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Abstract

Chirality has been recognised as a potentially important mechanism in the speciation of land
snails because it leads to reproductive isolation between individuals with different coiling
directions. The Satsuma batanica species group comprises the sinistral S. batanica and the dex-
tral S. bacca, despite the observed sympatric distributions of the two chiral morphs. This study
examines the population structure, phylogeographic history and taxonomy of the species group
by analyzing mitochondrial coI gene sequences. A total of 127 haplotypes were identified from
367 individuals collected from 39 locations. The phylogenetic trees, constructed using Bayesian
inference and maximum likelihood methods, along with the median-joining network, identified
14 clades. The reconstructed ancestral states indicate that the most recent common ancestor of
the S. batanica species group was sinistral. The frequent occurrence of the dextral morph, the
shared haplotype, the sympatric distribution, and the co-occurrence of the two chiral morphs
within the same phylogenetic clades recovered here do not support reproductive isolation and
single-gene speciation based on chiral differences. All the names belonging to the S. batanica
species group are considered synonyms because of their molecular and morphological similari-

ties. This species is estimated to have originated approximately 615 thousand years ago from the
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northern margin of its current distribution. Two major genetic divergence stages occurred around

440 and 50-100 thousand years ago. The formation of ancient islands through orogenic activities

is utilised to explain the phylogeographic history of the species.
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Introduction

Land snails of different coiling direc-
tions, dextral and sinistral, are thought
to be unable to copulate successfully due
to prezygotic isolation caused by mis-
matches associated with the genitalia and
behaviour (Asami et al., 1998; Gittenberger
et al, 2012). Although behavioural evi-
dence (Johnson, 1982; Ueshima & Asami,
2003; Richards et al,, 2017) also suggests
congeneric species of different chiralities
are capable of mating, a significantly lower
frequency of copulation success, as well as
a lower number of laid eggs and hatched
offspring were observed in inter-chiral
mating compared to intra-chiral mating for
Bradybaena similaris (Ueshima & Asami,
2003) and Partula suturalis (Johnson,
1982). Molecular phylogenetic studies of
Euhadra and Satsuma species (Ueshima
& Asami, 2003; Davison et al., 2005; Hoso
et al., 2010) demonstrate repeated evolu-
tion in chiral directions between species
within the same genus. The hypothesis
of single-gene speciation, which posits
that sympatric speciation occurs due to
changes in a single gene (Orr, 1991), has
long been debated in relation to the chiral-
ity of shell coiling mentioned above. This
type of speciation is considered unlikely
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due to the reproductive incompatibil-
ity of the new mutant, but it may occur
when other facilitating factors are present
(Davison et al., 2005; Hoso et al., 2010). A
recent study (Richards et al., 2017) on the
genetics of populations of two closely
related species, the sinistral E. quaesita
and dextral E. aomoriensis, shows that the
two species exhibit gene flow between
snails with opposite coiling directions.
The land snail genus Satsuma Adams,
1868 is distributed in East Asia, span-
ning Japan, Taiwan, southern China,
and the Batan Islands of the Philippines
(Minato, 1988; Schileyko, 2004; Hsieh
et al., 2013; Wang et al.,, 2014; Adams &
Reeve, 1850). The shells of Satsuma are
notably diverse in shape, size, colour,
chirality, and banding pattern (Kuroda
& Habe, 1949; Azuma, 1995; Hsieh et al.,
2013; Hoso et al,, 2010). Different species
of the genus were observed to exhibit
strict terrestrial, semi-arboreal, or arbo-
real habits (Wu et al., 2008). The sinistral
S. batanica (Adams & Reeve, 1850) and
its subspecies, and the dextral S. bacca
(Pfeiffer, 1866) are a species group primar-
ily found in southern Taiwan, including
the Hengchun Peninsula, Green Island,
Lanyu Island (also known as Orchid Island
and Botel Tobago Island), and the Batan
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Islands (fig. 1). Shells in this group exhibit
variations in size (shell width < 15-30 mm,
shell height < 10-22 mm), shape (shell
height/shell width = 0.62-0.85), colour
(yellow to dark brown), chirality, and
banding pattern (with three surrounding
bands and one umbilical spot of varied
width) (Kuroda, 1932; Chang, 1992; Hwang,
1995). The snails exhibit semi-arboreal
behaviour; they crawl on trees during
rainy seasons and hide in soil or rock crev-
ices during dry seasons. Molecular phylo-
genetics (Hoso et al,, 2010) indicates that
the two species are sister taxa and closely
related to species with geographical affin-
ity in southern and eastern Taiwan. The
dextral morph snails are distributed in
the northwest of the Hengchun Peninsula,
while the sinistral morph snails are widely
distributed in the remaining areas men-
tioned above. Sympatric distributions of
the two chiral morphs are observed in five
locations (fig. 1). The four populations on
the peninsula are located approximately
on the distribution boundary of the two
morphs. Secondary contact may have
occurred here after the divergence of the
two chiral morphs. The morphological
variations and sympatric distributions
provide an opportunity to examine the
phylogeography among populations and
speciation of the two species.
The Hengchun Peninsula,
south of 22°30'N, is the most recently
formed and southernmost landmass of

