, where only 4 cercariae were recov-

ered) and a maximum of 52 cercariae were analysed from 

each shedding snail (Additional file 1: Table S1). Individ-

ual cercariae were genotyped using the previously devel-

oped [7] Panel 1 microsatellite loci (Additional file  3: 

Table  S3). The microsatellite reactions were performed 

using the Type-it® Microsatellite PCR Kit (Qiagen) in 

12.5 μl reactions containing 2 µl of alkaline eluted schis-

tosome DNA, 0.2 μM of each primer and 1.25 μl of the 

Type-it® Microsatellite PCR Kit Q-Solution. The primers 

and PCR cycle are the same as those reported in Webster 

et al. [7]. Amplicons (4 μl) were visualised by gel electro-

phoresis on a 3% GelRed agarose gel. Positive reactions 

were diluted 1 in 10 before being denatured and injected 

at an optimal speed of 12 s into the Applied Biosystems 

3130xl DNA analyser for analysis.

Allele calls were checked and edited in Geneious 

v11.1.4 [41] using the microsatellite plugin (Biomat-

ters Ltd. v1.4.6). Out of the nine microsatellite loci, six 

provided good quality data for all cercariae analysed. 

The three loci (C102, C111 and Sh7) not included in 

the analysis proved species-specific to S. haemato-

bium (Additional file  1: Table  S1). Matching cercarial 

microsatellite profiles from each snail (indicating clonal 

cercariae) were then grouped together into individual 

MLGs for each infected snail. We recorded the num-

ber of different cercarial MLG’s originating from each 

snail and the number of cercariae within each MLG. 

To check for potential sampling bias in relation to the 

numbers of cercarial MLG’s found per snail, a Pearson’s 

correlation test was performed in R version 3.5.2 [51] 

comparing the number of cercarial genotypes observed 

per infected Bulinus spp. with the number of cercariae 

analysed.

Schistosome cercariae species and hybrid identification

Both mitochondrial and nuclear DNA regions were 

analysed to determine the schistosome species or 

hybrid status of each MLG [9, 27]. The diagnostic cox1 

PCR, that distinguishes between S. bovis and S. hae-

matobium based on the size of the cox1 amplicon [52], 

was used to screen all the selected cercariae (Additional 

file  1: Tables S1, Additional file  2: Table  S2). A subset 

of the amplicons were sequenced to confirm the mito-

chondrial genotypes and to enable preliminary haplo-

type analyses.

The nuclear ITS1 + 2 rDNA region (including the 

5.8S gene region) was also amplified (~ 915 bp) (Addi-

tional file  2: Table  S2) and sequenced to identify the 

species-specific SNP’s (Additional file  4: Table  S4). 

Additionally, a fragment of the 5’-end of a second 

rDNA region (18S) [53] containing additional species-

specific SNPs (Additional file 4: Table S4) was amplified 

(289 bp) (Additional file 2: Table S2) and sequenced for 

a subset of the cercariae.

For Schistosoma spp., PCRs of cox1, ITS and 18S were 

performed using PuReTaq Ready-To-Go PCR beads 

(GE Healthcare Life Sciences, Buckinghamshire, UK) 

in 25  µl reactions composed of 3  µl of alkaline eluted 

schistosome DNA and 1 µl of each primer at a concen-

tration of 10  µmol. Amplicons (4  μl) were visualised 

by gel electrophoresis on a 2% GelRed agarose gel and 

positive reactions were purified using the QiaQuick 

PCR Purification Kit (Qiagen). Amplicons were Sanger 

sequenced in both directions using a dilution of the 

original PCR primers on an Applied Biosystems 3730xl 

DNA analyser. Sequence identity was confirmed using 

NCBI BLASTn and/or by comparison to reference data 

[51]. Following successful sequencing and analysis, 

both mitochondrial (cox1) and nuclear (ITS + 18S) pro-

files were assigned to each cercarial MLG to determine 

species or hybrid status.

Schistosome cercariae microsatellite population structure 

analysis

To gain insights into the population structure of the cer-

cariae, the microsatellite data were subjected to principal 

components analysis (PCA) using the adegenet v2.1.1 

package [54] in R version 3.5.2 [51]. PCA was performed 

on two datasets with all loci including the missing data 

(from the 3 S. haematobium-specific loci C102, C111, 

Sh7) and excluding the missing data. Each cercarial MLG 

analysed was grouped into the Schistosoma spp. identi-

fied: Schistosoma haematobium, S. bovis or S. haemato-

bium group hybrids. Analyses were run both including 

and excluding missing microsatellite loci data which 

occurred due to the specificity of the microsatellite prim-

ers to S. haematobium.

Distribution of infected Bulinus and Schistosoma species

Bulinus spp. and Schistosoma spp. distribution data were 

visualised using QGIS v3.0.1 Girona (http://qgis.osgeo 

.org). Collection sites were grouped by village and points 

scaled to the number of infected Bulinus spp. Digital 

shape files for Niger administrative regions and inland 

water areas were obtained from DIVA-GIS (https ://www.

diva-gis.org).

Results
Distribution and abundance of the Schistosoma‑infected 

Bulinus species

Of the 15,288 Bulinus spp. snails collected from the study 

sites in Niger, 137 had patent schistosome infections 

(0.90%). These were collected at multiple time points 

between 2011 and 2015 from 26 of the 68 sites surveyed 

from villages both in the North and South of Niamey 

http://qgis.osgeo.org
http://qgis.osgeo.org
https://www.diva-gis.org
https://www.diva-gis.org
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(Fig. 1). Infected Bulinus spp. were found in several dif-

ferent habitat types surveyed: rivers, ponds, streams, rice 

paddies, secondary irrigation canals, tertiary irrigation 

canals, branching streams and spillways. Schistosoma 

cercariae and snail molecular data were obtained from 87 

of the 137 infected Bulinus spp. collected from 24 of the 

68 sites (50 snails could not be included in the study due 

to specimen degradation, Table 1).

Molecular identification and cox1 analyses 

of the schistosome‑infected Bulinus species

Of the 87 infected snails included in the analyses, 82 were 

morphologically identified at the time of collection as B. 

truncatus and five as being from the B. forskalii group 

(Table 1). Molecular analysis of 61 of the morphologically 

identified B. truncatus confirmed that 57 were B. trun-

catus but four were B. globosus. Identification of three of 

the five B. forskalii was also confirmed by molecular data. 

For the remaining 23 infected Bulinus spp., poor DNA 

quality precluded molecular analysis and therefore iden-

tifications were made solely by morphology (Table 1): B. 

forskalii (n = 2); B. truncatus (n =21). The geographical 

distributions of the different snail species are shown in 

Fig. 1.

Eight different cox1 haplotypes were identified from 29 

of the 57 infected B. truncatus (Table 2). For the remain-

ing 28 B. truncatus specimens, only non-coding mito-

chondrial cox1 pseudogenes were generated. These data 

could not be translated (contained many stop codons) 

and contained deletions (10–18 bp). Attempts to obtain 

the functional partial cox1 DNA region, using alterna-

tive primers and combinations, either failed to amplify 

the target region, or produced mixed sequence profiles. 

