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Abstract
Reproductive success is critical for the establishment and spread of non-native species.
The apple snail, Pomacea canaliculata, is a dioecious and internally fertilizing
freshwater gastropod that causes serious economic losses in its non-native ranges
annually. Previous studies on P. canaliculata using laboratory-controlled experiments
indicated that mating with a second male displaces sperm from the first one,
suggesting that multiple paternity occurs in this snail. To investigate the occurrence
and frequency of multiple paternity in natural populations, we provide results from
two polymorphic microsatellite loci in eight egg clutches collected from four
localities in China. By genotyping the hatchlings from each population, we found at
least one to three siring fathers per clutch. The paternal contributions of the
multiply sired clutches were strongly skewed in P. canaliculata. The total population
genetic diversity in the hatchlings exhibited higher observed heterozygosity than
that in the adult snails. Increased offspring heterozygosity through multiple paternity
is a potential mechanism that may aid P. canaliculata in overcoming genetic
bottlenecks, and enhance the ability to adapt to new habitats as an invasive species.
Key words: apple snails, parentage analysis, GERUD, microsatellites, genetic variation

Introduction
Polyandry is a universal phenomenon observed in a wide variety of animal
and plant taxa (McCullough et al. 2017; Noble et al. 2013; Rhodes et al.
2017). Multiple males contributing to a single brood of offspring, which is
called multiple paternity, is a straightforward result in many polygamous
species (Taylor et al. 2014). Studies of parentage and sperm utilization
patterns in marine, land and freshwater snails have shown that multiple
paternity commonly occurs in gastropods (Brante et al. 2011; Dupont et al.
2006; Kupfernagel et al. 2010; Nakadera et al. 2016). Despite the cost of
mating, hypotheses predict that multiply mated females and their offspring
will exhibit an increase in the mean variance in fitness compared with
those in monandrous mating systems (Holman and Kokko 2013). The
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elevated offspring performance in multiple-paternity broods is assumed to
result from direct benefits, such as obtaining nuptial feedings (Burela and
Martín 2011, 2014), and indirect benefits, such as “good genes” benefits
(Neff and Pitcher 2005), genetic compatibility (Zeh and Zeh 1996), or
increased genetic diversity (Brown 1997). For example, multiple-paternity
strategies in the European invasive gastropod Crepidula fornicata enhance
sex reversal and promote reproductive insurance (Dupont et al. 2006); a
high level of multiple paternity in the freshwater snail Chilina dombeiana is
considered an efficient strategy to avoid inbreeding and to increase the
hetozygosity of their offspring (Bórquez and Brante 2017).
Successful reproduction is a critical trait for establishing new populations
of introduced non-native species (McFarland et al. 2016; Rossi Lafferriere
et al. 2016; Gibbs et al. 2017). Originating from South America, Pomacea
canaliculata has been introduced to, and become established in many areas
of Asia, North America, Europe, and Oceania since the 1980s (Hayes et al.
2008). Since that time, the snail has continuously colonized new habitats
and spread rapidly in its introduced ranges, causing serious threats to local
ecology and agriculture (Mochida 1991; Cowie 2002; Yang et al. 2018a).
Studies on mating systems and breeding strategies of P. canaliculata have
provided knowledge knowledge for understanding the mechanisms
underlying its successful invasion, and also for effective control of the
invasive populations (Estebenet and Cazzaniga 1993; Lach et al. 2000;
Tamburi and Martín 2011).
Pomacea canaliculata is a dioecious and internally fertilizing freshwater
snail (Cowie 2002; Winik et al. 2009) that deposits calcareous eggs above
the waterline with an average of ~ 260 eggs per clutch (Hayes et al. 2012).
Both females and males of P. canaliculata are frequently observed mating
with different partners (Albrecht et al. 1996; Burela and Martín 2011). The
female tract of P. canaliculata has a seminal receptacle for sperm storage
and fertilization (Andrews 1964; Hayes et al. 2015). The stored sperm are
able to fertilize for up to 140 days after copulation, laying up to 3,000 viable
eggs during this period (Estebenet and Cazzaniga 1993; Estebenet and
Martín 2002). Sperm storage provides an opportunity for multiple paternity in
P. canaliculata. Moreover, previous studies of both shell color polymorphism
and genetic variation in offspring have indicated that mating with a second
male displaces sperm from the first one in P. canaliculata, suggesting that
multiple paternity occurs in this snail (Yamamoto et al. 2018; Yusa 2004).
Microsatellite loci are highly polymorphic markers and have proven
effective in parental relationship analyses in a wide range of animal groups
(Calsbeek et al. 2007; Paterson et al. 2001; Thonhauser et al. 2014).
Microsatellite loci have been tested in assessing the paternity of P. canaliculata
in laboratory-controlled experiments in which a female mates with two
males (Yamamoto et al. 2018). However, the paternity patterns in wild
populations of the invasive apple snails are largely unknown. In this study,
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we collected egg clutches and adults of P. canaliculata from natural
populations in China. By genotyping the hatchlings of egg clutches and
adults using microsatellite loci, we aimed to determine the paternity
construction of P. canaliculata and illustrate the genetic effects of multiple
paternity on its successful invasion.