situated

Taiwan, due to the island was uplifted in
the north first and then gradually uplifted
southward due to the arc-continent colli-
sion that began around 6-5 million years
ago (MYA; Huang et al.,, 2006). The highest
peak and possibly the oldest landmass, Mt.
Lilongshan, of the peninsula has uplifted
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from sea level since 2.6-3.5 Mya (Kao,
2020). The remainder of the peninsula
is relatively young, having been uplifted
since 1 MYA (Huang et al., 2006). The pres-
ent West Hengchun Hills are estimated to
have formed 120 thousand years ago (Kva)
as coral reefs and were then uplifted as
barrier islands, creating a lagoon environ-
ment between the barrier islands and the
central Peninsula until the lagoon dried
out in the Holocene (Giletycz et al., 2019).
The two offshore islands, Green Island and
Lanyu Island, along with Batan Island, are
part of the northern Luzon Volcanic Arc.
The two former islands are young volcanic
formations that ceased erupting 1.5 MYA
and o.5 MYA (Huang et al., 2006). The
southern part of Batan Island experienced
early volcanic activity between 5.8-1.7 MYA
(Sajona et al., 2000). These geologically
young and isolated landmasses provide a
unique opportunity for studying genetic
divergence and speciation of biota at their
early stages along the orogenic belt (Hall,
2002; Sibuet et al., 2002).

The current research aims to exam-
ine the possibility of recent contact
between the two chiral morphs; to inves-
tigate the population structures of the
snails; to infer the phylogeographic history
of the species group on the geologically
young landmass, and understand how the
biota evolved on the island during its early
stage of uplifting from sea level.

Material and methods

Sampling

Specimens were collected from 38 loca-
tions in Taiwan, primarily from the
Hengchun Peninsula (fig. 1, table 1). Live
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snails were drowned in water and then
briefly fixed in hot water at 95°C. Some
specimens were prepared using the
Niku-nuki method (Fukuda et al., 2008).
Specimens were then preserved in 95%
ethanol and stored at -20 °C.

Molecular analyses

Total bNA was extracted from the pedal
muscle of ethanol-preserved specimens
using the HotSHOT method (Truett et al.,
2000). Molecular analyses were conducted
using mitochondrial cytochrome oxidase
subunit 1 (cor1). Partial sequences of the
co1 gene were amplified using the uni-
versal primer pairs LCO1490/HCO2198
or LC01490/C1N2191 (Folmer et al,, 1994;
Simon et al, 1994), with an annealing
temperature of 45°C. The amplification
conditions were described in detail by
Hwang et al. (2021). The amplicons were
purified using a Genomics Universal DNA
Purification kit (Genomics, Taiwan). Cycle
sequencing was performed using the pCR
primer and an ABI 3730XL automated
sequencer. All sequence data are depos-
ited in GenBank (table 1).

Genetic diversity and phylogenetic

analyses
Chromatographs and sequences were
reviewed, modified, and converted

between formats using BIOEDIT 7.0.L
(Hall, 1999), and AliView 1.26 (Larsson,
2014). Sequences of S. batanica from
the Batan Islands were obtained from
GenBank (Batomalaque et al., 2013) and
were included in the subsequent analy-
ses. Sequences were aligned using MAFFT
(Katoh & Standley, 2013) and subsequently
trimmed at both the 5 and 3’ ends to
avoid missing sites. The saturation of base
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substitutions was assessed using Xia’s
method (Xia et al., 2003), implemented in
DAMBE v.7.0.10 (Xia, 2018). Unique haplo-
types were identified using DAMBE 7 (Xia,
2018).

The best-fit model of nucleotide sub-
stitution was determined for each codon
using Model Finder (Kalyaanamoorthy
et al, 2017) compiled in IQtree 1.6.12
(Nguyen et al., 2015) based on the Bayesian
information criterion (BIC). The selected
substitution model was applied in the
Bayesian inference (BI) and maximum
likelihood (ML) analyses. The BI analyses
were conducted using the Markov chain
Monte Carlo (McMc) method imple-
mented in MrBayes 3.2.6 (Ronquist et al.,
2012). Four runs with eight independent
chains were run on a computer, with sam-
pling taking place every 2,000 generations,
in order to estimate the posterior prob-
ability distribution. The analyses were
considered to have reached stationarity
when the average standard deviation of
split frequencies fell below 0.0095 (using
the option stoprule). The stationarity and
convergence of the chains were assessed
using Tracer vi.7.1 (Rambaut et al., 2018).
The Markov chain was considered sta-
tionary when the effective sample sizes
(Ess) for all parameters were greater than
200 in all analyses. The initial 25% of the
total samples were discarded as burn-in.
Subsequently, a majority-rule consensus
tree was constructed, and the posterior
probabilities (pP) for branches were cal-
culated. Maximum likelihood (ML) anal-
yses were conducted using IQtree 1.6.12
(Nguyen et al.,, 2015). Branch supports for
ML tree were evaluated using ultrafast
bootstrapping (Hoang et al., 2018) imple-
mented in the IQ-TREE software. Satsuma
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FIGURE 1

HWANG, GER AND WU

Sampling locations of Satsuma batanica species group in this study. The location codes
for the sampling sites are detailed in table 1. The coloured square shows sinistral (red)
and dextral (blue) shell chirality. The black dashed line indicates the ridge of the Central
Range. The map was created using the open-source software Quantum GI1s 3.10 with
topographic databases ASTER GDEM V2 released by Nasa and METI (downloadable from
https://asterweb.jpl.nasa.gov), and GADM 2.8 released by Global Administrative Areas
(downloadable from http://gadm.org/).
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longkiauwensis Wu et al., 2007 and S. suc-
cincta (Adams, 1866) were used as out-
groups for the analyses. The two species
are among the closest phylogenetically
related species on the tree constructed by
Hoso et al. (2010).