The resulting data, however, were sufficient to con-

firm the snail species as within the B. truncatus species 

complex (see Table 1). The three B. forskalii fell into two 

haplotypes and the four B. globosus fell into three dif-

ferent haplotypes (Table 2). The Bulinus cox1 haplotype 

network revealed clear species division and a diverse 

population with no structuring or dominant haplotypes 

(Additional file 5: Figure S1). Phylogenetic tree topology 

(Additional file 6: Figure S2) showed the three expected 

10 0 10 20 30 40 km
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Fig. 1 Distribution of infected Bulinus spp. snails in Niamey region of Niger. Circle size is proportional to the number of infected Bulinus spp. per 
village
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monophyletic groups: (i) B. forskalii; (ii) B. globosus; and 

(iii) B. truncatus. There was no support for significant 

intraspecies variation between the haplotypes in each 

clade, further confirming species assignment.

Schistosome cercariae microsatellite analysis

In total, 1124 cercariae were characterised from the 87 

infected Bulinus spp. (Additional file 1: Table S1), identi-

fying 186 unique cercarial multilocus genotypes (MLG’s). 

Cercarial genotypes differed between snails, with iden-

tical genotypes frequently identified from individual 

cercariae shed from the same snail, due to the clonal rep-

lication of the schistosome larval stages (Additional file 1: 

Table S1). However, in several cases cercariae originating 

from the same snail had different genotypes, indicating 

that they had co-infections of the same species or dif-

ferent species. The number of different cercarial MLGs 

per individual snail ranged from 1 to 10 (Fig. 2), with 52 

(60%) of the infected Bulinus shedding cercariae with a 

single MLG and 35 (40%) shedding cercariae with > 1 

MLG. Sample size analyses showed that the number of 

cercarial genotypes observed per infected Bulinus spp. 

was not dependent on the number of cercariae analysed 

(see Additional file  7: Figure S3, Pearson’s correlation 

coefficient, r = 0.04).

Schistosome cercariae species/hybrid identification

Of the infected snails, 66 (76%) were shedding the live-

stock schistosome S. bovis only, six (7%) were shedding 

the human schistosome S. haematobium and 9 (10%) the 

S. haematobium group hybrids. The remaining six snails 

(7%) harboured co-infections with different S. haemato-

bium group hybrids and/or S. haematobium (Table 3).

Of the hybrid cercariae identified, two hybrid genetic 

profiles were observed (Additional file  4: Table  S4). 

The most common hybrid (S. haematobium-bovis, 

S.h-b), displaying a S. bovis mt cox1 and S. haemato-

bium nuclear profile, was shed from 14 (16%) of the 

infected Bulinus. The second hybrid genetic profile 

(S. haematobium-bovis-curassoni, S.h-b-c) was more 

unusual, consisting of a S. bovis mt cox1 and a mixed 

S. haematobium/S. curassoni nuclear profile [10]. The 

unusual genetic profiles of these human-infecting 

schistosomes were further confirmed by analysis of 

the partial 5’-end of the 18S nuclear ribosomal gene 

Table 1 Schistosoma spp. infections identified from Bulinus snails identified using morphology and molecular techniques from Niger

mol, molecularly confirmed; mor, morphologically confirmed

a Co-infected snails shedding more than one schistosome species/hybrid type

b Bulinus truncatus spp. based on morphology and preferential amplification of non-coding mitochondrial genes

Village No. of infected 
Bulinus spp.

Bulinus with each Schistosoma infection Bulinus species identified using molecular and 
morphological methods

S. bovis S. 
haematobium

S. haematobium 
group hybrids

Co-infectiona B. forskalii 
(mol/mor)

B. globosus 
(mol/mor)

B. truncatus 
(mol/mor)

B. 
truncatus 
spp.b

Zama Koira Tégui 7 0 2 3 2 0/0 0/0 2/1 4

Yoreizé Koira 0 0 0 0 0 0/0 0/0 0/0 0

Tagabati 0 0 0 0 0 0/0 0/0 0/0 0

Bangou Koirey 6 6 0 0 0 0/0 2/0 3/0 1

Namaro 2 1 0 1 0 0/0 0/0 1/0 1

Lata Kabia 9 1 3 3 2 1/0 0/0 3/4 1

Koutoukalé Zéno 5 1 1 1 2 0/0 0/0 0/4 1

Karma 2 1 0 1 0 0/0 0/0 0/1 1

Youri 2 2 0 0 0 0/1 0/0 0/1 0

Tokèye 23 23 0 0 0 0/1 0/0 1/4 17

Gantchi Bassarou 1 1 0 0 0 1/0 0/0 0/0 0

Dokimana 18 18 0 0 0 1/0 0/0 12/4 1

Say 2 2 0 0 0 0/0 1/0 0/1 0

Kohan Garantche 4 4 0 0 0 0/0 0/0 4/0 0

Doguel Kaina 6 6 0 0 0 0/0 1/0 3/1 1

Tiaguirire 0 0 0 0 0 0/0 0/0 0/0 0

Total (North) 31 10 6 9 6 1/0 2/0 9/10 9

Total (South) 56 56 0 0 0 2/2 2/0 20/11 19

Total (Overall) 87 66 6 9 6 3/2 4/0 29/21 28
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region, which contains further S. bovis/S. curassoni 

interspecies SNP’s (Additional file 4: Table S4). The fol-

lowing schistosome co-infections were observed in the 

snails: S. haematobium + hybrid 1 (S.h-b); S. haemato-

bium + hybrid 2 (S.h-b-c); or hybrid 1 (S.h-b) + hybrid 

2 (S.h-b-c). Single-species/hybrid infections of snails 

were observed with hybrid 1 (S.h-b), S. haematobium or 

S. bovis. No multiple species co-infections were found 

in snails infected with S. bovis.

Cox1 haplotype data were obtained from 18 S. bovis 

cox1 amplicons, of which 15 were from cercariae identi-

fied as S. bovis and three from hybrid cercariae (S.h-b and 

S.h-b-c). Four S. bovis mt cox1 haplotypes were identified 

(Sb-Hap-1, GenBank: MT272336; Sb-Hap-2, GenBank: 

MT272338; Sb-Hap-3, GenBank: MT272337; Sb-Hap-4, 

GenBank: MT272339), with all the hybrid cercariae pre-

senting the same cox1 haplotype (Sb-Hap-2) whereas 

all the S. bovis cercariae presented all haplotypes (Sb-

Hap-1-4). Six S. haematobium cercariae shed from five B. 

truncatus presented a single cox1 haplotype (Sh-Hap-1, 

GenBank: MT272340). The S. haematobium mt cox1 

haplotype is a common haplotype found across Africa 

representing the H1 pan-African haplotype [55]. Cer-

cariae with multiple cox1 haplotypes were also observed 

from cercariae shed from the same snail (see snail: LA79, 

Additional file 1: Table S1), supporting the observations 

of multiple mono-species infections of individual snails 

inferred from cercarial MLG data.

