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Abstract: The successful establishment of invasive populations is closely linked to environmental
factors. It is unclear whether coexisting species in the native area follow the same genetic pattern
in the invaded continents under the local climate factors. Two coexisting morphologically similar
snails (Pomacea canaliculata and P. maculata), native to tropical and sub-tropical South America, have
become invasive species for agriculture production and wetland conservation across five continents
over 40 years. We analyzed the correlation between the genetic diversity of the two snails and the
climate factors or habitat changes. Based on the 962 sequences from the invaded continents and South
America, the nucleotide diversity in the agricultural habitat was low for P. canaliculata, whereas it
was high for P. maculata, compared with that in the non-agricultural habitat. The two snails showed a
divided population structure among the five continents. The P. canaliculata population in the invaded
continents has remained stable, whereas the P. maculata population expanded suddenly. Seven main
haplotype networks and two ancestral haplotypes (Pc3, Pm1) were found in the P. canaliculata and
P. maculata populations. The haplotypes of the two snails were related to local climate factors. The
overall fixation index of P. canaliculata and P. maculata was 0.2657 and 0.3097 between the invaded
continents and South America. The population expansion of the two snails fitted the isolation-by-
distance model. We discovered nine new sequences from the sampling locations. Overall, the genetic
diversity and genetic differentiation of the two invasive snails were closely related to geographic
separation, agricultural habitat, and climate factors.

Keywords: global distribution; Pomacea sp.; agricultural management; climate factor; genetic differentiation

1. Introduction

Frequent anthropogenic activity provides convenient pathways for the migration of
exotic species globally by weakening the geographic barriers of isolated habitats [1]. Invasive
species have become one of the primary threats to worldwide biodiversity, consistently
disrupting the global ecosystem [2]. The aquatic ecosystem has suffered much from the
introduced invertebrates in respect of extinctions of native fauna, changes in habitat quality,
and weakening of ecosystem services [3,4]. Two coexisting gastropods indigenous to tropical
and sub-tropical South America, Pomacea canaliculata (Lamarck, 1822) and Pomacea maculata
Perry, 1810 (synonym: P. insularum d’Orbigny, 1835), have succeeded in colonizing new
habitats worldwide as invasive species [5]. Apple snails such as P. canaliculata and P. maculata
have spread quickly between continents over several decades after being introduced in Asia
through the food and aquarium trade during the 1980s [6,7]. The Invasive Species Specialist
Group has listed P. canaliculata as one of the world’s 100 worst invasive species [8]. In
wetland agriculture, the apple snails attack the seedlings and other flooded crops, and the
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estimated economic loss has reached billions of dollars [9]. In natural wetlands, the apple
snails have become pests as they can change the structure of the macrophyte community and
disrupt ecosystem services [10]. Moreover, the apple snails act as a vital intermediate host of
Angiostrongylus cantonensis, a nematode that threatens human health [11].

The apple snails exhibit a series of typical characteristics of r-strategist species, such as
rapid growth, high reproduction, a voracious appetite, and broad physiological tolerance [5].
The two snails were found to live in a similar habitat, and their identification is extremely
challenging due to the subtle external morphological traits, including shell color, shell
width, tissue pigmentation, and aperture height [12–14]. Invasive populations always
experience genetic limitations from founder effect and bottleneck effects [15,16]. However,
multiple introductions of apple snails increase genetic diversity and facilitate the population
establishment in invaded areas [15]. Recently, a new species of apple snail (Pomacea occulta)
was identified in China in 2019, suggesting a potential evolution during the invasion of
the apple snails [17]. Considering the multiple introductions, genetic evolution, adaptive
behaviors, and physiological traits of the two snails, the difference in invasion pattern has
posed a significant challenge to current management.

