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. Species of Pomacea, commonly known as apple snails, are native to South America, and have become

. widely distributed agricultural and environmental pests in southern China since their introduction

. inthe 1980s. However, only since 2010 have researchers recognized that at least two species, P.
canaliculata and P. maculata, are present in China. Although impacts of apple snails have been
extensively documented, confusion still persists regarding current distributions and origin of the
species in China. To resolve this confusion, we used phylogenetic and phylogeographic methods to
analyze 1464 mitochondrial COl sequences, including 349 new sequences from samples collected in
southern China and 1115 publicly available sequences from snails collected in the native and introduced

. ranges. Pomacea canaliculata was found at all sampled localities, while P. maculata was found at only

. five sampled localities in the Sichuan basin and Zhejiang province. Our data indicate that Chinese

. populations of P. canaliculata share an Argentinian origin, consistent with multiple introductions of this
species elsewhere in Asia. In addition, just a single lineage of P. maculata is established in China, which
shares with populations in Brazil.

* Apple snails (Ampullariidae), are freshwater gastropods native to South Americal!, and several species in the
. genus Pomacea have been introduced and become established in many parts of the world including other Asian
countries, North America, islands of the Pacific, and Europe*?. They have a voracious appetite®®, reproduce rap-
© idly®, are resistant to desiccation during dry down periods’, and act as vectors of zoonotic diseases®, all of which
. have made them serious agricultural’, environmental’, and potential human health pests™.
: With its highly diverse biogeography, topography, and climate, China offers numerous opportunities for a
© range of invasive species, and those that have been introduced have impacted China significantly!!. Apple snails
* were initially introduced to the mainland of China, from Taiwan to Zhongshan city, Guangdong province, in
1981 for aquaculture'>!'?, The first ten years after introduction saw a rapid expansion of the range of apple snails
in China, with a boom in aquaculture and economic interests as the main driver'2. In the early 1980s, apple
snails were introduced to at least 18 cities in11 provinces/municipalities, including Guangdong, Guangxi, Fujian,
Zhejiang, Jiangxi, Jiangsu, Shanghai, Anhui, Hubei in the south, and Beijing and Liaoning in the north. In the
: mid-1980s, another 12 cities reported introduction of apple snails, including the southern provinces of Zhejiang,
. Yunnan, Sichuan, Chongqing and Jiangxi, and the northern provinces of Gansu and Tianjin'2. Intentional intro-
. ductions declined sharply after the 1990s, because of the poor market benefits and realization of significant crop
. damage caused by the snails. The spread also slowed, with limited expansion due to unintentional human trans-
. port and natural diffusion'.
: Pomacea canaliculata (Lamarck, 1822) and P. maculata Perry, 1810 are the two most common and highly
© invasive apple snail species'*. However, many other alien apple snail species were difficult to differentiate from
. P canaliculata and P. maculata, which were frequently misidentified as these two species®!>!6. Additionally, for
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zoag;ple N | Locality Habitat Haplotype identified (GenBank accession number)
HNHK 4 Meilan, Haikou, Hainan Pond PcH1 (KP310264), PcH7 (KT852757)

GDGZ 17 Tianhe, Guangzhou, Guangdong Paddy PcH1 (KP310264), PcH2 (KP310375)

JYBY 6 Banyang, Jieyang, Guangdong Pond PcH1 (KP310264), PcH2 (KP310375), PcH5 (KP310439)
JYTP 9 Tangpu, Jieyang, Guangdong Paddy PcH1 (KP310264)

GXNN 4 Xixiangtang, Nanning, Guangxi Pond PcH2 (KP310375)

GXWZ 17 Shigiao, Wuzhou, Guangxi River PcH1 (KP310264), PcH5 (KP310439)

HZBB 9 Babu, Hezhou, Guangxi Pond PcH1 (KP310264), PcH2 (KP310375)

GLBS 9 Baisha, Guilin, Guangxi Pond PcH1 (KP310264)

GLYS 8 Yangsu, Guilin, Guangxi Pond PcH1 (KP310264)

YNKM 4 Guandu, Kunming, Yunnan Paddy PcH2 (KP310375)