The nucleotide composition, number
of haplotypes (Nh), number of polymor-
phic sites (S), haplotype diversity (h), and
nucleotide diversity (m) were calculated
for each population using the software
Arlequin ver. 3.5.2.2 (Excoffier et al., 2005).
A phylogenetic network of haplotypes was
constructed using a median-joining net-
work in POPART v1.7 (Leigh & Bryant, 2015)
to evaluate the intraspecific evolutionary
relationships among the haplotypes of the
S. batanica group.

Ancestral state reconstruction

The ancestral states of the coiling direc-
tions on the phylogenetic tree were recon-
structed using the phytools package inR (R
Core Team, 2018; Paradis & Schliep 2019).
The coiling directions were recorded for
each haplotype. The dataset was anal-
ysed using models of continuous-time
Markov chain process (extended Mk
models) for intraspecific polymorphism,
taking into account the co-occurrence of
the two directions in the same haplotype.
Three models, equal rates for all permit-
ted transitions (ER), all-rates-different for
permitted transitions model (ARD), and
symmetric backwards and forward rates
for all permitted transitions model (sYm),
were fitted to analyse the evolution of the
two coiling directions. The character’s
evolution direction was considered to be
ordered, as the transition from one coil-
ing to another is expected to pass through
a polymorphic stage for each haplotype.
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The AIC criterion was used to select the
best-fitting model. The stochastic char-
acter mapping (Huelsenbeck et al., 2003)
was performed based on the ML tree. The
number of simulations was set to 1,000.

Population demographics

The Fu’s Fs neutrality index tests for the
hypothesis of selective neutrality and
population equilibrium and is more
powerful when the sample size is small
(Ramirez-Soriano et al., 2008). Data from
three populations with fewer than three
individuals were excluded from the analy-
ses. The indices were calculated, and sig-
nificance levels were tested by generating
10,000 simulated samples using Arlequin
(Excoffier et al., 2005).

To infer signatures of historical demo-
graphic history, the analysis involves
examining a mismatch distribution, which
represents the distribution of pairwise
nucleotide differences between haplo-
types. This analysis is conducted using the
software Arlequin (Excoffier et al., 2005).
The difference between the estimated and
observed sum of square deviations (SSD)
of mismatch distributions was tested
using a goodness-of-fit test with 10,000
simulated replicates.

Historical demographics and diver-
gence time were investigated using the
Bayesian skyline plot (BsP) method imple-
mented in BEAST ver. 2.6.7 (Bouckaert
et al., 2014). A HKY+I' model for muta-
tion was chosen for ingroup sequences
using Model Finder implemented in
IQtree (Nguyen et al., 2015). The Markov
Chain Monte Carlo (McMc) analysis was
conducted with 150,000,000 iterations,
sampling every 20,000 steps using the
Coalescent Bayesian Skyline prior. The
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first 25% of iterations were discarded as
burn-in. The convergence was assessed
using Tracer 1.7 (Rambaut et al., 2018), as
previously described. The skyline plot,
which shows the median value and the
upper and lower bounds of the 95% high-
est posterior density interval of effective
population sizes, was generated by Tracer.
The lineage through time (LTT) plot was
also analysed using Tracer. The time
since the expansion event was estimated
based on the limestone at Kuanshan, the
hilltop of the southern segment of West
Hengchun Hill. The reef fossils were esti-
mated to have formed around 120-130 KYA
(Shih et al., 1989), which corresponds to
the Alpine Riss-Wiirm interglacial stage.
The calibration point was set at the com-
mon ancestor of individuals collected
from populations K, M, and LT, indicating
a monophyletic group on the phylogenetic
trees. A log-normal distribution was used
with a mean of 109 KYA, corresponding to
the peak of M1s 5d, and a standard devia-
tion of 0.1 (95% highest posterior density
(HPD) = 94.4,130 KYA).

Population structure

The spatial Bayesian clustering methods
implemented in Geneland v.4.0.8 (Guillot
et al., 2005) were utilized to identify the
most probable spatial clusters. The uncor-
related allele frequency model and spatial
model were chosen. The maximum rate of
the Poisson process was set to the num-
ber of sequences, with the uncertainty
of coordinates set to o. The population
number was evaluated for k values ranging
from 2 to 15. The McMcC simulations were
conducted using 1 million iterations, with
a burn-in of 500. Ten runs were conducted
to assess the stability of the clustering.

HWANG, GER AND WU

The genetic cluster with the highest log
posterior probability after the burn-in was
selected for further analysis.

The genetic differentiation and gene
flow among populations were estimated
using the ®gp index and the parameter Nm
(equal to (1-Fgp)/2Fgr for haploid data),
as implemented in Arlequin. One-way
analysis of molecular variance (AMOVA;
Excoffier et al., 1992) was conducted to
assess the genetic differentiation among
populations. Additional two-way AMOVAs
were performed to examine two specific
hypotheses: grouping by chirality and
grouping by Geneland. Fixation indices
(®) were computed using the TNg3 model
(Tamura & Nei, 1993) with gamma cor-
rection. The distance takes into account
nucleotide frequency and is similar to the
previously selected HKY model. The num-
ber of permutations for all AMOvA was
10,000. The pairwise ®g values were used
to construct a population network using
SplitsTree v4.14.8 (Huson & Bryant, 2006)
through the neighbour-net method.