These kinds of apple snails have successfully colonized diverse habitats in tropical
and sub-tropical areas in Asia, Europe, South America, North America, and Oceania [6,12].
To control the apple snails in the agricultural habitat, agricultural management methods,
including molluscicides application, certain fertilizer applications (e.g., calcium cyanamide,
urea), duck herding, water depth lowering, seedlings stage adjustment, and crop rotation,
have also been extensively used in practice [7]. Anthropogenic activity in agriculture has
inevitably influenced the populations of the two invasive snails, whereas this is relatively
rare in the natural wetland [7,18]. Meanwhile, the invasion of apple snails is also restricted
by the climatic characteristics in the colonized areas [19]. Invasive species need to overcome
the climate obstacle before establishing a stable population and the survived individuals
can tolerate the local climate in the new habitat [19,20]. Multiple introductions provided
an advantage for P. canaliculata and P. maculata to sustain their invasion at the early stage.
However, as the further introductions of the two snails have been prohibited due to their
huge damage to agriculture and wetlands [12,15,21,22], the local climate and agricultural
management have influenced the survivals of these two invasive snails after multiple
introductions. However, for a long time since the two invasive freshwater snails expanded
across the globe, there have been few detailed analyses of the correlation between genetic
diversity, agricultural management, and climate factors.

The cytochrome oxidase subunit I (COI) sequences have provided an efficient way to
identify Pomacea species. COI analysis has been widely used in field investigations and
lab-reared conditions of the two snails, as well as in cold tolerance under the scenario of
species hybridization of the two snails [20,22,23].

To understand the relationship between the genetic diversity of the two invasive snails,
agricultural management, and climate factors, we retrieved the COI gene of the two apple
snails from samples collected from 15 locations in China and the published COI sequences
of P. canaliculata and P. maculata worldwide. After combing the geographic position, climate
factors, and habitat descriptions of the sequences, we constructed a dataset composed of
verified COI sequences (730 for P. canaliculata, 232 for P. maculata) in Asia, Europe, South
America, North America, and Oceania. We posed the following questions: (1) Have the
agricultural measures affected the genetic diversity of the two invasive snails? (2) Have
the two invasive snails acclimated to the local climate factors in their invaded habitats?
(3) Have the two morphologically similar snails had a close genetic pattern during global
invasion? Addressing such questions aims to broaden the understanding of the invasion
state of these morphologically similar invasive snails and also provide better suggestions
for the prediction of their expansion and related management.
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2. Materials and Methods
2.1. Sample Collection, Sequencing and Dataset Construction

We collected snails from 15 locations in southern China and stored them in an ultra-
low temperature refrigerator (−80 ◦C) from 2010 to 2018. The sampling locations have
differential climate traits (Supplementary Materials Table S1). Five individuals at each
site were randomly selected for analysis. Total genomic DNA was extracted from the foot
tissue of the frozen snails using DNA Genomic Extraction Kits (AxyPrep). The region of the
COI gene was amplified by polymerase chain reaction (PCR) using the universal metazoan
primers (LCO1490 and HCO2198) [24]. A volume of 50 µL was used in the PCR reaction
system, composed of 10 × PCR Buffer, 2.5 mM dNTPs, 10 µM each of forward and reverse
primers, 5 U of PlatinumTM Taq DNA polymerase (Invitrogen), and 50 ng template DNA.
PCR cycling conditions were 94 ◦C for 120 s, 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and
72 ◦C for 60 s, followed by a final extension at 72 ◦C for 300 s with a termination step at 4 ◦C.
All PCR products were visualized by running products on a 1.5% agarose gel containing
ethidium bromide with a 100 bp ladder. The purified PCR product was sequenced using
an AB-3730xl (USA).

Nucleotide sequences obtained in the study were assembled and edited using BioEdit
[7.2.6.1] [25]. The resultant COI mtDNA sequences were submitted to GenBank (Accession
No. MT246787-MT246854; MT246779-MT246784). We retrieved 74 sequences from all
individuals except one individual from the 15 locations. No base insertions, deletions, or
stop codons were determined in the recovered COI sequences. Meanwhile, we obtained
the COI gene sequences of P. canaliculata and P. maculata from the GenBank database
based on the following criteria: (1) Considering the synonyms between P. maculata and
P. insularum, the sequences of P. insularum were included in the analysis of P. maculata.
(2) The sequences used in the data had a length of over 600 bp and contained no ambiguous
characters. (3) The sequences were supported with geographic information. (4) The climate
information consisting of temperature, precipitation, and altitude was obtained from the
National Centers for Environmental Information (https://www.ncei.noaa.gov/) accessed
on 1 October 2020 (Table 1; Supplementary Materials Figures S1–S3). The climate factors
were related to the sequences corresponding to the samplings from 1980 to 2019 based on
the published locations of apple snails (Supplementary Materials Table S2).