Schistosoma species and hybrid associations 

with the different Bulinus species

All of the B. forskalii (n = 5), B. globosus (n = 4) and 

73% of the B. truncatus (n = 57) were only shedding S. 

bovis cercariae (Table  3). Six of the B. truncatus (8%) 

were only shedding cercariae of S. haematobium and 

nine of the B. truncatus (12%) were only shedding cer-

cariae of the S. haematobium-bovis hybrid 1 (S.h-b). 

All other B. truncatus (n = 6) had co-infections, four 

involving both hybrid 1 (S.h-b) + hybrid 2 (S.h-b-c), 

one involving S. haematobium + hybrid 1 (S.h-b) and 

one involving S. haematobium + hybrid 2 (S.h-b-c) 

(Table  3). No co-infections or hybrid infections were 

observed in B. globosus or B. forskalii.

Multilocus genotypes and snail/schistosome species 

associations

The number of cercarial MLGs per snail showed differ-

ences by snail species, for example; two B. truncatus were 

found shedding S. bovis cercariae of up to ten MLGs, one 

B. forskalii was shedding S. bovis cercariae with up to six 

MLGs whereas all four B. globosus snails were shedding 

S. bovis cercariae of a single genotype.

The highest numbers of single-species MLG’s found 

per snail were associated with S. bovis infections, indicat-

ing potential multiple co-infections with different S. bovis 

miracidia (Fig.  2). A wide range of these single-species 

multiple genotype co-infections with different S. bovis 

miracidia were observed, with MLG’s per snail ranging 

from 1 to 10.

Table 2 Bulinus species haplotypes identified and the numbers of snails representing each with GenBank accession numbers

nc, probable translocated pseudogenes; na, non-protein-coding DNA not included in analysis or submitted to GenBank

Species Bulinus spp. haplotype No. of samples Sequence length (bp) GenBank ID

Bulinus truncatus B. truncatus 1 3 653 MT272327

B. truncatus 2 10 652 MT272328

B. truncatus 3 7 653 MT272329

B. truncatus 4 4 636 MT272330

B. truncatus 5 2 653 MT272331

B. truncatus 6 1 653 MT272332

B. truncatus 7 1 397 MT272333

B. truncatus 8 1 636 MT272334

B. truncatus 9 (nc) 6 na na

B. truncatus 10 (nc) 16 na na

B. truncatus 11 (nc) 3 na na

B. truncatus 12 (nc) 3 na na

Bulinus forskalii B. forskalii 1 2 651 MT272322

B. forskalii 2 1 651 MT272323

Bulinus globosus B. globosus 1 2 600 MT272325

B. globosus 2 1 589 MT272326

B. globosus 3 1 414 MT272324
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For the single-species infections involving S. haema-

tobium or the S. haematobium group hybrids, only low 

numbers of MLG’s were identified per snail (1 or 2 MLG 

per snail for S. haematobium and 1 per snail for S. hae-

matobium group hybrids). This indicates that infections 

only involved 1 or 2 miracidia for these species/hybrids 

(Fig. 2).

Microsatellite population structure of human and bovine 

schistosome cercariae

PCA analysis including and excluding missing data 

showed the same population clustering patterns. The 

PCA plot reveals two population clusters one that 

included S. haematobium and the S. haematobium group 

hybrids and a second that included only S. bovis suggest-

ing no gene flow between the populations (Fig. 3).
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Table 3 Schistosoma haematobium group infections observed in Bulinus spp. from Niger villages

Bulinus spp. Snail-Schistosoma spp. infection profile No. of snails Suspected 
definitive 
host

B. truncatus S. bovis 57 Bovidae

S. haematobium 6 Human

Hybrid 1 (S.h-b) 9 Human

Co-infection: S. haematobium +Hybrid 1 (S.h-b) 1 Human

Co-infection: S. haematobium +Hybrid 2 (S.h-b-c) 1 Human

Co-infection: Hybrid 1 (S.h-b)+Hybrid 2 (S.h-b-c) 4 Human

B. forskalii S. bovis 5 Bovidae

B. globosus S. bovis 4 Bovidae
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Distribution of infected Bulinus and the Schistosoma 

species

Schistosoma haematobium and the S. haematobium 

group hybrids involved in human urogenital schistosomi-

asis infections were only detected in five villages north of 

Niamey (Fig. 4). Schistosoma bovis occurred throughout 

the study villages in the north and south (except Yoreizé 

Koira and Tagabati) but was the only schistosome species 

found in the southern sites, where the majority (n = 56) 

of infected snails were collected (Table 1), predominantly 

being B. truncatus collected from two villages: Tokeye 

(n = 23) and Dokimana (n = 18) (Fig.  2). Fewer snails 

were involved in the transmission of human urogenital 

schistosomiasis (n = 21) compared to those involved in 

the transmission of the bovid schistosomes (Table 3). The 

infected B. globosus and B. forskalii were present in low 

numbers in both the northern and southern sites, trans-

mitting S. bovis.

Discussion
Molecular identification of schistosome cercariae and 

their snail hosts has proved vital for identifying the spe-

cies of schistosome being transmitted in the Niger River 

Valley, enabling the mapping of human and animal schis-

tosomiasis transmission and risk. Particularly, the fine 

scale analyses were able to identify transmission sites 

that were specifically involved in human schistosomia-

sis transmission. This supports more targeted interven-

tions towards these sites and the local communities at 

high risk of infection. Additionally, unravelling the rela-

tionships between the different schistosome species 

and their snail host species at a focal level allows us to 

gain a better understanding of disease transmission and 

snail-schistosome epidemiology. Here we have identified 

the transmission of S. haematobium and S. bovis, caus-

ing human and livestock schistosomiasis, respectively, in 

the Niger River Valley region (Fig.  4). We also detected 

S. haematobium-bovis hybrids, known human pathogens, 

S. bovis

S. haematobium Hybrid 1

Hybrid 2

d = 0.5

Fig. 3 Principal components analysis biplot of the Schistosoma spp. cercariae allele frequencies shed from Bulinus spp. PCA produced using 6 
microsatellite loci (excluding 3 Schistosoma haematobium-specific loci) of Schistosoma spp. cercariae shed from Bulinus spp. collected in the Niger 
River Valley (186 observations). The cumulative proportion of explained variation is 19.8% for the first two principal components (PC1: 14.1%; PC2: 
5.7%). Observations are coloured by Schistosoma species profile (see Additional file 1: Table S1)
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adding to the geographical range of these hybrids now 

reported in several countries, Senegal, Niger, Mali, Côte 

d’Ivoire, Malawi [10, 27, 31, 56] and also imported into 

Corsica (France) [57]. Additionally, S. haematobium-

bovis-curassoni hybrid cercariae were identified, confirm-

ing the transmission of this unusual hybrid combination 

previously reported from humans in Niger [10].

The microsatellite data analysis showed no gene flow 

between the human (S. haematobium and the hybrids) 

and cattle (S. bovis) schistosome populations analysed 

(Fig.  3). This suggests that strong reproductive barriers 

exist between the two populations and that the observed 

hybrids are not first-generation hybrids resulting from 

zoonotic and/or zooanthroponotic interspecies inter-

actions. These hybrids appear to be introgressed forms, 

with parts of the S. bovis genome introgressed into S. 

haematobium, leaving two differentiated parental popu-

lations that are not panmictic or leading to hybrid specia-

tion. This was also reported in recent studies in Senegal 

[58] and Niger [59], and indicates that more research is 

warranted to understand S. haematobium group species 

hybridisation, the effect of hybridisation on definitive 

host range [13] and the potential human and veterinary 

impacts [60].