A Mantel test was conducted to test the
hypothesis of isolation by distance (1BD),
which examines the presence of a positive
correlation between a matrix of genetic
differentiation index among populations
(®sr) and geographic distances. The test
was conducted on a dataset containing
36 populations for Arlequin analyses. The
second dataset was analysed for 1BD by
excluding three insular populations (L,
G, and BT) and two geographically dis-
tant but not genetically unique popula-
tions (HR and ss), which may have been
recently colonised by long-distance dis-
persal, as suggested by the phylogenetic
trees. A Mantel test was conducted using
PAST 4.14 (Hammer et al., 2001).

CONTRIBUTIONS TO ZOOLOGY 94 (2025) 64—97



PHYLOGEOGRAPHY OF LAND SNAIL SATSUMA BATANICA SPECIES GROUP 77

Results

Sampling and molecular diversity

We obtained 367 sequences from 39 loca-
tions, as shown in table 1, which also
includes the four GenBank sequences
from Batan Island. Among these, 28 loca-
tions had all sinistral individuals, six
had all dextral individuals, and five had
mixed chirality. Of the 127 different hap-
lotypes identified from the co1 sequences
(GenBank Accession numbers PQ248259—
PQ248385), 103 of them were private haplo-
types found in only one sampling location.
The nucleotide frequencies in the aligned
co1 gene fragment (551 bp) were as fol-
lows: A, 24.5%; C, 16%; G, 19%; T, 40.5%,
resulting in a 35% Gc content. The TNg3
distances between the haplotypes ranged
from 0.18% to 11.13%, with an average of
3.57% = 1.76%. Among the 36 sampling
populations with more than two samples,
the intra-population genetic variations in
haplotype number (Nh) ranged from 1 to
9, with an average of 4.5. The haplotype
diversity (h) ranged from 0.0 to 1.0, with an
average of 0.66 (table 1). The genetic varia-
tions in nucleotide diversity (m) ranged
from o to 3.94%, with an average of 1.05%.
The top three highest nucleotide diversi-
ties were found at Basimo Bridge (B), Mt.
North Lilongshan (BL), and Caopu (TP).
All three locations are situated on the
northern edge of the Peninsula along the
River Fonggang.

Phylogenetic analyses

The best-fit model for the dataset of
ingroup sequences and the two outgroups
was determined to be K3Pu+I for ML anal-
ysis in IQtree and HKy+I for BI analysis in
MrBayes. The best-fit model for the dataset
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containing only ingroup sequences was
determined to be HKY+I. The BI and ML
trees exhibit similar topologies in the
middle and at the root. Both the B and ML
trees indicate that clade x1v (H1, Hg, Hi21,
originating from B and TP) is positioned
near the root of the trees (fig. 2). Together
with the subsequent close clade x111 (H26,
Hz27, and H4g, originating from Taidung), it
exhibited a more distant relationship from
the other haplotypes. The branches in the
middle of the trees are well-supported and
can be identified as 14 clades. Most clades
consist of samples primarily collected
from a single location (e.g, clades 11, v,
V1, IX, X, XI) or from nearby areas (e.g.,
clades 1, 111, vI11, V111, X111, XIV). Although
the clades do not distinctly correspond to
geographic populations, the phylogenetic
trees still tend to exhibit geographic struc-
tures. Incidentally, three locations (ss, HR,
and BT) are geographically distant from
the primary distribution of the species,
which is the Hengchun Peninsula. The
three ss samples share the haplotype with
samples collected from K, M, and BL in
clade vi1. The HR samples share one hap-
lotype with DMd and pwms in clade 1 and
have a unique haplotype in clade 111. The
BT samples have only one haplotype (H6)
shared with L and G. These haplotypes in
the three populations may be the result of
recent long-distance dispersal.

Among the 127 haplotypes, 25 consisted
entirely of dextral individuals, 12 were
mixed, and 9o were composed entirely of
sinistral individuals. Among the 14 clades,
only clade 11 (LL) consisted entirely of
dextral individuals. Five clades (1, 111,
V1, Vi1, and VIII) were a combination of
both coiling directions, while the remain-
ing eight clades were exclusively sinistral
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FIGURE 2  Phylogenetic relationships among the haplotypes of the co1 gene of the
Satsuma batanica species group. The tree is based on the maximum likelihood
tree with ancestral states of chirality mapped at the nodes. Numbers beside
branches indicate branch support based on posterior probability for BI tree
(left) and ultrafast bootstrapping for ML tree (right). Only the branch supports
for the major clades are shown. The pie charts at some internal nodes are
enlarged. Arrows are the possible origin of reverse chirality counted only once
in each clades. Phylogenetic clades are labelled as Roman numerals; Geneland
groups are labelled as Arabic numerals in parentheses.
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individuals (fig. 2). Among the five popula-
tions (Hw, HR, NS, P, and PE) that coexist
with both sinistral and dextral individuals,
the haplotypes of Hw and Ns were each
grouped in phylogenetic clades 1 and vr,
respectively. The haplotypes of PE were
distributed across clades 1 and 111, while
the haplotypes of P were mainly found
in clades 1 and 111, with one individual in
clade viir clustering with samples from
K. HR shares one haplotype with DMs
and DMd.