YNDL 7 Erhai, Dali,Yunnan Lake PcH1 (KP310264), PcH2 (KP310375)

FJXM 22 Tongan, Xiamen, Fujian Pond PcH1 (KP310264), PcH2 (KP310375)

FJFZ 8 Cangshan, Fuzhou, Fujian Paddy PcH2 (KP310375)

JXGZ 12 Xinfeng, Ganzhou, Jiangxi Pond PcH1 (KP310264), PcH2 (KP310375), PcH4 (KP310443)
JXSR 15 Xinzhou, Shangrao, Jiangxi Pond PcH1 (KP310264), PcH2 (KP310375)

LYFY 15 | Fengyu, Liuyang, Hunan Paddy PcH1 (KP310264)

CSQY 2 Qiaoyi, Changsha, Hunan River PcH2 (KP310375)

GZGY 8 Nanming, Guiyang, Guizhou Paddy PcH1 (KP310264)

WZLC 12 Lucheng, Wenzhou, Zhejiang Paddy PcH1 (KP310264), PcH2 (KP310375), PcH5 (KP310439)
ZJSX 9 Xinchang, Shaoxing, Zhejiang Pond PcH2 (KP310375), PcH3 (KR021020)

VAVA 34 Putuo, Zhoushan, Zhejiang Paddy PcH1 (KP310264), PcH2 (KP310375)

7ZJYY 3 Yuyao, Ningbo, Zhejiang Paddy PcH1 (KP310264), PcH4 (KP310443)

ZJSY 7 Shangyu, Shaoxing, Zhejiang Pond PcH2 (KP310375), PcH3 (KR021020)

HZACA 14 Jianggan, Hangzhou, Zhejiang Lake PcH2 (KP310375), PmH1 (KT852782), PmH2 (KT852786)
HZXH 10 Xihu, Hangzhou, Zhejiang Lake PcH1 (KP310264), PcH2 (KP310375)

CQHY 12 Huayan, Shapingba, Chongging Lotus pond PcH1 (KP310264), PcH2 (KP310375), PmH1 (KT852782)
CQHC 10 Hechuan, Chongging Lotus pond PcH2 (KP310375), PcH5 (KP310439), PmH1 (KT852782)
SCSN 18 Xiwu Wetland, Suining, Sichuan Wetland pond PcH1 (KP310264), PcH2 (KP310375), PmH1 (KT852782)
CDJJ 12 Jinjiang, Chengdu, Sichuan Lotus pond PcH1 (KP310264), PcH2 (KP310375), PmH1 (KT852782)
JSWJ 11 WuJiang, Suzhou, Jiangsu River PcH2 (KP310375), PcH6 (KP310290)

JSWZ 21 ‘Wuzhong, Suzhou, Jiangsu Pond PcH2 (KP310375)

Table 1. Sampling information for Chinese apple snails sequenced in this study. N represents number of
sequenced samples. Only accession number represented unique haplotype were showed in the table.

along time, P. canaliculata was presumed to be the only alien apple snail species in Asia and was listed as one of
100 of the world’s worst invasive alien species'”. However, Hayes et al., using a combination of morphological
and DNA sequence data recognized four species of Pomacea as having been introduced into Asia®. Subsequently,
Hayes et al. provided clear anatomical and biogeographic data for delineating between these two previously con-
flated species'.

In Asia, P. canaliculata was introduced to Asia more than once from multiple locations in Argentina, while P macu-
lata was introduced to Asia from Brazil and Argentina independently®. However, only 5 samples of P. canaliculata was
recorded in China by Hayes ef al.’. Subsequently, Song et al. and Lv et al. reported that both species, P. canaliculata and
P maculata, were established in China'>!%. However, after the distribution pattern of apple snails sampled in 2006 and
2007 in China by Lv et al.'%, there are no tracking updates of their spread until now. In this study, we combined phyloge-
netic and phylogeographic analyses of mtDNA COI sequences of P. canaliculata and P. maculata collected from across
their range in China to fully document their origin and current distributions in China.