Mitochondrial cox1 analysis of the Bulinus snail sam-

ples identified the three species, B. truncatus, B. globosus 

and B. forskalii, involved in schistosome transmission in 

Niger. These three Bulinus species show diverse intraspe-

cies populations, with no clustering by geographical 

region or in relation to transmission. Additionally, non-

coding mitochondrial DNA was amplified in several of 

our B. truncatus samples, the preferential sequencing of 

which could be attributed to unsuitable primer selection 

or specimen degradation. As these were non-coding, they 

cannot be linked to NUMTs described in other molluscs 

[61] and may instead be related to the high degree of 

polyploidy known to occur in B. truncatus/tropicus group 

snails [62–64] promoting mitochondrial heteroplasmy. 

Although mitochondrial barcoding is useful for explor-

ing genetic diversity and relationships of Bulinus spp. [17, 

65], the preferential sequencing of non-coding genes here 

highlights difficulties in using such a marker for species 
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identification and the need for using other informative 

DNA regions.

Bulinus globosus, B. forskalii and B. truncatus were 

confirmed as transmitting S. bovis supporting previous 

reports that S. bovis can utilize a wide variety of Bulinus 

hosts [30, 66]. Conversely, S. haematobium and the S. 

haematobium group hybrids appeared more specific and 

were only transmitted by B. truncatus (Table  3). This is 

consistent with historical findings from the region show-

ing that B. globosus and B. forskalii were not compatible 

with S. haematobium [34] and questions the previous 

reports of B. forskalii as infected with S. haematobium, 

which could have been morphologically confused with B. 

senegalensis [31, 33]. These findings also include defini-

tive evidence for B. globosus acting as a natural interme-

diate host for S. bovis in Niger, since some speculation 

has surrounded the involvement of this species in trans-

mission of S. bovis in West Africa [15, 67–69]. Addition-

ally, although the sample sizes were biased towards S. 

bovis, the cox1 data obtained from schistosome cercariae 

suggest that the mitochondrial cox1 diversity is higher for 

S. bovis compared to S. haematobium, supporting obser-

vations from other studies [29, 50].

Multiple cercarial genotypes were shed from many of 

the infected Bulinus spp., the number of which differing 

by snail species, with B. truncatus shedding the most. 

However, the sample sizes of B. forskalii and B. globosus 

were very small in comparison to B. truncatus and so this 

observation may change with increased sample sizes of 

these species. Some of the infected snails had multiple 

schistosome species/strain infections, confirming that 

they had been infected multiple times by miracidia of dif-

ferent species/strains. However, the majority of infected 

Bulinus spp. shedding multiple cercarial genotypes had 

single-species infections, suggesting that they had either 

been infected by multiple miracidia of the same species, 

or alternatively that different genotypes may have arisen 

through genetic mutations during clonal parasite repli-

cation from a single miracidial infection. Near identical 

MLG cercariae observed from individual snails has been 

identified previously for Schistosoma japonicum [70–73], 

with the conclusion that somatic mutation occurs during 

schistosome sporocystogenesis, resulting in genetically 

different cercariae originating from a single miracid-

ium. This has also been shown for S. mansoni, with sig-

nificant intraclonal variation of cercariae resulting from 

single miracidial snail infections [74], and also sporocysts 

cultured in vitro, suggesting that mitotic recombination 

events occur during intramolluscan larval development 

[75]. For S. haematobium, intramolluscan replication of 

daughter sporocysts does occur and has been observed 

in B. truncatus [76]; however, the occurrence of mitotic 

recombination and/or somatic mutation during replica-

tion has not been investigated.

If our MLG data do correlate to multiple individual 

miracidial infections, it is clear that multiple S. bovis 

infections are high in these snails, suggesting that these 

are high transmission zones, or that S. bovis egg deposi-

tion is focally more concentrated than that of humans at 

transmission sites. This is also supported by the finding 

of all three of the snail species (B. truncatus, B. forskalii 

and B. globosus) being infected; however, only the former 

two species harboured high numbers of cercarial geno-

types, with B. globosus only emitting cercariae of a single 

genotype (Fig. 2). This may be due to a low sample size of 

B. globosus (n = 4), or that this snail species is less suit-

able for S. bovis transmission in this region compared 

with B. truncatus and B. forskalii [24, 32, 33, 35]. Com-

parisons between schistosome species also showed that 

compared to S. bovis, S. haematobium/hybrid infections 

only showed few (≤ 3) cercarial genotypes from indi-

vidual B. truncatus (Fig. 2). Although this again may be 

a consequence of sample size and the fact that far fewer 

snails were found shedding S. haematobium and/or the 

hybrids, it might also reflect biological species differences 

during intramolluscan development, such as variation in 

sporocystogenesis regulatory mechanisms [77–79].

Interestingly, despite co-endemic foci existing between 

S. haematobium, S. bovis and the S. haematobium group 

hybrids in four villages, no snail co-infections were found 

involving S. bovis and S. haematobium, or S. bovis and the 

S. haematobium group hybrids, the latter being previ-

ously reported in Côte d’Ivoire [30]. Co-infections involv-

ing S. haematobium and S. haematobium group hybrids 

were found however. The lack of S. haematobium and S. 

bovis co-infections in the same snails may be due to the 

highly focal transmission within the villages with trans-

mission sites being used either by humans or cattle, but 

not both. Sympatric transmission of S. haematobium and 

S. bovis was only detected at two out of the 24 transmis-

sion sites investigated in our study but no co-infections 

with these two species were found in the snails (Addi-

tional file 1: Table S1).

Alternatively, complex intramolluscan mechanisms 

may inhibit the occurrence of this co-infection, such 

as the antagonism/relationship that has been observed 

between S. mansoni and S. haematobium with Calico-

phoron spp. trematode parasites [80, 81], or the induced 

immunoregulation and adaptive immunity of the snail 

during multiple schistosome infection challenges [82–

85], including those of the same Schistosoma species. 

The role that hybridisation plays in relation to these co-

infections adds an extra element of complexity, with S. 

haematobium group hybrids being observed to co-infect 

with both S. bovis [30] and S. haematobium, signifying 
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the expanded range of compatibility between schisto-

some hybrids and their intermediate snail hosts warrant-

ing further investigation.