Materials and methods
Specimen collection and DNA extraction
During November 2016–September 2017, we collected egg clutches of
apple snails from four geographical populations in China. There were three
populations from Zhejiang Province, the Xihu District (HZXH) and
Jianggan District (HZJG) of Hangzhou City, and Wenling (TZWL) of
Taizhou City, and one population from Guangdong Province, the Tianhe
District of Guangzhou City (GZTH) (Table S1). The establishment of apple
snails in the four localities occurred in different years. The HZXH and
HZJG populations were reported no more than ten years ago (Yang et al.
2016); the TZWL population was introduced nearly 20 years ago (Yu et al.
2001); the GZTH population was among the first introduced populations
in China over 35 years ago (Yang et al. 2010).
Two egg clutches from each population were employed in the analyses.
Eggs were permitted to hatch in a greenhouse at China Jiliang University at
25 ± 1 C under a relative humidity of 65 ± 5% and a 16:8 h light:dark
cycle. After calculating the egg numbers and hatching rates of each clutch,
we preserved the hatchlings in 95% ethanol and stored them at −20 C. We
sampled 100 hatchlings from each HZXH clutch, 96 hatchlings from each
HZJG clutch, and 48 hatchlings from each of the TZWL and GZTH
clutches. The sampling proportions were 8.9–39.5% of total hatchings from
each clutch depending on the size and hatching rates. We also collected 26,
37, 25, and 14 snails from the HZXH, HZJG, TZWL, and GZTH populations,
respectively.
Genomic DNA was extracted from whole hatchlings or the foot tissue of
adult snails using a DNeasy Blood and Tissue Extraction Kit (Tiangen, China)
following the manufacturer’s protocol. DNA obtained from each sample
was eluted in 100 μL of sterile deionized water and stored at −20 C.

Species identification
The maternally inherited mitochondrial COI gene was used to confirm
species identities. The COI barcode region of two hatchlings per clutch and
each adult was amplified with the primers LCO1490 and HCO2198
(Folmer et al. 1994) using the method described by Yang et al. (2018b).

Microsatellite loci and genotyping
We tested microsatellite loci from five previously published papers (Chen
et al. 2011; Guo et al. 2013; Matsukura et al. 2016; Sun et al. 2012; Yamamoto
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Table 1. Characterization of two microsatellite loci used in paternity analysis. HEX and ROX are names of fluorescent dyes.
Locus

Sequence (5’-3’)
F-HEX: CCAACAAGCTAACATACAAT
PcN4
R: TTCACTGCCTGACCTGTA
F-ROX: CAATATTCAGATTAACACCG
PcPm06
R: AGCAAACATCACAGATCAGC

Repeat motif

Size range (bp)