For the ancestral state reconstruction,
the best-fit model among the three mod-
els was the ARD model with an order. The
phylogenetic tree (fig. 2) indicates that the
most recent common ancestor (MRCA) of
the S. batanica species group was sinis-
tral. The ancestors of clades 1, 111, and vI
have a higher probability (greater than
0.5) of being polymorphic. The ancestor of
clade 11 was dextral, while the ancestors of
the other ten clades were sinistral. Due to
the limited support for terminal branches
within clades, evolutionary events in a
clade were counted conservatively only
once. Subsequently, the transition from
sinistral to dextral morph occurred at least
six times in six of the 14 clades: clades 1, 11,
111, V1, V11, and vI1I. Additional origins of
dextral morph and potential reversals may
have occurred within clades, but these
were difficult to confidently assess, partic-
ularly those within the two large polymor-
phic clades 1 and 11. Therefore, these were
omitted here.

The median-joining network (fig. 3),
similar to the B1 and ML trees (fig. 2, sup-
plementary figs. S1-S2), separated the hap-
lotypes into the same 14 clades (framed
and highlighted in yellow). The unresolved
and missing haplotypes that diverged into
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clades vi—x11 without a clear branch-
ing pattern exhibited similar polytomous
clades in both the BI and ML trees. The
unresolved area may be a centre of origin,
representing the most recent common
ancestor in the phylogenetic trees. The
clades 1-v formed a monophyletic group,
as indicated in the two phylogenetic trees.
The three polytomous clades in the BI
tree (clades v, v1, x1v) showed more pro-
nounced clustering in the network com-
pared to the BI tree and were similar to the
ML tree.

Population demographics and

divergence times

The estimated values of Fu's Fs and
Tajima'’s D for the overall populations were
found to be -23.72 (p < 0.05) and -0.73
(p > 0.05), respectively. Estimates for each
population were significantly negative at
populations H and LK according to Fu’s Fs
test, and at populations H and Hw accord-
ing to Tajima’s D (table 1). The negative
parameters indicate that these popula-
tions have undergone natural selection
and a recent population expansion. The
overall mismatch distribution (fig. 4A) fit
a unimodal distribution. The ssp value
(0.0018) did not significantly deviate from
a unimodal distribution, indicating that
these populations have experienced a
demographic expansion.

The estimated median age of the MRCA
of the S. batanica species group, as deter-
mined by BEAST, is more recent than
615 KYA (fig. 4). The Bayesian Skyline plot
(fig. 4B) illustrates the changes in effective
population size over time for overall pop-
ulations. The plot depicted a prolonged
period of stable population size since the
emergence of the MRcA of the S. batanica
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FIGURE 3
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Median-joining haplotype network of 128 haplotypes. The size of the circles is proportional to

the frequency of each haplotype. The two colours represent the percentage of chirality. The
red is sinistral shell and the blue is dextral shell. The hatch marks represent the mutational
steps between haplotypes. Small black circles indicate missing haplotypes. Arrows are the

possible origin of reverse chirality.

species group, followed by a recent and
brief demographic expansion estimated
to have commenced around 50 KYA. The
major clades observed in phylogenetic
trees and network diverged approximately
after 440 kya (fig. 4C). The most recent
divergent events within clades and the
expansion of the population size occurred
after 100 KyA. These results were also
confirmed by the two waves of mismatch
distribution (fig. 4A), although they were
not statistically significant. The cor gene
exhibited clocklike behaviour, as the value
of ucld.stdev (0.55) was smaller than 1.0

(Drummond et al, 2006). The average
substitution rate calculated by BEAST
was 0.0496 + 0.0168 (mean + sd) per site
per million years for co1. The average
molecular clock rate for cor markers was
faster than 9.92% per million years, given
that the calibrated date of 109 Kya, is
considered the earliest possible colonisa-
tion date.

Population structure

All ten runs of the Bayesian clustering by
Geneland identified the same optimal
number of clusters (K = 8). The cluster
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FIGURE 4 Mismatch distribution and Bayesian skyline plot based
on the co1 gene of Satsuma batanica. (A) Mismatch
distributions showing the observed pairwise differences
(grey bars) and the expected expansion models (black
lines). (B) Bayesian skyline plot. (C) Lineage through time
(rT) plot.

with the highest log posterior probability  instead of group 1. A similar uncertainty
(-5287) was chosen for subsequent analy-  was also observed in the MJ network at
ses (fig. 4). The clustering of the second NT (fig. 3). The cluster containing hap-
highest probability (-5499) resulted in the  lotypes from NT, which is equivalent to
population NT being grouped in group 2 clade v, was positioned between clade
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FIGURE 5
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Spatial genetic clustering defined by GENELAND. The possible origin area is coloured pale

red. Brown lines border the locations of group (3, 2) on east and (3, 8) on west in Hengchun

Peninsula.

111 (comprising the majority of group 1)
and clade 1v (comprising the majority of
group 2). Most determined clusters fol-
lowed the isolation-by-distance model and
were clustered with nearby populations.
The exceptions were in group 5, which
included populations from the northwest
(NS, sz, BL), eastern (LR), and southeast
(Lx) of the Hengchun Peninsula. The
genetic differentiation between popula-
tions was estimated using two indicators,
®gr and Nm (supplementary tables S1-S2).

Most of the ®gp values were significantly
different between populations. Compared
to the clustering of Geneland, the tests
for ®gr values tend to show greater differ-
entiation. For example, MT and MD were
excluded from the other members in the
Geneland group 1 (DMd, DMS, GK, HR, P,
PE, and S).