Table 1. The climate indicators retrieved from climate stations around the sampling locations.

Climate Factors Indicators

Temperature

Avg. temp. (Dec–Feb) (◦C), Avg. temp. (Mar–May) (◦C),
Avg. temp. (Jun–Aug) (◦C), Avg. temp. (Sep–Nov) (◦C),

Avg. min. temp (◦C), Avg. max. temp.(◦C),
Avg. temp.(◦C), Avg. dew temp. (◦C),

Extreme lowest temp. (◦C), Extreme highest temp. (◦C),
Days of avg. temp. ≤ 0 ◦C (days), Days of avg. temp. ≥ 18 ◦C (days),
Days of avg. temp. ≥ 35 ◦C (days), Days of min. temp. ≤ 0 ◦C (days),

Days of max. temp. ≥ 35 ◦C (days)

Precipitation

Total precipitation (mm), Precipitation (Dec–Feb) (mm),
Precipitation (Mar–May) (mm), Precipitation (Jun–Aug) (mm),

Precipitation (Sep–Nov) (mm), Max. single-day precipitation (mm),
Precipitation days (days)

Altitude Altitude above sea level (m)

Our data contained a total of 962 sequences, which consisted of the 74 COI sequences of
P. canaliculata and P. maculata obtained from the sampling positions and 888 COI sequences
retrieved from GenBank and previous studies [12,13,22,23,26–40] (Supplementary Materials
Table S3). The P. canaliculata data include 730 sequences from the invaded continents (Asia,
North America, Oceania) and the native continent (South America). The P. maculata data
include 232 sequences from the invaded continents (Asia, Europe, North America, Oceania)
and the native continent (South America). The geographic positions of the sequences were

https://www.ncei.noaa.gov/
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retrieved from the record or inferred from the location description in the references, which
was further used to classify the sequences in the continents.

2.2. Analysis of Genetic Differentiation

Multiple alignments of sequences were conducted in MEGA [X] (Philadelphia, USA)
using the MUSCLE algorithm [41,42]. The nucleotide composition, transition/transversion
rate, singleton sites, and parsimony information sites of COI sequences of P. canaliculata
and P. maculata in the invaded and native areas were analyzed in MEGA X [42]. The
haplotype diversity, nucleotide diversity, mean nucleotide differences, and Tajima’s D and
Fu’s Fs statistics with 1000 permutations were calculated using DNASP [6.0] [43] to balance
the sequence size. The demographic expansion was analyzed using the sum of squared
deviations (SSD) and the raggedness index (Rg) between the observed and the expected
mismatch in Arlequin [3.5] under the sudden expansion model [44].

The nucleotide diversity, haplotype diversity, and 23 climate indicators were analyzed
altogether through correlation analysis using the R packages ‘stats’ [45]. The sequences
of P. canaliculata and P. maculata from Asia, Europe, North America, Oceania and South
America and the corresponding 23 climate indicators for each sequence were bootstrapped
(100 times) to construct a compound dataset to balance the sequence size, which was
composed of 96,200 sequences supported by local climate information and then calculated
for nucleotide and haplotype diversity using the R packages ‘pegas’ [46]. The sequences
with a habitat description were used to analyze the change in genetic diversity in different
habitats (Supplementary Materials Table S4). The agricultural habitat included paddy
field, banana field, and taro patch, while the non-agricultural habitat consisted of natural
wetland, lake, river, stream, reservoir, bayou, channel, catchment, and water pathway.
The nucleotide diversity and haplotype diversity of P. canaliculata and P. maculata were
analyzed between the agricultural habitat and the non-agricultural habitat through the
bootstrap dataset. Bartlett and Shapiro tests were performed using the R package ‘stats’
before analysis [45]. The non-parametric statistical method of the Wilcoxon test was used to
analyze the significance of nucleotide diversity and haplotype diversity between different
habitats using the R package ‘stats’ [45].