Tm (°C)

References

CAA

129–151

50

(Yamamoto et al. 2018)

ATG

112–181

53

(Matsukura et al. 2016)

et al. 2018). The loci were screened for amplification in 25 μL reactions
containing 0.625 U of TaKaRa Ex Taq, 1× Ex Taq buffer, 0.2 mM of each
dNTP, 0.08–0.16 μM of each primer, and 1 μL of genomic DNA. The
following PCR conditions were used: one cycle of 95 C for 5 min, 48–51 C
for 1 min, and 72 C for 1 min, followed by 34 cycles of 95 C for 60 s,
50–53 C for 20 s, and 72 C for 20 s. A final extension at 72 C for 30 min
and an incubation period of 4 C for 10 min were used to terminate each
reaction. The amplification of each locus was optimized under different
annealing temperatures. PCR products were visualized in 1% agarose gels.
Four loci, i.e., Pc76 (Guo et al. 2013), Pc82 (Chen et al. 2011), PcN4
(Yamamoto et al. 2018), and PcPm06 (Matsukura et al. 2016), amplified
single and clear PCR products of the expected size, which were subsequently
tested for polymorphism in 100 individuals from HZXH-C1 before being
applied to other clutches. Of these loci, the genotyping results showed that
Pc82 produced stutters and Pc76 was invariant in most individuals tested.
Thus, we chose PcN4 and PcPm06 for further analyses and labeled their
forward primers with fluorescent dyes (Table 1). Fluorescently labeled PCR
products were mixed in one reaction tube with a total volume of no more
than 15 μL and then electrophoresed on an ABI 3730 XL DNA Analyzer
with GS-500 standard (Qingke Biotechnology, China). The volume of
different fluorescently labeled PCR products was calculated by analyzing
gel electrophoresis images, using ImageJ 1.8.0 (http://rsbweb.nih.gov/ij/) to
balance the amount of each product in one reaction.
Allele sizes were determined using Geneious 9.0 (Kearse et al. 2012) with
the microsatellite plugin. Each profile was verified individually, and only
samples with unambiguous and strong peaks were included in the analyses.
The number of alleles, size range of alleles, and observed and expected
heterozygosities were calculated using Popgene 1.2 (Raymond and Rousset
2007). Null alleles were determined using Micro-Checker 2.2.3 with four
methods, i.e., the Oosterhout, Chakraborty, Brookfield 1, and Brookfield 2
methods (Van Oosterhout et al. 2010). Deviations from Hardy-Weinberg
equilibrium at each locus and genotypic linkage disequilibrium were
estimated using Genepop 4.2 (Raymond and Rousset 2007).

Paternity analyses
Parental inference analyses were conducted the minimum set of parents
using an exhaustive search algorithm implemented in GERUD 2.0 (Jones
2005) without the requirement of the genotype of either parent. GERUD 2.0
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Table 2. Hardy-Weinberg exact tests for the two microsatellite loci used in paternity analysis.
Locus
PcN4
PcPm06

Pp
0
0

PHD
0
0.0004

PHE
1
0.9996

PHD (Global)

PHE (Global)

0.022

0.981

Pp, Hardy-Weinberg probability test; PHD, Heterozygote deficiency test; PHE, Heterozygote
excess test; PHD (Global), Heterozygote deficiency test across all loci using Fisher’s method;
PHE (Global), P-value for the heterozygote excess test across all loci using Fisher’s method.

also estimates the number of offspring sired by each father. When multiple
minimum-parent solutions are possible for a given progeny array, this
program ranks the solutions and chooses the most likely one based on
patterns of Mendelian segregation and expected genotypic frequencies in
the population (Jones 2005).

Results
COI sequences and species identification
The COI sequences obtained from the hatchlings and adult snails were
deposited in GenBank under accession numbers MH211400–MH211415
and MK189323–MK189424. Based on the phylogenetic analysis of COI
sequences, all egg clutches used in the analyses were molecularly identified
as P. canaliculata. There were 24, 14, 21, and 14 snails from the HZXH,
HZJG, TZWL, and GZTH populations identified as P. canaliculata and
included in genotyping, respectively.