One-way AMOvA based on Tamura
and Nei distances indicated significant
differentiation among the 36 analysed
populations (table 2, ®gp = 0.70, p < 0.05).
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TABLE 2 Table of analysis of molecular variance (AMOVvA ) along with fixation indices for population
genetic structure of Satsuma batanica with A. not grouped, B. grouped by chirality, C. grouped
by Geneland result (k = 8).

Not grouped

Source of variation df. Sum of squares Variance components Variance (%)

Among populations 35 2412.87 6.60* 69.61

Within populations 326 939.48 2.88 30.39

Total 361 3352.36 9.48

Fixation Index: ®gp = 0.696

Grouped by chirality

Source of variation df. Sum of squares Variance components Variance (%)
Among groups 1 73.16 0.18 2.55
Among populations 39 1661.51 4.62 % 65.85

within groups

Within populations 321 711.82 2.22 % 31.59

Total 361 2446.50 7.02

Fixation Indices: ®g¢ = 0.676, Dgp = 0.684, Pr = 0.026

Grouped by Geneland

Source of variation d.f. Sum of squares Variance components Variance (%)
Among groups 7 1334.81 4.22 % 55.17
Among populations 28 384.64 1.20 % 15.69

within groups

Within populations 326 727.05 2.23 % 20.14

Total 361 2446.50 7.65

Fixation Indices: ®g¢ = 0.350, Dgr = 0.709, Doy = 0.552

Abbreviations and symbols: ®p: genetic differentiation between groups relative to total; ®g¢: genetic dif-
ferentiation between subpopulations relative to group; ®g: genetic differentiation between subpopulations

relative to total; ¥, significant (p < 0.05) of permutation test.
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FIGURE 6
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Population network based on pairwise ®gp values between 36 populations of Satsuma

batanica constructed by the neighbour-net method

When testing the alternative hypotheses
by grouping the same coiling direction,
the variance among the two groups is
not significant (table 2, ®¢p = 0.026), as
anticipated based on the result of the phy-
logenetic tree. When testing the alterna-
tive hypotheses by applying the grouping
determined by Geneland, the variance
among the eight groups explains 55.1%
of the total variance and is statistically
significant (table 2, ¢ = 0.552, p < 0.05).
The @y value is high relative to ®gyp
(0.706), indicating the presence of sub-
stantial population genetic structure at
the group level.

The neighbour-net network for popu-
lations (fig. 6) based on the ®g; between
populations (supplementary table S1)
exhibited a similar pattern to the group-
ing identified by Geneland. The excep-
tions were observed at MT of group 1, NR
of group 2, LR and Ns of group 5, and JL of
group 6. In other words, the neighbour-net
method identified more clusters than
Geneland, which is similar to the grouping
shown in the phylogenetic trees and Mj
networks (figs. 2—3, supplementary fig. S3).

The test for isolation by distance (IBD)
was conducted for 36 populations, and
it revealed a non-significant correlation
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between geographic and genetic dis-
tances (r = 0.054, p > 0.05). The test for
the reduced dataset, which excluded five
populations, revealed a significant corre-
lation (r = 0.419, p < 0.05), indicating that
an isolation by distance model occurred in
the Peninsula.

Discussion

No evidence for single-gene speciation

The present study offers insight into the
impact of chirality on the genetic diver-
gence among land snails of the S. batanica
species group across populations span-
ning its entire geographic range. Most
studies that supported single-gene spe-
ciation by chirality using phylogenetics
were conducted among species within a
genus, with only one or a limited number
of individuals analysed for each species
(Ueshima & Asami, 2003; Hoso et al., 2010;
Fehér et al, 2013). The frequent rever-
sals from sinistral to dextral morph, and
vice versa, though less common, on the
phylogenetic trees observed in this study
can be interpreted as being caused by a
single-gene and biallelic controlled muta-
tion of the chirality, genetic introgres-
sion, and incomplete lineage sorting of
an opposite coiling morph (Maddison &
Knowles, 2006; Davison et al., 2016). Each
reversal in coiling direction is less likely to
indicate a potential mutation in the oppo-
site direction. Several molecules, such as
the signalling molecule Nodal (Grande
& Patel, 2009) and diaphanous-related
Formin homology proteins in freshwater
snails, are thought to be associated with
the asymmetry of snails (Davison et al.,
2016). However, these genetic loci are con-
served and associated with clades in deep
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phylogeny above the family level (Grande
& Patel, 2009; Davison et al., 2016) or above
the species level (Ueshima & Asami, 2003;
Hoso et al., 2010). They may not be suffi-
cient to explain the frequent intraspecific
mutations (Davison, 2020). The phylogeny
of the two genera, Euhadra and Partula,
with chiral polymorphism based on one of
the candidate genes, dia, did not support
the association between chirality and the
gene (Davison et al., 2016). The chiral vari-
ations in the S. batanica species group may
involve additional pathways or gene vari-
ants, as suggested by Davison et al. (2016)
for Euhadra and Partula.