Haplotype identification was carried out in DNASP [6.0], which was further used in the
construction of a minimum spanning haplotype network in order to study the relationships
among haplotypes of P. canaliculata and P. maculata using PopArt [1.7] [43,47]. The resultant
haplotypes of P. canaliculata and P. maculata were grouped based on the mutation steps among
them and then mapped to sampling locations using the R packages ‘ggplot2’, ‘scatterpie’,
and ‘maptools’ [48–50]. The haplotype distribution of P. canaliculata and P. maculata in the
five continental populations and climate factors were analyzed through Redundancy analysis
(RDA) using the R packages ‘vegan’, ‘ggplot2’, and ‘ggrepel’ [48,51,52].

The genetic differentiation was determined based on an analysis of molecular variance
(AMOVA) using Arlequin [3.5] [43]. We used a pairwise genetic differentiation index (FST)
to evaluate the population differentiation between the invaded and native areas. The genetic
structure was analyzed in three hierarchical levels: regions (Asia, Europe, North America,
Oceania, and South America), populations within regions (Argentina, Brazil, Chile, China,
Indonesia, Japan, Malaysia, Philippines, Spain, Thailand, United States, and Uruguay)
and individuals within populations. The analogs of the F-statistics (Fst, Fct, Fsc) based on
genetic distance were calculated to estimate the population differentiation. The pairwise
FST was calculated based on the Tamura–Nei (TN93) model in Arlequin [3.5], determined
using SMS [53]. The significance level test was performed using 1000 permutations of each
pairwise comparison. The correlation between geographic and genetic distances was tested
with a Mantel test using the R packages ‘vegan’ [51].
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3. Results
3.1. Distribution and Divergence of Sequences

Based on the reported sequences, the nucleotide diversity of P. maculata (0–0.0320)
in the invaded continents was 60% lower than that in South America, while nucleotide
diversity of P. canaliculata (0–0.0284) was close to that in South America (Table 2). The
haplotype diversity of P. canaliculata and P. maculata was, respectively, 30% and 39% lower
in the invaded continents than that in South America. The mean pairwise nucleotide
differences of sequences for P. canaliculata and P. maculata decreased by 98% and 47% in
North America compared with those in Asia among the invaded continents. The AT-biased
sequences were observed for the P. canaliculata and P. maculata (Supplementary Materials
Table S5). The mean transition/transversion bias (R) value and the R value in the third
codon position of the P. canaliculata sequences were 1.55 and 1.64 times in the invaded
continents as high as those in South America. The number of variable sites, parsimony-
informative sites, and singleton sites of P. maculata sequences decreased respectively by
11%, 27%, and 4% in the invaded continents compared with South America.

Table 2. Genetic diversity of P. canaliculata and P. maculata.

Regions Sequence
Number

Nucleotide
Diversity

Mean Pairwise
Differences

Haplotype
Diversity

P. canaliculata in the invaded continents
Asia 670 0.026 ± 0.013 14.829 ± 6.643 0.656 ± 0.012

North America 15 0.000 ± 0.000 0.248 ± 0.297 0.248 ± 0.131
Oceania 7 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000

Total 692 0.026 ± 0.013 14.902 ± 6.674 0.656 ± 0.012
P. canaliculata in the native area
South America 38 0.024 ± 0.003 14.001 ± 6.423 0.933 ± 0.029

P. maculata in the invaded continents
Asia 91 0.011 ± 0.003 6.722 ± 3.199 0.339 ± 0.065

Europe 8 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
North America 63 0.006 ± 0.001 3.589 ± 1.847 0.699 ± 0.025

Oceania 1 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
Total 163 0.012 ± 0.002 6.820 ± 2.612 0.600 ± 0.037

P. maculata in the native area
South America 69 0.030 ± 0.003 17.443 ± 7.845 0.979 ± 0.006

Note: The data represent the mean ± standard deviation.

3.2. Correlation Analysis, Neutrality Test and Mismatch Analysis

The nucleotide diversity of P. maculata in the invaded continents was mostly negatively
related to temperature-derived factors and altitude (Days of avg. temp. ≤ 0 ◦C, Days of
min. temp. ≤ 0 ◦C, Extreme highest temp. (◦C), Altitude above sea level (m)) (Figure 1).
A positive correlation was observed between the nucleotide diversity of P. canaliculata
in the invaded continents and precipitation- and temperature-derived variables (Total
precipitation, Precipitation (Mar–May, Jun–Aug, Sep–Nov), Max. single-day precipitation,
Avg. temp. Jun–Aug, Avg. dew temp., Extreme highest temp., Days of avg. temp. ≤ 0 ◦C,
Days of avg. temp. ≥ 35 ◦C, Days of min. temp. ≤ 0 ◦C, Days of max. temp. ≥ 35 ◦C, and
Precipitation days).