Characterization of microsatellite loci
The numbers of alleles of PcN4 detected in the egg clutches were two in the
HZXH population and four in the HZJG, TZWL, and GZTH populations,
with an average number of 3.5. The numbers of alleles of PcPm06 detected
in the egg clutches were five in the HZXH population, four in both the
HZJG and TZWL populations, and three in the GZTH population, with an
average number of four (Table S2). The observed heterozygosity of the
hatchlings ranged from 0.147 to 0.552 for PcN4 and from 0.158 to 0.885 for
PcPm06 (Table S2).
The overall observed heterozygosity rates of PcN4 were higher in the
hatchlings than in the adults in all four populations; the observed
heterozygosity rates of PcPm06 were higher in the hatchlings than in the
adults in the HZXH and GZTT populations, but the reverse was observed
in the HZJG and TZWL populations (Tables S2, S3). The overall observed
heterozygosity rates of both loci were higher in the hatchlings than in the
adults (Tables S2, S3). Both the PcN4 and PcPm06 loci showed significant
(p < 0.05) deviations from Hardy-Weinberg equilibrium expectations and
exhibited a heterozygote deficiency (Table 2). The predicted null allele
frequencies were 0.0044–0.0384 for PcN4 and 0.1758–0.2398 for PcPm06
among the four methods.
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Figure 1. Relative contribution of fathers inferred by GERUD 2.0 to clutches from non-native
Chinese populations of Pomacea canaliculata.

Paternity analysis
From the analyses of the PcPm06 and PcN4 microsatellite markers, we
detected one to three siring fathers per egg clutch among the four populations
(Figure 1). The siring numbers were the same in the two clutches of each
population. One siring father was detected per clutch from the HZXH
population, with sampling 10.4% and 31.2% of the total hatchlings from
the two clutches, respectively. Three siring fathers were detected per clutch in
the HZJG population, with sampling 27.6% and 39.5% of the total hatchlings
per clutch, while two siring fathers were detected for each clutch in the
TZWL and GZTH populations, with sampling 8.9–9.9% and 23.3–25.2% of
the total hatchlings per clutch, respectively. Among the multiple-paternity
clutches in the three populations, paternity was obviously biased to one
father, accounting for 71.9–93.3% of the paternity in different clutches.