Several limitations of the present study are worth con-

sidering while making conclusions. First of all, just over 

a third of infected Bulinus spp. and their associated 

schistosomes collected in the field could not be included 

due to sample degradation reducing the samples avail-

able for this study. The inclusion of these collections in 

the present study under better circumstances may have 

revealed other host-parasite relationships not considered 

here. Secondly, for several of the Bulinus spp. included, 

cox1 sequences to distinguish snail species could not be 

analysed due to the amplification of non-coding DNA or 

poor sequencing results. Although based on morphologi-

cal observations of the shell these were attributed to B. 

truncatus and B. forskalii, there may be hidden genetic 

diversity within these species currently undetermined. In 

addition, the two snails morphologically identified as B. 

forskalii may be those of a closely related species such as 

B. senegalensis reported as present in Niger [34]. Thirdly, 

it should be reiterated that the inferences made in the 

present study regarding multiple schistosome miracidia 

infections per Bulinus spp. were established primarily 

using microsatellite markers alone and are therefore in 

need of further support. As aforementioned, we need to 

conduct controlled experimental infections of Bulinus 

spp. with Schistosoma spp. to establish how these micro-

satellite loci may be affected during intramolluscan repli-

cation when somatic mutations may occur. During such 

infection experiments, microsatellite markers should be 

analysed alongside other variable regions of schistosome 

DNA (as was demonstrated for one snail in the present 

study where different cox1 sequences haplotypes from 

each MLG confirmed multiple infections) to give further 

support for the occurrence of multiple miracidia infec-

tions and/or somatic mutation in field collected interme-

diate hosts.

Conclusions
Detailed snail and schistosome sampling coupled with 

molecular analyses has advanced our understanding of 

human and bovid schistosomiasis transmission in the 

Niger River Valley region. Schistosomes found to infect 

humans (S. haematobium and S. haematobium hybrids) 

were much less abundant than those causing veterinary 

schistosomiasis (S. bovis) across the region. No genetic 

overlap was observed between human and bovine schis-

tosomes, supporting population structure and division 

between S. haematobium and S. bovis. Bulinus trunca-

tus, the most abundant snail species [38], was involved 

in transmission of all schistosomes, whilst the less 

abundant B. forskalii and B. globosus were only involved 

in the transmission of S. bovis. Our data suggest that 

species-specific biological traits may exist in relation 

to co-infections, snail-schistosome compatibility and 

intramolluscan schistosome development which might 

affect transmission dynamics and genetic outcomes of 

the different schistosome populations. Further experi-

mental studies investigating the genetic outcomes of 

schistosome intramolluscan replication are recom-

mended to shed light on this relatively unknown part 

of schistosome biology. Even in highly endemic settings 

such as the Niger River Valley, the scarcity of human-

infecting schistosomes to the comparatively abundant 

livestock schistosomes, shows the necessity from a 

public health viewpoint to identify species accurately 

to assess the presence and level of human schistoso-

miasis transmission. If species identifications of snails 

and their associated schistosomes can be sustained in 

future control programmes, interventions to control 

S. haematobium in this Niger River Valley region can 

be tailored to areas where urogenital schistosomiasis 

transmission is taking place. This will enable resources 

such as implementing targeted snail control, now listed 

as a critical action by the World Health Organization 

for combatting schistosomiasis [19], to be focussed 

on high-risk areas for urogenital schistosomiasis and 

not those contributing to the maintenance of bovine 

schistosomiasis.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1307 1-020-04136 -9.

Additional file 1: Table S1. Complete dataset used in this study provid-
ing snail collection information (from malacological survey), Bulinus and 
Schistosoma species identifications (including SNPs where necessary) and 
Schistosoma microsatellite loci data including genotypes identified from 
each snail.

Additional file 2: Table S2. PCR primers and cycling conditions for ampli-
fication of mitochondrial and nuclear DNA regions of Schistosoma spp. 
and Folmer cox1 region of Bulinus spp.

Additional file 3: Table S3. Microsatellite loci and primers used for identi-
fication of Schistosoma cercariae genotypes.

Additional file 4: Table S4. Expected and observed Schistosoma species-
specific SNP positions in nuclear genes sequenced from the cercariae 
studied.

Additional file 5: Figure S1. Haplotype network of unique cox1 haplo-
types found for each Bulinus species. Generated using PopART [40].

Additional file 6: Figure S2. Bayesian analysis of the partial mitochon-
drial cox1 haplotype dataset from Bulinus spp. The branch length scale bar 
indicates the number of substitutions per site.

Additional file 7: Figure S3. Pearson’s correlation test comparing number 
of cercarial genotypes to the cercarial microsatellite profiles amplified/
analysed per Bulinus spp. Pearson’s correlation coefficient, r = 0.04.

https://doi.org/10.1186/s13071-020-04136-9
https://doi.org/10.1186/s13071-020-04136-9


Page 13 of 15Pennance et al. Parasites Vectors          (2020) 13:268  

Abbreviations

MLG: multilocus genotype; SCORE: Schistosomiasis Consortium for Opera-
tional Research and Evaluation; PCA: principal components analysis; S.h-b: S. 

haematobium-bovis hybrid; S.h-b-c: S. haematobium-bovis-curassoni hybrid.

Acknowledgements

We thank Omar Barkire, Salem Boukary, Amadou Djibril, Omar Garba, Ali 
Maiga, Bachir Madougou, Mohamed Ousmane, Samira Souley, Tankari and 
Dan Kountche (RISEAL), for collection of snails and field data. The authors 
would like to acknowledge Andrea Waeschenbach and Galina Jönsson of 
the Natural History Museum, London, for phylogenetic and statistical analysis 
advice, respectively.

Authors’ contributions

The initial study design investigating freshwater snails of biomedical impor-
tance in the Niger River Valley region was carried out by ADG and DR, field sur-
veys and field data collection were coordinated by AAH and ADG, curating of 
collections at NHM by MR and FA. Conception and design of the present study 
was done by TP, DR, JPW and BW, acquisition of data by ADG, AAH, TP, FA and 
BW, and the analysis and interpretation of data by TP and BW. TP produced the 
first draft, JC, BW, DR, JPW, FA, MR and AE contributed to subsequent drafts. 
TP and BW led the writing process. All authors read and approved the final 
manuscript.

Funding

This work was funded by the University of Georgia Research Foundation, 
Inc., which was funded by the Bill & Melinda Gates Foundation for the SCORE 
project through the following subawards (RR374-053/5054146; RR374-
053/4785426). TP was supported by the NERC GW4+ DTP and the National 
Environmental Research Council (NE/L002434/1). MR and FA were supported 
by the Wellcome Trust on the SCAN project (104958/Z/14/Z).

Availability of data and materials

All of the data generated and/or analysed during this study are included in the 
article and its additional files. The sequence data generated and/or analysed 
during the present study are available on GenBank under the accession num-
bers MT272322-MT272334 and MT272336-MT272340.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1 Department of Life Sciences, Natural History Museum, Cromwell Road, 
South Kensington, London SW7 5BD, UK. 2 School of Biosciences, Cardiff 
University, Cardiff CF10 3AX, UK. 3 London Centre for Neglected Tropical 
Disease Research, Imperial College London, School of Public Health, Norfolk 
Pl, Paddington, London W2 1PG, UK. 4 Réseau International Schistosomoses, 
Environnement, Aménagement et Lutte (RISEAL-Niger), 333, Avenue des 
Zarmakoye, B.P. 13724 Niamey, Niger. 5 World Health Organization, Geneva, 
Switzerland. 6 Department of Pathology and Pathogen Biology, Centre 
for Emerging, Endemic and Exotic Diseases (CEEED), Royal Veterinary College, 
University of London, Hertfordshire AL9 7TA, UK. 