The haplotype diversity of P. maculata in the invaded continents was positively related
to climate-derived factors, except for three temperature-derived factors and altitude (Days
of min. temp. ≤ 0 ◦C, Extreme highest temp., Days of avg. temp. ≤0 ◦C, and Altitude
above sea level). The haplotype diversity of P. canaliculata in the invaded continents was
positively related to precipitation-derived factors (Precipitation (Mar–May, Jun–Aug, and
Sep–Nov), Max. single-day precipitation, Precipitation days, and Total precipitation),
and temperature-derived factors (Days of avg. temp. (≤0 ◦C, ≥35 ◦C), Days of min.
temp. ≤ 0 ◦C, Days of max. temp. ≥ 35 ◦C, Extreme highest temp., and Avg. dew temp.).



Diversity 2022, 14, 1069 6 of 18

‘Days of avg. temp. ≥ 35 ◦C’ was significantly correlated with both the nucleotide and
haplotype diversity of the two snails in the invaded continents.
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Pomacea maculata and climate factors.

The nucleotide diversity and the haplotype diversity of P. canaliculata and P. maculata were
both significantly different between the agricultural and the non-agricultural habitat (p < 0.001)
(Figure 2). The nucleotide diversity of P. canaliculata in the agricultural habitat was significantly
lower than in the non-agricultural habitat, while the haplotype diversity of P. canaliculata in
the agricultural habitat was significantly higher than in the non-agricultural habitat. As for
P. maculata, the opposite trend occurred between agricultural and non-agricultural habitats.
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(Pm) in agricultural and non-agricultural habitats. ** indicates significant differences (p < 0.01)
between the two groups.
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Non-significant Tajima’s D values and Fu’s Fs values were obtained for the popula-
tions of the two invasive snails in the invaded continents and South America (Table 3).
Based on the sum of squared deviations (SSD) and raggedness index (Rg), the demo-
graphic expansion of the P. canaliculata population in the invaded continents was not
supported statistically (SSD = 0.236, p = 0.001; Rg = 0.378, p = 0.015). The value of SSD
was significant for the P. canaliculata population in South America, while the Rg value was
non-significant. A scenario of stable population demographics existed in P. canaliculata in
the invaded continents and South America, consistent with the multimodal patterns with
high Rg values in the mismatch distribution (Supplementary Materials Figure S4) after
multiple introductions. However, demographic expansion was observed for the P. maculata
population in the invaded continents (SSD = 0.131, p = 0.062; Rg = 0.268; p = 0.078) and
South America (SSD = 0.006, p = 0.386; Rg = 0.004; p = 0.783) according to the mismatch
distribution analysis.

Table 3. Neutrality and demographic expansion of P. canaliculata and P. maculata.

Species Regions Tajima’s D Fu’s Fs SSD Rg

P. canaliculata Invaded 0.171 (0.640) 6.496 (0.839) 0.236 (0.001) 0.378 (0.015)

Native −0.011
(0.585)

−1.622
(0.313) 0.043 (0.039) 0.020 (0.317)

P. maculata Invaded −0.734
(0.240)

−5.694
(0.929) 0.131 (0.062) 0.268 (0.078)

Native −0.841
(0.236)

−4.181
(0.166) 0.006 (0.386) 0.004 (0.783)

SSD: sum of squared deviations between the observed and the expected mismatch; Rg: Raggedness statistic;
significant level at p < 0.05 between parentheses.

3.3. Haplotype and RDA Analysis of P. canaliculata and P. maculata

We discovered seven new P. canaliculata haplotypes (Pc52-58; MT246812, MT246813,
MT246816-MT246819, and MT246828) and two new P. maculata haplotypes (Pm46 and
Pm47; MT246783, and MT246784) in Nanning, Sanya, Nankang and Zhangzhou, China.
According to the selected sequences, there were 58 haplotypes (Pc1-58) for P. canaliculata and
47 haplotypes (Pm1-47) for P. maculata (Supplementary Materials Table S6). The number of
haplotype types in P. canaliculata and P. maculata was 40 and 13 in the invaded continents,
with 21 and 37 in South America, respectively.