Material and Methods
Sample collection and DNA extraction. August 2014 - July 2015, we surveyed 34 localities in 14 prov-
inces in mainland China in which apple snails might occur, collecting 44 adults and 305 egg masses from 31
locations in 12 provinces (Table 1). Subsamples of foot tissues and eggs, from each sampled population, were
preserved in 100% ethanol and stored at —20 °C prior to extraction of DNA.

Genomic DNA was extracted from approximately 10 mg of foot tissue or a single egg from each clutch using
the DNeasy Blood and Tissue Extraction Kit (QIAGEN) following the manufacturers’ protocol, with final elution
of 200 pL. Eggs from each clutch were separated using a 10% sodium hydroxide solution'.

Amplification and sequencing. A portion of the mitochondrial gene cytochrome ¢ oxidase subu-
nit I (COI) was amplified using the primers LCO1490 and HCO2198% in 25 uL reactions containing 0.625U
TaKaRa Ex Taq, 1 x Ex Taq Buffer, 5mM dNTP mixture, 10 uM of each primer and 1 pL of genomic DNA. Cycle
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conditions consisted of an initial denaturation for 3 min at 95 °C, followed by 35 cycles of 30s at 95 °C, 30 at 50
°C, and 1 min at 72 °C, followed by a final extension step of 72 °C for 8 min and 10 min at 4°C. Amplicons were
visualized and checked for specificity via gel electrophoresis and single product amplicons were sent to Sunny
Biotechnology (Shanghai, China) for sequencing in both directions. All sequences were checked for errors and
edited manually in Chromas 1.0*!. We finally obtained 349 COI sequences of 657 bp. Species were prior distin-
guished through phylogenetic analyses, and then all sequences were deposited in GenBank (Table 1).

COl datasets. Weadded 607 COI sequences from Hayes et al. to the 349 COI sequences generated in this study’.
The sequences from Hayes et al. included sequences from the native and introduced ranges, with 466 sequences of
P, canaliculata, 18 from China (five from the mainland and 13 from Taiwan), and 141 sequences of P. maculata®.

We downloaded another 151 sequences from GenBank from other studies, excluding those from Hayes et al.®.
However, given the widespread issues with misidentification of Pomacea species, we filtered COI sequences from
GenBank using the following criteria: (1) sequences were published after 2007 when it became possible to distin-
guish P. maculata sequences from those of P. canaliculata®; (2) sequences were verified as being correctly identified
through phylogenetic systematic approaches (see below). After filtering, we discarded 33 sequences and added
118 to our matrix, including 52 sequences of P. canaliculata, and 66 sequences of P. maculata (Supplementary
Table S1). We also added 390 sequences from Lv et al. Appendix S1, including 389 from P. canaliculata and one
sequence of P. maculata (Table 1 of Lv et al.)".

Phylogenetic analyses. The total matrix consisted of 1464 sequences that varied in length from 503 bp*?
to 657 bp (this study). We added COI sequences from P. lineata (FJ710310)** and P. paludosa (EU528477)° to
serve as outgroups. All sequences were assembled and aligned in ClustalW implemented in MEGA 6.0%. The
best sequence substitution model (GTR +1+ G) for the data set was selected using the AIC in jModelTest ver.
2.1.7%%. Phylogenetic relationships among all COI sequences was reconstructed under Maximum Likelihood
implemented in MEGA 6.0 with node support assessed using 1000 bootstrap replicates?>?.

Haplotype distribution and network analyses. Clades containing both P. maculata and P. canaliculata
were identified from the phylogenetic analyses based on COI sequences, and these sequences were used to created
haplotype networks in TCS 1.21 for each species®. The parsimony connection limit for haplotype network recon-
struction was set to 95% for all analyses. We also mapped haplotype distributions in China using ArcGIS 10.2.