Received: 9 March 2020   Accepted: 14 May 2020

References

 1. Hotez PJ, Alvarado M, Basáñez M-G, Bolliger I, Bourne R, Boussinesq 
M, et al. The Global burden of disease study 2010: interpretation and 
implications for the neglected tropical diseases. PLoS Negl Trop Dis. 
2014;8:e2865.

 2. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J. Schistosomiasis and 
water resources development: systematic review, meta-analysis, and 
estimates of people at risk. Lancet Infect Dis. 2006;6:411–25.

 3. GBD 2016 Disease and Injury Incidence and Prevalence Collaborators. 
Global, regional, and national incidence, prevalence, and years lived 
with disability for 328 diseases and injuries for 195 countries, 1990–2016. 
Lancet. 2017;390:1211–59.

 4. Webster BL, Littlewood DTJ. Mitochondrial gene order change in 
Schistosoma (Platyhelminthes: Digenea: Schistosomatidae). Int J Parasitol. 
2012;42:313–21.

 5. Rollinson D, Southgate VR. The genus Schistosoma: a taxonomic appraisal. 
In: Rollinson D, Simpson AJG, editors. The biology of schistosomes: from 
genes to latrines. London: Academic Press; 1987. p. 1–41.

 6. Emery AM, Allan FE, Rabone ME, Rollinson D. Schistosomiasis collection 
at NHM (SCAN). Parasit Vectors. 2012;5:185.

 7. Webster BL, Rabone M, Pennance T, Emery AM, Allan F, Gouvras A, et al. 
Development of novel multiplex microsatellite polymerase chain reac-
tions to enable high-throughput population genetic studies of Schisto-

soma haematobium. Parasit Vectors. 2015;8:432.
 8. Pennance T, Ame SM, Amour AK, Suleiman KR, Allan F, Rollinson D, et al. 

Occurrence of Schistosoma bovis on Pemba Island, Zanzibar: implications 
for urogenital schistosomiasis transmission monitoring. Parasitology. 
2018;145:1727–31.

 9. Webster BL, Diaw OT, Seye MM, Webster JP, Rollinson D. Introgressive 
hybridization of Schistosoma haematobium group species in Senegal: 
species barrier break down between ruminant and human schistosomes. 
PLoS Negl Trop Dis. 2013;7:e2110.

 10. Léger E, Garba A, Hamidou AA, Webster BL, Pennance T, Rollinson D, et al. 
Introgressed animal schistosomes Schistosoma curassoni and S. bovis 
naturally infecting humans. Emerg Infect Dis. 2016;22:2212–4.

 11. Huyse T, den Broeck F, Hellemans B, Volckaert FAM, Polman K. Hybridisa-
tion between the two major African schistosome species of humans. Int J 
Parasitol. 2013;43:687–9.

 12. Oey H, Zakrzewski M, Gravermann K, Young ND, Korhonen PK, Gobert GN, 
et al. Whole-genome sequence of the bovine blood fluke Schistosoma 

bovis supports interspecific hybridization with S. haematobium. PLoS 
Pathog. 2019;15:e1007513.

 13. Catalano S, Sène M, Diouf ND, Fall CB, Borlase A, Léger E, et al. Rodents 
as natural hosts of zoonotic Schistosoma species and hybrids: an epide-
miological and evolutionary perspective from West Africa. J Infect Dis. 
2018;218:429–33.

 14. Frandsen F, Christensen NO. Introductory guide to the identification of 
cercariae from African freshwater snails with special reference to cercariae 
of trematode species of medical and veterinary importance. Acta Trop. 
1984;41:181–202.

 15. Brown DS. Freshwater snails of Africa and their medical importance. 2nd 
ed. London: Taylor & Francis; 1994.

 16. Stothard JR, Mgeni AF, Alawi KS, Savioli I, Rollinson D. Observations on 
shell morphology, enzymes and random amplified polymorphic DNA 
(RAPD) in Bulinus africanus group snails (Gastropoda: Planorbidae) in 
Zanzibar. J Molluscan Stud. 1997;63:489–503.

 17. Kane RA, Stothard JR, Emery AM, Rollinson D. Molecular characterization 
of freshwater snails in the genus Bulinus: a role for barcodes? Parasit Vec-
tors. 2008;1:15.

 18. Adema CM, Bayne CJ, Bridger JM, Knight M, Loker ES, Yoshino TP, et al. 
Will all scientists working on snails and the diseases they transmit please 
stand up? PLoS Negl Trop Dis. 2012;6:e1835.

 19. World Health Organization. Ending the neglect to attain the sustain-
able development goals—a road map for neglected tropical diseases 
2021–2030. Geneva: World Health Organization; 2020.

 20. Garba A, Aboubacar A. Situation des schistosomoses au Niger. In: Chip-
paux J-P, editor. La lutte contre les schistosomoses en Afrique l’Ouest. 
Paris: Éditions IRD; 2000. p. 215–24.

 21. Garba A, Barkiré N, Djibo A, Lamine MS, Sofo B, Gouvras AN, et al. Schis-
tosomiasis in infants and preschool-aged children: infection in a single 
Schistosoma haematobium and a mixed S. haematobium-S. mansoni foci 
of Niger. Acta Trop. 2010;115:212–9.

 22. Mouchet F, Véra C, Brémond P, Théron A. Preliminary observations on 
Schistosoma curassoni Brumpt, 1931 in Niger. Trans R Soc Trop Med Hyg. 
1989;83:811.



Page 14 of 15Pennance et al. Parasites Vectors          (2020) 13:268 

 23. Brémond P, Mouchet F, Chevallier P, Sellin E, Vera C, Sellin B. Flux genique 
entre Schistosoma bovis et S. curassoni au Niger. Bull Soc Française Parasi-
tol. 1990;8:708.

 24. Brémond P, Sellin B, Sellin E, Naméoua B, Labbo R, Theron A, et al. Argu-
ments for the modification of the genome (introgression) of the human 
parasite Schistosoma haematobium by genes from S. bovis, Niger. C R 
Acad Sci III. 1993;316:667–70.

 25. Mouchet F, Theron A, Brémond P, Sellin E, Sellin B. Pattern of cercarial 
emergence of Schistosoma curassoni from Niger and comparison with 
three sympatric species of schistosomes. J Parasitol. 1992;78:61–3.

 26. Mouchet F, Develoux M, Balla Magasa M. Schistosoma bovis in human 
stools in Republic of Niger. Trans R Soc Trop Med Hyg. 1988;82:257.

 27. Huyse T, Webster BL, Geldof S, Stothard JR, Diaw OT, Polman K, et al. 
Bidirectional introgressive hybridization between a cattle and human 
schistosome species. PLoS Pathog. 2009;5:e1000571.

 28. Boon NAM, Fannes W, Rombouts S, Polman K, Volckaert FAM, Huyse 
T. Detecting hybridization in African schistosome species: does egg 
morphology complement molecular species identification? Parasitology. 
2017;144:954–64.