The genetic introgression and incom-
plete lineage sorting should be considered
as factors resulting in the frequent chiral
reversal in S. batanica. Genetic introgres-
sion, also known as introgressive hybridi-
sation, refers to the transfer of alleles
from one taxon into the gene pool of
another taxon through hybridisation and
backcrossing (Harrison & Larson, 2014).
Incomplete lineage sorting describes
the random retention of ancestral poly-
morphisms between taxa, particularly
in recently evolved groups (Maddison &
Knowles, 2006). Genetic introgression is
being increasingly observed in animals
and plants (Dowling & Secor, 1997), includ-
ing several lineages of land snails in the
family Camaenidae (Shimizu & Ueshima,
2000; Chiba, 2005, Morii et al, 2015).
Distinguishing between chiral introgres-
sion, incomplete lineage sorting of chi-
rality, and mitochondrial mutation based
on the current mitochondrial phylogeny
is challenging. This is because the can-
didate genes for chirality are maternally
expressed, mitochondrial DNA is mater-
nally inherited (Schilthuizen et al., 2005),
and the terminal nodes of the phylogenetic
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trees still need to be fully resolved with
high support. The polymorphic clades
and populations display extensive chiral
polymorphism and mitochondrial intro-
gression. Consequently, the evolution-
ary history of chirality remains unclear.
Incidentally, our results do not support the
existence of a hybrid zone formed by the
secondary contact between dextral popu-
lations on the northwestern Hengchun
Peninsula and sinistral populations. This
is because the dextral populations are not
monophyletic, indicating that the chiral
sympatry is likely caused by stochastic or
evolutionary processes rather than a sim-
ple biogeographic one. Utilising genotypic
markers across the whole genome can help
to clarify potential genetic introgression
(Richards et al., 2017). The less observed
evolution from dextral to sinistral morph
may be caused by the more recent (less
than 0.6 MyA) evolutionary history of the
species group. There is probably insuf-
ficient time to accumulate the secondary
mutation or genetic introgression from the
newly acquired dextral to sinistral morph.
Furthermore, reverse evolution within the
two large clades I and 111 may occur more
frequently than the current phylogenetic
markers can resolve (supplementary figs.
S1-S2). Since dextral snails predominate
in Satsuma (about 83%; Hwang & Wu,
2018), the dextral phenotype may have
been favored in the evolutionary history
of the genus due to factors involved in
the developmental process. These fac-
tors range from molecular and cellular to
population level, such as physicochemi-
cal properties of chiral-related proteins,
their expression and regulation, and posi-
tive frequency-dependent selection (Hoso
et al., 2010; Bershtein et al., 2017; Davison,
2020).
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The hypothesis of single-gene specia-
tion based on chiral differences (Orr, 1991;
Ueshima & Asami, 2003) is not supported
by our results, at least not for this species
group. The opposite coiling directions
have long been considered a significant
factor in reproductive isolation due to the
mechanical and behavioural incompati-
bility between snails with different coiling
directions (Orr, 1991; Ueshima & Asami,
2003). This contributes to the speciation of
individuals that acquire the newly mutated
coiling direction. This aspect is supported
by the speciation of the sinistral MRCA of
S. batanica from its more likely dextral or
polymorphic ancestor (fig. 2; Hoso et al.,
2010). When examining the populations
and haplotypes, the current results do
not support reproductive isolation due
to the shared haplotype by different chi-
ral morphs (12 out of 127 haplotypes), the
coexistence of the two morphs (5 out of 39
locations), and the presence of both chiral
morphs in the same phylogenetic clades
(5 out of 14 clades). That is, the two chiral
morphs are not each monophyletic, and
they are neither completely allopatric nor
parapatric in their distribution. Regardless
of how the reverse coiling gene was intro-
duced into a population, whether through
single-gene mutation or genetic introgres-
sion via dispersal-hybridisation, the repro-
ductive isolation between the two chiral
morphs is incomplete.

To what extent does chirality affect
reproductive isolation and, consequently,
speciation? The shape of the shell, whether
high-spired or low-spired, was considered
to have a differentiating effect on the
copulation success between snails with
different coiling directions (Davison &
Mordan, 2007; Johnson, 1982). Copulation
experiments on the tree snails Partula in
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Society Islands with high-conical shells
demonstrate that the copulation suc-
cess for snails with opposed coiling pairs
is only 20% as frequent as those with
the same coiling pairs (Johnson, 1982).
Amphidromus, high-conical tree snails,
exhibit frequent mating between chiral
morphs (Schilthuizen et al., 2007). On the
contrary, it was previously believed that
depressed-conical snails do not copu-
late between dextral and sinistral indi-
viduals because they cannot perform a
“shell-mounting” strategy for successful
copulation (Asami et al., 1998; Davison &
Mordan, 2007). The “single-gene specia-
tion” hypothesis was supported by phy-
logenetic studies of Japanese Euhadra
species (Ueshima & Asami, 2003), which
suggested that the chiral direction alone
may lead to the formation of a new spe-
cies. A similar inference was also made for
the predominantly depressed-conical land
snail Satsuma (Hoso et al., 2010). However,
interchiral copulation between Euhadra
species was observed directly and con-
firmed by genomic sNps and mtDNA char-
acters from a larger number of samples
within and between populations (Richards
et al., 2017). The multilocus evidence also
supports the idea that chirality alone is not
sufficient to maintain the distinctiveness
of the dextral Alopia livida and the sinis-
tral Alopia straminicollis (Koch et al., 2017).
The previously mentioned single-gene
speciation, caused by the physical barrier
between individuals of reverse chirality,
is once again being questioned in light of
recent evidence.