Prior to analyses unique haplotypes for each species were identified in DnaSP 5.1%7. Because the sequence
lengths were different, prior to haplotype analysis three datasets consisting of only P. canaliculata and P. macu-
lata haplotypes were constructed. (1) sequences from our study only (Dataset 1), 2) sequences from our study,
plus those of Hayes et al., and those filtered from GenBank (Dataset 2), and 3) dataset 2 plus Lv et al. sequences
(Dataset 3)*1%. Datasets were created by trimming all sequences to the shortest length for each species. Dataset
1 was 657 bp for both species, Dataset 2 was 558 bp for P. canaliculata and 577 bp P. maculata, and Dataset 3 was
503 bp for both.

Mismatch distribution analyses. Introduction scenarios and signals of historical population expansion
was examined with mismatch analyses?®*. Theoretically, a mismatch distribution analyses for populations after
bottlenecks followed by sudden expansions should generate well-separated peak patterns for each population,
with each unique introduction source generating a separate peak®.

Patterns of genetic variation for P. canaliculata and P. maculata in mainland China were examined based on
mismatch distribution analyses. We conducted the mismatch distribution analyses by comparing the number of
pairwise differences at all sites of the COI sequences using DnaSP 5.1.

Data accessibility.  All sequences were submitted in GenBank under accession numbers KP310264-KP310445,
KP310474, KP310480-KP310496, KR020942-KR021020, KR021027, KR021034-KR021040, KT852706-KT852762,
and KT852782-KT852786.

Results

Phylogenetic systematics. Apple snails were found at 31 of the 34 sites surveyed. Phylogenetic analyses
recovered all sequences from these newly collected samples and all others on mainland China in two well sup-
ported, monophyletic clades. Of the 1464 COI sequences, 1226 were recovered in a clade identified as P. canalic-
ulata, and the remaining 238 sequences were P. maculata (Fig. S1).

Haplotype distribution in China. There were no appreciable differences in the results derived from the
three different datasets of different lengths, as such we only report the results from Dataset 3, which contained
all sequences trimmed to 503 bp. From this dataset, the 1226 P. canaliculata sequences produced 58 unique hap-
lotypes (PcH1- PcH58), while there were only 37 unique haplotypes from P. maculata (PmH1-PmH37; Table 2).

Seven P. canaliculata haplotypes representing 319 sequences (PcH1~PcH7) and two P. maculata haplotypes
representing 30 sequences (PmH1and PmH2) were recovered. Pomacea canaliculata was found at all 31 sites, and
P. maculata haplotypes were recorded from only five populations in the Sichuan province, Chongqing municipal-
ity, and Zhejiang province (Fig. 1). Twenty-two (71%) of the populations contained multiple haplotypes, and nine
only had a single haplotype (four with only PcH1 and five with PcH2; Fig. 1).