 29. Webster BL, Southgate VR. Compatibility of Schistosoma haematobium, 
S. intercalatum and their hybrids with Bulinus truncatus and B. forskalii. 
Parasitology. 2003;127:231–42.

 30. Tian-Bi YN, Webster B, Konan CK, Allan F, Diakité NR, Ouattara M, Salia 
D, Koné A, Kakou AK, Rabone M, Coulibaly JT. Molecular characteriza-
tion and distribution of Schistosoma cercariae collected from naturally 
infected bulinid snails in northern and central Côte d’Ivoire. Parasit Vec-
tors. 2019;12:117.

 31. Webster BL, Alharbi MH, Kayuni S, Makaula P, Halstead F, Christiansen R, 
et al. Schistosome interactions within the Schistosoma haematobium 
group, Malawi. Emerg Infect Dis. 2019;25:1245.

 32. Labbo R, Djibrilla A, Zamanka H, Garba A, Chippaux J-P. Bulinus forskalii: a 
new potential intermediate host for Schistosoma haematobium in Niger. 
Trans R Soc Trop Med Hyg. 2007;101:847–8.

 33. Labbo R, Ernould J-C, Djibrilla A, Sidiki A, Chippaux J-P. Transmission de 
Schistosoma haematobium dans la ville de Niamey, Niger. Bull Soc Pathol 
Exot. 2003;96:178–82.

 34. Vera C, Mouchet F, Bremond P, Sidiki A, Sellin E, Sellin B. Natural infection 
of Bulinus senegalensis by Schistosoma haematobium in a temporary pool 
focus in Niger: characterization by cercarial emergence patterns. Trans R 
Soc Trop Med Hyg. 1992;86:62.

 35. Vera C, Jourdane J, Sellin B, Combes C. Genetic variability in the compat-
ibility between Schistosoma haematobium and its potential vectors in 
Niger. Epidemiological implications. Trop Med Parasitol. 1990;41:143–8.

 36. Vera C, Bremond P, Labbo R, Mouchet F, Sellin E, Boulanger D, et al. 
Seasonal fluctuations in population densities of Bulinus senegalensis and 
B. truncatus (Planorbidae) in temporary pools in a focus of Schistosoma 

haematobium in Niger: implications for control. J Molluscan Stud. 
1995;61:79–88.

 37. Ezeamama AE, He C-L, Shen Y, Yin X-P, Binder SC, Campbell CH, et al. Gain-
ing and sustaining schistosomiasis control: study protocol and baseline 
data prior to different treatment strategies in five African countries. BMC 
Infect Dis. 2016;16:229.

 38. Rabone M, Allan F, Gouvras AN, Pennance T, Hamidou A, Webster BL, et al. 
Freshwater snails of biomedical importance in the Niger River Valley: 
evidence of spatial and temporal patterns in abundance, distribution and 
infection with Schistosoma spp. Parasit Vectors. 2019;12:498.

 39. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for ampli-
fication of mitochondrial cytochrome c oxidase subunit I from diverse 
metazoan invertebrates. Mol Mar Biol Biotechnol. 1994;3:294–9.

 40. Clement M, Posada D, Crandall KA. TCS: a computer program to estimate 
gene genealogies. Mol Ecol. 2000;9:1657–9.

 41. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. 
Geneious Basic: an integrated and extendable desktop software platform 
for the organization and analysis of sequence data. Bioinformatics. 
2012;28:1647–9.

 42. DeJong RJ, Emery AM, Adema CM. The mitochondrial genome of Biom-

phalaria glabrata (Gastropoda: Basommatophora), intermediate host of 
Schistosoma mansoni. J Parasitol. 2004;90:991–8.

 43. Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid 
multiple sequence alignment based on fast Fourier transform. Nucleic 
Acids Res. 2002;30:3059–66.

 44. Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol Biol Evol. 
2013;30:772–80.

 45. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 2004;32:1792–7.

 46. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, 
McWilliam H, et al. Clustal W and Clustal X version 2.0. Bioinformatics. 
2007;23:2947–8.

 47. Swofford DL. PAUP*: Phylogenetic Analysis Using Parsimony (and other 
methods) 4.0. B5. Sunderland: Sinauer Associates; 2001

 48. Nylander JAA. MrModeltest v2. Program distributed by the author. 
Evolutionary Biology Center, Uppsala University; 2004. http://www.abc.
se/~nylan der/.

 49. Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Höhna S, et al. 
MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice 
across a large model space. Syst Biol. 2012;61:539–42.

 50. Sukumaran J, Holder MT. DendroPy: a Python library for phylogenetic 
computing. Bioinformatics. 2010;26:1569–71.

 51. R Development Core Team. R: a language and environment for statistical 
computing. Vienna: R Foundation for Statistical Computing; 2018. https ://
www.R-proje ct.org/.

 52. Webster BL, Rollinson D, Stothard JR, Huyse T. Rapid diagnostic multiplex 
PCR (RD-PCR) to discriminate Schistosoma haematobium and S. bovis. J 
Helminthol. 2010;84:107–14.

 53. Webster BL, Southgate VR, Littlewood DTJ. A revision of the interrela-
tionships of Schistosoma including the recently described Schistosoma 

guineensis. Int J Parasitol. 2006;36:947–55.
 54. Jombart T. Adegenet: a R package for the multivariate analysis of genetic 

markers. Bioinformatics. 2008;24:1403–5.
 55. Webster BL, Emery AM, Webster JP, Gouvras A, Garba A, Diaw O, et al. 

Genetic diversity within Schistosoma haematobium: DNA barcoding 
reveals two distinct groups. PLoS Negl Trop Dis. 2012;6:e1882.

 56. Soentjens P, Cnops L, Huyse T, Yansouni C, De Vos D, Bottieau E, et al. 
Diagnosis and clinical management of Schistosoma haematobium-Schis-

tosoma bovis hybrid infection in a cluster of travelers returning from Mali. 
Clin Infect Dis. 2016;63:1626–9.

 57. Moné H, Holtfreter MC, Allienne J-F, Mintsa-Nguéma R, Ibikounlé M, Bois-
sier J, et al. Introgressive hybridizations of Schistosoma haematobium by 
Schistosoma bovis at the origin of the first case report of schistosomiasis 
in Corsica (France, Europe). Parasitol Res. 2015;114:4127–33.

 58. Boon NAM, Mbow M, Paredis L, Moris P, Sy I, Maes T, et al. No bar-
rier breakdown between human and cattle schistosome species in 
the Senegal River Basin in the face of hybridisation. Int J Parasitol. 
2019;49:1039–48.

 59. Platt RN, McDew-White M, Clec’h LW, Chevalier FD, Allan F, Emery AM, 
et al. Ancient hybridization and adaptive introgression of an invadolysin 
gene in schistosome parasites. Mol Biol Evol. 2019;36:2127–42.

 60. Léger E, Webster JP. Hybridizations within the genus Schistosoma: 
implications for evolution, epidemiology and control. Parasitology. 
2017;144:65–80.