There were four haplotypes networks in the P. canaliculata populations based on the
mutation steps ≤ 4, whereas there were three networks in the P. maculata populations based
on the mutation steps ≤ 6 (Figure 3). New haplotypes of Pc55 and Pc58 in the sampling
locations were not included in the above networks. The most probable ancestral haplotype
Pc3 in Network I has a star-shaped topology connected to a high ratio of singletons (Figure 3;
Supplementary Materials Table S6). Pc56 (MT246818) evolved to a necessary haplotype
between Networks I and III. Pc6 in Asia was the most abundant haplotype in number
(301/730). The probable ancestral haplotype Pm1 existed in South America, Asia, Oceania,
Europe, and North America (Figure 3; Supplementary Materials Table S6). Pm7 was
critical in mutation as it displayed a star-like topology with a high ratio of singletons. Both
P. canaliculata Network I and P. maculata Network I dominated in the invaded continents
and South America (Figure 4). P. canaliculata Network III and P. maculata Network III only
existed in Asia. The frequency of P. canaliculata Network II in Asia was 8.1 times higher
than that in South America.
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Figure 4. Haplotype networks distribution of Pomacea canaliculata and Pomacea maculata in invaded
continents and South America.

According to the RDA analysis results, the first two axes explained over 80% of the
variation in the haplotype distribution of P. canaliculata and P. maculata due to climate factors
(Figure 5). Pc6 was related to ‘Precipitation (Mar–May, mm)’, whereas Pc3 was tied to ‘Altitude
above sea level’. Other P. canaliculata haplotypes were all related to five climate factors. Pm1
was subjected to ‘Precipitation (Sep–Nov)’ and ‘Days of avg. temp. ≥ 35 ◦C’. Most P. maculata
haplotypes were closely related to ‘Days of max. temp. ≥ 35 ◦C’, ‘Precipitation (Mar–May)’,
and ‘Altitude above sea level’. The P. canaliculata haplotypes in Asia were related to all five
factors, while those in South America were related to ‘Days of avg. temp. ≥ 18 ◦C’ and
‘Extreme lowest temp.’, possibly due to the lower influence of human activity on food in the
native range. The P. maculata haplotypes in Asia and Oceania were both closely related to
‘Days of avg. temp. ≥ 35 ◦C’ and ‘Extreme lowest temp.’, whereas those in South America
were tied to ‘Days of max. temp. ≥ 35 ◦C’ and ‘Precipitation (Mar–May)’.
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3.4. Genetic Structure and Isolation by Distance of P. canaliculata and P. maculata

Significant genetic differentiation existed between populations in the invaded and
native areas (Table 4). At the continental level, the overall ΦST, ΦSC and ΦCT of the
P. canaliculata populations were 0.3339, 0.1262, and 0.2377. Molecular variance among
continents was significant and accounted for 23.77% of the total variation (ΦCT = 0.2377), in-
dicating a possible structure partitioning of the P. canaliculata populations in the continents.
The majority of the hierarchical molecular variance accounted for 66.61% within population
comparisons. Significant genetic differentiation of the P. maculata populations was ob-
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served among populations within the continents and within the populations (p < 0.01). The
overall ΦST, ΦSC, and ΦCT of the P. maculata populations were 0.3802, 0.1920, and 0.2329,
respectively. The AMOVA indicated that the genetic differentiation among continents of
the P. maculata populations contributed 23.29% to the total variation.

Table 4. Analysis of molecular variance (AMOVA) for COI in Pomacea canaliculata and Pomacea
maculata populations.