Among the P. canaliculata haplotypes, PcH2 was the most widely distributed geographically (24 sites),
accounting for 40% (n=129) of the snails. Snails with this haplotype were mainly distributed along the eastern
and southern coastal regions and at the northern edge of the range (Fig. 1). The second most widely distributed
haplotype, PcH1, was detected in 21 sites, but made up 50% of the snails, which were primarily collected in the
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PcH1 (159 + 254), PcH2 (129 + 75), PcH3 (14 + 1), PcH4 (5 + 35), PcH5
(10+ 16), PcH6 (1), PcH7 (1), PcH43 (1), PcH44 (1), PcH45 (1), PcHA46 (1),
China-mainland 718/32 23/3 PcH47 (1), PcH48 (1), PcH49 (1), PcH50 (1), PcH51 (1), PcH52 (1), PcH53 (3),
PcH54 (1), PcH55 (1), PcH56 (1), PcH57 (1), PcH58 (1), PmH1 (29+ 1), PmH2
(1), PmH37 (1)
China-Taiwan 13/0 4/0 PcH2 (8), PcH6 (3), PcH36 (1), PcH37 (1)
PcH1 (1), PcH2 (7), PcH3 (3), PcH5 (4), PcH6 (5), PcH11 (3), PcH36 (2), PmH1
Japan 25/6 7/2 (3), PmH3 (3)
- PcH2 (187), PcH4 (36), PcH5 (15), PcH11 (15), PcH25 (1), PcH26 (1), PcH27
Philippines 266/0 13/0 (1), PcH28 (1), PcH29 (4), PeH30 (2), PeH31 (1), PeH32 (1), PeH33 (1)
Asi
sia Vietnam 10/11 21 PcH2 (6), PcH5 (4), PmHI (11)
Thailand 2/17 2/2 PcH34 (1), PcH35 (1), PmH1 (11), PmH3 (6)
Myanmar 9/1 2/1 PcH1 (4), PcH2 (5), PmH1 (1)
Indonesia 6/0 2/0 PcH22 (3), PcH23 (3)
Korea 121 2/1 PcH2 (9), PcH6 (3), PmH5 (1)
Laos 2/0 1/0 PcH5 (2)
Singapore 0/4 0/1 PmHI1 (4)
Cambodia 0/5 0/1 PmHI1 (5)
Oceania Papua New Guinea 6/0 2/0 PcH2 (3), PcH24 (3)
Spain 0/7 0/1 PmHI1 (7)
Europe
Belgium 0/5 0/1 PmHI1 (5)
North America | USA 58/53 1/3 PcH2 (58), PmH1 (10), PmH3 (20), PmH35 (23)
Uruguay 9/0 1/0 PcH38 (9)
PmH1 (1), PmH10 (8), PmHI11 (2), PmH12 (1), PmH13 (1), PmH14 (4),
PmH15 (5), PmH16 (5), PmH17 (1), PmH18 (6), PmH19 (2), PmH20 (1),
Brazil 0/60 0/26 PmH21 (2), PmH22 (1), PmH23 (6), PmH24 (1), PmH25 (1), PmH26 (2),
South America PmH27 (1), PmH28 (1), PmH29 (1), PmH30 (2), PmH31 (1), PmH32 (1),
PmH33 (1), PmH34 (2)
PcH2 (47), PcHS8 (1), PcH9 (1), PcH10 (1), PcH11 (7), PcH12 (4), PcH13 (3),
. PcH14 (3), PcH15 (4), PcH16 (5), PcH17 (1), PcH18 (1), PcH19 (2), PcH20 (2),
Argentina 90736 19/8 PcH21 (1), PcH39 (1), PcH40 (3), PcH41 (1), PcH42 (1), PmH3 (2), PmH4 (1),
PmHS5 (20), PmH6 (8), PmH7 (2), PmHS (1), PmH9 (1), PmH36 (1)

Table 2. Haplotype distributions of countries/regions included in this study. PcH and PmH represent
haplotypes for P. canaliculata and P. maculata, respectively. All haplotypes were identified using Database 3.
Numbers in bold represent 349 apple snails sampled in our study.

rural interior (Fig. 1). The remaining haplotypes, PcH3, PcH4, and PcH5 came from 5-14 sequences each, and
were less widely distributed, found in two populations of Zhejiang province, two populations of Zhejiang and
Jiangxi provinces, and four populations of Zhejiang, Guangdong, Guangxi, and Chonggqing provinces, respec-
tively. Two haplotypes, PcH6 and PcH7, were represented by a single sequence each and were found in only
one population each, in Jiangsu and Hainan provinces, respectively (Fig. 1). Two haplotypes were recovered
from the 30 P maculata sequences, with PmH]1 represented by 29 sequences occurring in five populations of
Sichuan, Chongging, and Zhejiang provinces. The other haplotype, PmH2, was represented by only one sequence
in Zhejiang province (Fig. 1). Together, Dataset 3 (all sequences) produced 25 P. canaliculata haplotypes and 3 P
maculata haplotypes from China.

Haplotype networks and phylogenetic analyses. Under a 95% parsimony limit, haplotype analyses
produced three independent networks for P. canaliculata and seven separate networks for P. maculata. Only two
of the P. canaliculata networks and one of the P. maculata network included haplotypes from mainland China
(Fig. 2a,b, and c). Networks for both P. canaliculata and P. maculata corresponded to well supported (BS val-
ues > 95%) clades in the ML tree.

For P. canaliculata, the 24 haplotypes from China occurred in two of the networks (Network A and Network
B), with 209 sequences representing six haplotypes (PcH2 and PcH43~ PcH47) in Network A and 509 sequences
representing 18 haplotypes (PcH1, PcH3~PcH7, and PcH48~ PcH58) in Network B (Fig. 2a,b). The third network
contained eight haplotypes, including six unique to Argentina, one unique to Uruguay, and one shared by Taiwan
and Japan (Fig. S2).