 61. Williams ST, Foster PG, Hughes C, Harper EM, Taylor JD, Littlewood 
DTJ, et al. Curious bivalves: systematic utility and unusual properties 
of anomalodesmatan mitochondrial genomes. Mol Phylogenet Evol. 
2017;110:60–72.

 62. Brown DS, Wright CA. On a polyploid complex of freshwater snails 
(Planorbidae: Bulinus) in Ethiopia. J Zool. 1972;167:97–132.

 63. Brown DS. A tetraploid freshwater snail (Planorbidae: Bulinus) in the 
highlands of Kenya. J Nat Hist. 1976;10:257–67.

 64. Goldman MA, LoVerde PT, Chrisman CL. Hybrid origin of polyploidy in 
freshwater snails of the genus Bulinus (Mollusca: Planorbidae). Evolution. 
1983;37:592–600.

 65. Zein-Eddine R, Djuikwo-Teukeng FF, Al-Jawhari M, Senghor B, Huyse T, 
Dreyfuss G. Phylogeny of seven Bulinus species originating from endemic 
areas in three African countries, in relation to the human blood fluke 
Schistosoma haematobium. BMC Evol Biol. 2014;14:271.

 66. Southgate VR, Knowles RJ. Observations on Schistosoma bovis Sonsino, 
1876. J Nat Hist. 1975;9:273–314.

 67. Christensen NØ, Mutani A, Frandsen F. A review of the biology and 
transmission ecology of African bovine species of the genus Schistosoma. 
Z Parasitenkd. 1983;69:551–70.

http://www.abc.se/%7enylander/
http://www.abc.se/%7enylander/
https://www.R-project.org/
https://www.R-project.org/


Page 15 of 15Pennance et al. Parasites Vectors          (2020) 13:268  

•

 

fast, convenient online submission

 
•

  

thorough peer review by experienced researchers in your field

• 

 

rapid publication on acceptance

• 

 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research  ?  Choose BMC and benefit from: 

 68. Ndifon GT, Betterton C, Rollinson D. Schistosoma curassoni Brumpt, 
1931 and S. bovis (Sonsino, in cattle in northern Nigeria. J Helminthol. 
1876;1988(62):33–4.

 69. Diaw OT, Vassiliades G. Epidémiologie des schistosomoses du bétail au 
Sénégal. Rev Elev Med Vet Pays Trop. 1987;40:265–74.

 70. Huo G-N, Liu L, He H-B, Attwood SW. An investigation into the potential 
effects of infrapopulation structure and other sources of sampling error, 
on population genetic studies of the transmission of Schistosoma japoni-

cum (Trematoda: Digenea). Parasit Vectors. 2016;9:165.
 71. Lu D-B, Rudge JW, Wang T-P, Donnelly CA, Fang G-R, Webster JP. Transmis-

sion of Schistosoma japonicum in Marshland and Hilly Regions of China: 
parasite population genetic and sibship structure. PLoS Negl Trop Dis. 
2010;4:e781.

 72. Shrivastava J, Gower CM, Balolong E, Wang TP, Qian BZ, Webster JP. 
Population genetics of multi-host parasites - the case for molecular epi-
demiological studies of Schistosoma japonicum using larval stages from 
naturally infected hosts. Parasitology. 2005;131:617–26.

 73. Yin M, Hu W, Mo X, Wang S, Brindley PJ, McManus DP, et al. Multiple 
near-identical genotypes of Schistosoma japonicum can occur in snails 
and have implications for population-genetic analyses. Int J Parasitol. 
2008;38:1681–91.

 74. Grevelding CG. Genomic instability in Schistosoma mansoni. Mol Biochem 
Parasitol. 1999;101:207–16.

 75. Bayne CJ, Grevelding CG. Cloning of Schistosoma mansoni sporocysts in 

vitro and detection of genetic heterogeneity among individuals within 
clones. J Parasitol. 2003;89:1056–60.

 76. Kechemir N, Théron A. Dynamics of the intramolluscan larval develop-
ment of Schistosoma haematobium: replication of daughter sporocysts 
and cercarial production. J Helminthol. 1989;63:1–5.

 77. Kechemir N, Théron A. Existense of replicating sporocysts in the develop-
ment cycle of Schistosoma haematobium. J Parasitol. 1980;66:1068–70.

 78. Touassem R, Théron A. Study on the intramolluscal development of 
Schistosoma bovis: demonstration of three patterns of sporocystogenesis 
by daughter sporocysts. Parasitology. 1986;92:337–41.

 79. Jourdane J. Mise en évidence d’un processus original de la reproduc-
tion asexuée chez Schistosoma haematobium. Comp Rend Acad Sci. 
1983;286:419–24.

 80. Laidemitt MR, Anderson LC, Wearing HJ, Mutuku MW, Mkoji GM, Loker ES. 
Antagonism between parasites within snail hosts impacts the transmis-
sion of human schistosomiasis. Elife. 2019;8:e50095.

 81. Southgate VR, Brown DS, Warlow A, Knowles RJ, Jones A. The influence 
of Calicophoron microbothrium on the susceptibility of Bulinus tropicus to 
Schistosoma bovis. Parasitol Res. 1989;75:381–91.

 82. Sire C, Rognon A, Theron A. Failure of Schistosoma mansoni to reinfect 
Biomphalaria glabrata snails: acquired humoral resistance or intra-specific 
larval antagonism? Parasitology. 1998;117:117–22.

 83. Pinaud S, Portela J, Duval D, Nowacki FC, Olive M-A, Allienne J-F, et al. A 
shift from cellular to humoral responses contributes to innate immune 
memory in the vector snail Biomphalaria glabrata. PLoS Pathog. 
2016;12:e1005361.

 84. Portela J, Duval D, Rognon A, Galinier R, Boissier J, Coustau C, et al. Evi-
dence for specific genotype-dependent immune priming in the lopho-
trochozoan Biomphalaria glabrata snail. J Innate Immun. 2013;5:261–76.

 85. Pinaud S, Portet A, Allienne J-F, Belmudes L, Saint-Beat C, Arancibia N, 
et al. Molecular characterisation of immunological memory following 
homologous or heterologous challenges in the schistosomiasis vector 
snail, Biomphalaria glabrata. Dev Comp Immunol. 2019;92:238–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Interactions between Schistosoma haematobium group species and their Bulinus spp. intermediate hosts along the Niger River Valley
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study area and sample collection
	Molecular identification and mitochondrial cox1 analyses of the schistosome-infected Bulinus spp.
	Genetic profiling and molecular species identification of the schistosome cercariae
	Schistosome cercariae species and hybrid identification
	Schistosome cercariae microsatellite population structure analysis
	Distribution of infected Bulinus and Schistosoma species

	Results
	Distribution and abundance of the Schistosoma-infected Bulinus species
	Molecular identification and cox1 analyses of the schistosome-infected Bulinus species
	Schistosome cercariae microsatellite analysis
	Schistosome cercariae specieshybrid identification
	Schistosoma species and hybrid associations with the different Bulinus species
	Multilocus genotypes and snailschistosome species associations
	Microsatellite population structure of human and bovine schistosome cercariae
	Distribution of infected Bulinus and the Schistosoma species

	Discussion
	Conclusions
	Acknowledgements
	References