Discussion
The present study provides the first molecular evidence of the occurrence
and frequency of multiple paternity in wild non-native populations of
P. canaliculata. Our findings, based on microsatellite assessments of 544
hatchlings from eight clutches, indicated a moderate level of multiple
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paternity (at least one to three fathers per clutch) in the sampled invasive
populations of P. canaliculata. Based on 41 microsatellite loci obtained from
both the literature, only two screened loci were effective in our samples.
Both loci deviated from Hardy-Weinberg equilibrium and exhibited a
heterozygote deficiency, which was probably due to insufficiently large
populations, inbreeding, and null alleles. Despite the different sampling
percentages, the two clutches from each population exhibited the same
number of fathers. Our samples covered populations established for
different numbers of years in China, with the assumption that the longerestablished populations would have accumulated more detectable variation
than the recently established ones; however, we did not find obvious
differences between the geographical locations and the siring levels.
Our results on the number of siring fathers per clutch were consistent
with the mating frequency from laboratory observations, in which egg
laying occurred when females mated twice on average in isolated pairs of
P. canaliculata (Albrecht et al. 1996). However, we expected that the siring
level in wild populations would be higher for the following reasons. First,
since only a proportion of each clutch was analyzed, the estimated number
of siring fathers contributing to a single clutch may be lower than the true
number. Second, our analyses employed only two loci, with some populations
having fewer alleles in the adults than in the hatchlings, which may have
also resulted in underestimation of the numbers of sires. Although the
exact number of microsatellite loci necessary to estimate a certain level of
parentage has not been determined (Xue et al. 2014), it has been reported
that the accuracy of parentage determination increases with the number of
microsatellite loci (Harrison et al. 2013). Moreover, the levels of polymorphism
of the markers are a very important factor for obtaining accurate assignments
(Sefc and Koblmüller 2009; Harrison et al. 2013). Therefore, markers with
high polymorphism, such as single nucleotide polymorphisms (SNPs),
could provide more conclusive results on the level of multiple paternity
and may reveal comprehensive insights into this strategy.
We found that the siring contribution was strongly skewed to one of the
inferred fathers in the multiple-sire clutches of P. canaliculata, leading to
an unequal proportion of offspring among fathers, with one male fathering
> 70% of the progeny. Skewed paternity patterns have been detected in
other species with multiple paternity, such as the marine gastropod Rapana
venosa (Xue et al. 2014) and the invasive crayfish Procambarus clarkii (Yue
et al. 2010). A laboratory experiment on P. canaliculata in which two males
were mated with one female revealed that the fathers contributing to the
progeny were strongly skewed but with a higher proportion of offspring
sired by the second male than by the first male (Yamamoto et al. 2018).
The skewed contribution of sires indicates that sperm competition and/or
cryptic female choice might have occurred, leading to post-copulatory
paternity bias in P. canaliculata. However, for a better understanding of
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the post-copulatory selection strategy in P. canaliculata, it would be
necessary to track sperm donors of the offspring by analyzing parentage in
controlled experiments.
In P. canaliculata, females often obtain nuptial gifts secreted by males
during copulation (Burela and Martín 2011, 2014), which indicates that
females may gain direct benefits through multiple mating. Additionally,
our data showing higher genetic heterozygosity in the hatchlings than in
the adults suggest that females may also receive indirect benefits from
multiple paternity, which contribute to the long-term maintenance of
genetic diversity in offspring. Non-native species often lose their genetic
diversity when only small numbers of propagules are introduced to new
regions, known as founder effect, and bottleneck effects may occur in
established populations (Lombaert et al. 2010). Previous population genetic
studies have shown that Chinese populations of P. canaliculata have a very
limited number of haplotypes, which indicates low genetic diversity,
suggesting that these non-native populations have undergone genetic drift
caused by founder and bottleneck effects (Lv et al. 2013; Yang et al. 2018a).
An increase in genetic diversity is often thought to increase the invasion
success of non-native species (Ellstrand and Schierenbeck 2000; Milne and
Abbott 2004). Previous studies have reported that hybridizing with other
species (i.e., Pomacea maculata) is one way to increase the genetic diversity
of offspring in P. canaliculata (Hayes et al. 2012; Matsukura et al. 2013).
Multiple paternity is probably another way to help optimize genetic
diversity and increase the invasion success of P. canaliculata.
In summary, this study has revealed the occurrence and frequency of
multiple paternity in non-native populations of P. canaliculata. Multiple
paternity probably serves as a potential strategy for P. canaliculata to
overcome the loss of genetic diversity caused by genetic drift and
bottlenecks. We found that paternity was strongly skewed, while previous
studies indicated that mating with a second male displaces sperm from the
first one in P. canaliculata (Yamamoto et al. 2018; Yusa 2004). However,
questions on whether sperm competition and/or postcopulatory female
choice happened, or how multiple paternity strategies affect the fitness of
offspring in P. canaliculata, still require further exploration. Nevertheless,
our study is informative for furthering the understanding of invasion
success and evolution of apple snails.
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number of eggs per clutch.
Table S2. Polymorphism of the two microsatellite loci in hatchlings of the four non-native Chinese populations of Pomacea
canaliculata. n, number of individuals analyzed; A, number of alleles; Ho, mean observed heterozygosity; He, mean expected
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PcPm06, respectively; A, number of alleles; Ho, mean observed heterozygosity; He, mean expected heterozygosity.
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