For Network A, PcH2 was the only shared haplotype out of the six detected haplotypes in China. It shared
among populations found in Argentina (native) and non-native ranges, including China, the Philippines, Japan,
Korea, Vietnam, Myanmar, USA, and Papua New Guinea (non-native) (Fig. 2a). The remaining 25 unique hap-
lotypes and one shared haplotype (Argentina, Japan and the Philippines) were one to five steps away from PcH2,
creating a star-like structure which indicated that PcH2 was an founding haplotypes (Fig. 2a). Among 23 haplo-
types in Network B, PcH13 was the only one found in Argentina and 18 haplotypes were found in China (Fig. 2b).
Five haplotypes (PcH1, PcH3~PcH6) detected in China were shared by snails found in Asian countries; one hap-
lotype unique to Taiwan and the remaining 12 haplotypes were unique to mainland China (Fig. 2b).
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Figure 1. Geographical distribution and frequency of P. canaliculata (PcH) and P. maculata (PmH) haplotypes
in China. The map was created in ArcGIS 10.2 software (ESRI Inc., Redlands, CA, USA). URL http://www.esri.
com/software/arcgis/arcgis-for-desktop. Red circles indicate survey sites with snails sampled during this study,
and colors of the associated pie charts represent haplotype frequencies at each site. Stars indicate localities
sampled by Lv et al."” and triangles represent localities from Song et al.'s.

For P. maculata, one (Network C) of seven networks contained haplotypes detected in China (Fig. 2c). The
other six networks contained 15 haplotypes representing 39 sequences sampled from their native range in Brazil
(Fig. $3). In Network C, PmH]1 was the only haplotypes shared by snails found in Brazil and China, and also
other non-native countries, including Japan, Vietnam, Thailand, Cambodia, Singapore, USA, Spain, and Belgium.
PmH3 and PmHS5 were the shared haplotypes found in Argentina (native range) and non-native ranges from
USA, Thailand, Japan or Korea (Fig. 2c).

Mismatch distribution. The mismatch distribution for Chinese P. canaliculata sequences produced two
distinct and well separated peaks, which exhibited high frequencies of number of nucleotide differences, with the
intermediate peak representing single rare introduced samples (Fig. 3). However, the mismatch distribution for
Chinese P. maculata sequences produced a single major peak (Fig. 3).

Discussion

China is the world’s fourth-largest country in terms of landmass, and its highly diverse topography and climate
provides numerous opportunities for non-native species to find suitable habitats, establish, and potentially
become invasive pests'!. There are 560 confirmed invasive alien species in China, resulting in an estimated annual
economic loss of more than US$18.9 billion®>*". The surge in economic growth following the implementation of
the landmark Reform and Opening in 1978 was a milestone in China’s national policy and economic develop-
ment, but resulted in the 1980s and 1990s in the introduction and spread of large numbers of invasive species''.
Apple snails were one of the pests introduced and spread rapidly during this period.

The agricultural and environmental impacts, and associated economics costs of introduced species have led
to a rising interest in studies on their ability to disperse, colonize, and establish in novel habitats*>*. Apple snails
have colonized a wide range of aquatic systems in China, including rivers, paddies, pools, and ponds. The irri-
gated rice and wild rice (Zizania latifolia) ecosystems in southern areas provide an ideal environment for the
dispersal and growth of the snails. Although the species of apple snails introduced to Asia and their origins have
been elucidated?, their current distributions and origins in China have been less well understood.

Generally, ancestral populations possess higher levels of gene diversity than more recently established pop-
ulations, which often display low diversity and few haplotypes®'. The low haplotype diversity may be attributed
either to the founder effect, such that invasive populations experience bottlenecks and genetic drift'***, or to the
bridge-head effect, in which the introduction of alien organisms to a non-native location may not be directly from
the native range, but from a successful invasive population elsewhere®.