Speices Source of
Variation df Sum of

Squares
Variance

Components
Percentage
of Variation p Fixation

Indices

P. canaliculata

Among
continents 3 444.638 2.8366 23.77 0.0039 ΦCT = 0.2377

Among
populations

within
continent

14 283.344 1.1483 9.62 0.0000 ΦSC = 0.1262

Within
populations 712 5660.489 7.9501 66.61 0.0000 ΦST = 0.3339

Total 729 6383.471 11.9350

P. maculata

Among
continents 4 403.554 1.7008 23.29 0.0890 ΦCT = 0.2329

Among
populations

within
continent

8 121.715 1.0758 14.73 0.0020 ΦSC = 0.1920

Within
populations 219 991.318 4.5266 61.98 0.0000 ΦST = 0.3802

Total 231 1516.587 7.3032

The overall FST value of P. canaliculata and P. maculata between the invaded and native
areas was 0.2657 (p = 0.000) and 0.3097 (p = 0.000). The FST values among continental
populations of P. canaliculata and P. maculata ranged respectively from 0 to 0.3663 and
from 0 to 0.5810 (Supplementary Materials Figure S5A). Significant pairwise FST values
existed among the P. canaliculata populations of Asia, North America, and South America.
Except for Oceania, significant pairwise FST values of the P. maculata population were
observed between South America and the invaded continents. A highly significant FST
value appeared between the P. canaliculata populations (Asia vs. North America, 0.3663)
and P. maculata populations (Europe vs. North America, 0.5810). The gene flow among
continental populations of P. canaliculata and P. maculata respectively ranged from 0.8650 to
4.1512 and from 0.3606 to 1.4506 (Supplementary Materials Figure S5B).

Isolation-by-distance (IBD) analysis was performed in populations of the invaded con-
tinents, Asia, and South America (Figure 6). The Mantel test verified a highly significant
correlation (p = 0.001) between the Nei genetic distance and geographical distances among
P. canaliculata in the invaded continents (r = 0.060), Asia (r = 0.129), and the native area
(r = 0.525). A significant correlation (p = 0.001) also existed among P. maculata in the invaded
continents (r = 0.316), Asia (r = 0.350), and the native area (r = 0.216).
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4. Discussion
4.1. Genetic Diversity and Population History

The haplotype diversity and nucleotide diversity are two essential indexes for measuring
genetic diversity [54]. The relatively high haplotype diversity coupled with the low nucleotide
diversity in P. maculata may be due to the relatively large population size and small differences
between sequences. This phenomenon was also possibly the result of the initial multiple
introductions of P. maculata [12], which subsequently suffered from a bottleneck effect from
climate factors and agricultural activity. The snail Humboldtiana durangoensis population also
showed a high haplotype diversity and a low nucleotide diversity during expansion [55].
Rapid population expansion helps accumulate haplotype diversity, while the accumulation of
nucleotide polymorphisms is hard for a limited time [56].

Compared with natural habitats, agricultural habitats were partly isolated habitats
that are frequently disturbed by routine management, including pesticide application,
fertilization, plowing, and drainage. Agricultural management strategies, especially mol-
luscicide application, have dramatically affected the population dynamics of apple snails
and alleviated the harm to rice production [7]. The diverse perturbation in agricultural
habitat led to the loss of nucleotide variation and an even distribution of P. canaliculata
haplotypes, which explains the lower nucleotide diversity and higher haplotype diversity
in the P. canaliculata populations from agricultural habitats compared with natural habitats.
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Unexpectedly, the nucleotide variation in the COI gene of the P. maculata population and
the proportion of some haplotypes were higher in the agricultural habitat compared with
the non-agricultural habitat, leading to the opposite changes in the nucleotide diversity
and the haplotype diversity. Considering the relatively high haplotype diversity and low
nucleotide diversity, P. canaliculata and P. maculata experienced the ‘bottleneck effect’ and
‘founder effect’ in the agricultural habitat [57]. This study demonstrated a correlation
between genetic diversity at a single locus and habitat differentiation. However, a pattern
in diversity changes can be influenced by numerous factors in the natural environment
and more researches is needed. As the introductions of the two snails in the invaded
areas gradually stopped due to the strict regulation, the two snails developed a differential
response to agricultural management at the genetic level based on the initial gene pool.

Different sensitivities of Fu’s Fs and SSD in testing the population expansion of the two
invasive snails were observed as the expansion may have been restricted in separated areas,
which led to non-significant Fu’s Fs values [54]. This discrepancy in detecting population
expansion can be interpreted as a reduction, a subdivision, a bottleneck, or migration of the
population [54,58]. Demographic expansion followed by a bottleneck possibly occurred
in the P. maculata populations in the invaded continents, partly explaining a multimodal
pattern of population differentiation. The populations of the two invasive snails acted
differently under selection during the successful establishment. The differentiation in
physiological responses of P. canaliculata and P. maculata to cold, salinity, pH, and desiccation
was possibly involved in invasion patterns [19,33].

4.2. Haplotype Network and Its Relation to Climate Factors

The founder effect can lead to a low genetic variability and a limited genetic pool
of snail populations [59]. Previous studies reported many P. canaliculata haplotypes in
Asia [7,15]. Similarly, our analysis also showed that the number of haplotype types in
P. canaliculata populations from the invaded continents was high compared with that from
the native area. The colonization of P. canaliculata in the invaded continents was not entirely
restricted by the founder effect due to the admixed invasion or multiple introductions [7,15].
We speculated that seven new P. canaliculata haplotypes discovered in this study might be
due to the potential introduction process or increased samplings. Furthermore, the new
haplotypes of Pc56 showed a vital connection between Network III and Network I. Another
possibility is that the sampling in South America was insufficient to identify Network III
and further sampling would help in a clear elaboration.

We found two haplotypes of P. maculata that were not shared with other continents
which have been invaded by P. maculata. The locations (Nanning, Zhangzhou, China)
of the new P. maculata haplotype were up to 1500 km away from the reported locations
in Sichuan, Chongqing, and Zhejiang Provinces [15]. Meanwhile, in a recent survey of
P. maculata populations in Thailand, six new haplotypes from 27 obtained COI sequences
of P. maculata were identified, which were not shared with those in the native areas, despite
the widely distributed situation in Thailand [60]. We concluded that insufficient samplings
were possibly common in Asia, and that the new haplotypes of P. maculata were originated
from previously non-sampled locations.

RDA analysis showed that the climate factors were closely related to haplotypes. The
individuals may have been adapted to the climate factors before or after introduction. The
haplotypes (Pc6, Pc3, and Pm1) were closely tied to precipitation, altitude and temperature.
Generally, the precipitation and temperature distribution changed due to the altitude
variation. Thus, the precipitation and temperature were important for haplotypes in the
invaded continents and South America. Haplotype Pc6 was discovered only in the invaded
continents and was significantly related to precipitation from March to May. Most of the
Pc6 haplotypes existed in individuals sampled in South China. This is consistent with the
phenomenon of the establishment of P. canaliculata populations in paddy fields, as the rainy
season and rice-planting season normally start in March in South China.
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4.3. Genetic Differentiation and Isolation by Distance

IBD is used to explain the genetic variation in snail populations [61]. The genetic
differentiation of P. canaliculata between the invaded continents and the native area based
on AMOVA was consistent with the assumption that IBD increases the genetic dissimilarity
between populations. The geographic barriers also negatively influenced the gene exchange
of P. canaliculata or P. maculata between continents.

The seven new sequences of P. canaliculata came from three sampling locations (Nan-
ning, Nankang, Shifang, China) that were unconnected to each other in China, and the
minimum distance between the three locations exceeds 700 km. These new haplotypes
appearing in three remote sampling sites suggested that potential haplotypes existed in
China. These sequences possibly came from multiple introductions of P. canaliculata or from
the unsampled individuals in China.

5. Conclusions

Apple snails have invaded numerous areas with frequent human interference since
the first introduction from South America. We studied the genetic diversity, haplotype
distribution and population differentiation of the two invasive apple snails, and may
conclude that (1) agricultural measures have influenced the genetic diversity of the two
invasive snails; (2) the two invasive snails have been acclimated to the climate factors; and
(3) the two morphologically similar snails show differential genetic patterns in the invaded
continents concerning the population history and the number and structure of haplotype
networks. Performing a comprehensive global analysis, including molecular data and
morphological data, is necessary in future work, which will also help in the understanding
of the management effect against P. canaliculata and P. maculata.
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//www.mdpi.com/article/10.3390/d14121069/s1, Figure S1: Location of climate stations used in
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information (precipitation and altitude) used in this study; Figure S4: Mismatch distribution of
P. canaliculata and P. maculata in invaded continents and South America; Figure S5: Pairwise genetic
differentiation index (FST) (A) and gene flow (B) of Pomacea canaliculata and Pomacea maculata in
continents. * Significant level at p < 0.05 (values in red font); Table S1: The sampling locations of
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