Both our and previous studies confirmed a much lower haplotype diversity of P. maculata in populations
of China than in their native countries Argentina and Brazil with a statistic ratio of 3: 34>'>!8, However, unlike
non-native P. canaliculata populations in Hawaii with a single haplotype represented by sequences from 89
snails*, snails in China possess higher haplotype diversity than in native populations. We found 25 haplotypes
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Figure 2. COI haplotype networks reconstructed using 95% connection limit both P. canaliculata and P,
maculata. (a) Network A and (b) Network B represent for P. canaliculata, respectively. (c) Network C represents
for P. maculata. They are the three networks containing haplotypes present in mainland China. The colors
indicate haplotypes from different countries. For each haplotype, the size of the circle is proportional to the
observed frequencies. PcH and PmH represent haplotypes for P. canaliculata and P. maculata, respectively.
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Figure 3. Mismatch distributions of P. canaliculata (blue) and P. maculata (red) sequences from China. The
major peaks of samples in both distributions correspond to the haplotype groups recovered with network
analysis (Fig. 2).

from Chinese populations of P. canaliculata, thus five more than that from both Argentina and Uruguay (Table 2).
It was indicated that apple snail populations had admixed in the course of invasion in China'®. These admixed
populations support the conclusion by Hayes et al. of multiple source introductions initially out of South
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America®. Such introduction scenarios increase genetic diversity of introduced populations over that of a single
source introduction, thus possibly facilitating the establishment despite a bottleneck?®. However, there were 14
haplotypes from Chinese populations of P. canaliculata reported by Lv et al., and not recovered in any other study
or shared with any other countries. Since unique mutations were carefully checked and ambiguous bases were
confirmed by Lv et al."®, the most parsimonious explanation is that these unique haplotypes come from unsam-
pled populations in the native range. Two explanations are possible for the discrepancy in haplotype diversity
between the previous study and this one for P. canaliculata: (1) the larger sample size of Lv et al. and the less
extensive sampling in other countries for this study’?, and/or 2) apple snails in China may have lost haplotypes as
following a bottleneck®. However, further genetic analysis is needed to clarify this in any situation.

Haplotype diversity and distributions revealed consistent patterns with which revealed by Hayes et al. that
Chinese populations of P. canaliculata shared an Argentinian origin with other introduced apple snails in Asia
and experienced multiple introductions®. Different from P. canaliculata, Hayes et al. also indicated two introduc-
tion lineages of non-native P maculata from Brazil and Argentina independently’. However, just single lineage of
P. maculata from Brazil was introduced into and established in China. The presence of diverse shared haplotypes
among different populations from different countries indicated a complicated pattern of introduction into China
and other non-native countries.

According to early accounts, driven by the commercial benefits of aquaculture, apple snails were introduced
to national wide including cities in both southern and northern China, like Beijing, Tianjin, and Liaoning prov-
ince'?. Our study of the current distribution of apple snails in China revealed that apple snails have established
natural populations in most of southern China but none in north area. We found natural populations of apple
snails in north area of Zhejiang provinces (longitude 30.31°N) and south area of Jiangsu provinces (longitude
31.23°N). Comparing with the sampling sites in previous studies'*'#, our data indicated that apple snails tended
to expand into northern China. In addtion,We discovered a new P. maculata population in Zhejiang province,
which is ~1876 km far from the reported P. maculata populations in Sichuan and Chonggqing basin, indicating an
invisible or unobtrusive spread of apple snails.

It is recorded that apple snails were first introduced into Asia via Taiwan in 1979, and then introduced to other
Asian countries, including Japan and the Philippines®**2. Subsequently, the prevalence of snails-farming and
frequent agriculture contacts among our neighbor countries made a round introduction of apple snails and speed
the wide spread of apple snails in Asia*>**. Nevertheless the native origins of invasive apple snails were explicated,
such complicated pattern in introduced ranges was probably result from extensive influence by human activities.
Human factors were also the most likely driver for the fast spread of apple snails in China. Our study for under-
standing the origin and distribution of apple snails is important for early detection and control of these invasive
snails to slow the rate of new invasions in China.
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