Since chirality alone is not sufficient
for genetic divergence and speciation of
Satsuma, other factors such as restricted
gene flow due to geographic isolation,
ancient geological history, and ecological
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and behavioural differentiation, should
be considered. These factors result in
local adaptation and the local fixation of
coiling, as discussed in the next section.
Among these, semi-arboreal behaviour
may also contribute to the speciation of
the Satsuma batanica species group. The
semi-arboreal behaviour of S. batanica is
unique in Satsuma. All species in the same
clade containing S. batanica (the clade
after the branching of S. sphaeroconus) in
the phylogenetic tree of Hoso et al. (2010)
are fully terrestrial snails. Given that
semi-arboreal behaviour is prevalent in
the entire S. batanica species, we can spec-
ulate that this behaviour may have been
an ancestral characteristic of the species,
emerging around the same time as, or
even earlier than, the origin of sinistrality.
We do not know how semi-arboreal behav-
iour affects genetic differentiation within
and between populations. It may increase
genetic differentiation through sympatric
isolation between individuals on different
trees, or decrease genetic differentiation
by allowing individuals to crawl across
tree canopies and overcome geographic
barriers. The observation of Amphidromus
showed that the arboreal snails frequently
crawl across trees, and the arboreal behav-
iour does not seem to play a role in genetic
divergence (Schilthuizen et al., 2005). We
speculate that semi-arboreal behaviour
may increase gene flow at a local scale,
either through movement between tree
branches or across the ground.

Genetic structure and phylogeographic
history

The MrcA of the species group likely
originated from the northern part of the
Hengchun Peninsula (fig. 5, pink circle),
along the ridge of the uplifted landmass at
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the southernmost tip of the Central Range
after approximately 600 kYA (fig. 4). Based
on the phylogenetic trees (fig. 2), the popu-
lations of the two basal clades, clades x111
(JL, pw, and jP) and x1v (B and TP), are
distributed in the area. Since the primary
distribution area of the S. batanica species
group is on the peninsula, Mt. Lilongshan,
the highest, most extensive and earliest
uplifted mountain peak on the Peninsula
(Kao, 2020), is the best candidate as the ori-
gin centre for the biota on the Peninsula.
The phylogenetic trees, however, revealed
the three populations located on the Mt.
Lilongshan: LL in clade 11, and DMd and
DMs in clades I and 111, is located on the
terminal branch and diverged relatively
late (figs. 2—3). Therefore, it is unlikely
that Mt. Lilongshan is the centre of ori-
gin for the S. batanica species group.
Furthermore, as the oldest landmass on
the Peninsula, Mt. Lilongshan was suf-
ficiently high and tremendous enough
to serve as a geographic barrier, hinder-
ing gene flow between populations on its
western side (LL) and eastern side (DMd
and DMs) during the expansion and diver-
sification of the species.

The current molecular evidence does
not support the hypothesis of the origin
from Batanes. The biota on the Hengchun
Peninsula, Lanyu Island, Green Island, and
parts of eastern Taiwan show an affinity
with those in the northern Luzon islands
of the Philippines. Therefore, their bio-
geographical zonation was thought to be
included with the Philippines (Lin, 1974).
Molecular evidence from animals, such
as the stick insect Megacrania tsudai and
the snake genus Hebius (Kobayashi et al.,
2014; Kaito & Toda, 2016), also supports
the hypothesis of a southern origin. The
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potential dispersal mechanisms for these
organisms include rafting by the strong
northward paleo-Kuroshio Current and
tropical cyclones, which have been preva-
lent since the early Pliocene (Gallengher
et al.,, 2015, Hwang et al., 2021). However,
the present study did not support the
northward dispersal, as the haplotypes
containing BT, L, and G are located at the
terminal branches of the phylogenetic
trees (figs. 2—3). The populations on Batan
Island and Green Island are more likely
to disperse from Lanyu Island because
Lanyu Island exhibits higher genetic diver-
sity (Nh = 5, h = 0.63) compared to the
two islands (Nh =1, h = o). This indicates
that Lanyu Island has a longer evolution-
ary history compared to Batan Island and
Green Island, which have experienced
relatively recent colonisation events with
only one haplotype. The southward dis-
persal observed in the present land snails
coincided with molecular evidence found
in weevil and shrew (Esselstyn & Oliveros,
2010; Tseng et al., 2018). Since the south-
ward dispersal is contrary to the dispersal
power of oceanic currents and cyclones,
it is important to consider dispersal
through hitchhiking via humans or birds
(Kramarenko, 2014). The “Out of Taiwan”
hypothesis suggests that Austronesian
people settled in the Batanes from Taiwan
more than 4,000 years ago (Bellwood &
Dizon, 2005). An alternative study consid-
ers that there were extensive and recent
trading activities between the two areas
100-3,000 years ago (Loo et al., 2o11). The
species was likely transported to Batan
Island by humans relatively recently, prob-
ably no earlier than 4,000 years ago.

The ancient islands hypothesis has
been used to explain the high biodiversity
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of clausiliid land snails in Taiwan on a
large geographical scale by considering the
major mountain ranges as islands (Hwang
etal., 2022). We present a small-scale exam-
ple supporting the ancient island hypothe-
sis by considering the uplifted landmasses
as islands. Based on the phylogenetic trees,
the species first colonised southeastern
areas of the Peninsula (clade X11), approx-
imately in the vicinity of present-day
Sheding (S, the hilltop of Olumbi Hill) or
Mt. Nanren (MT and GK), after the origin
of the species 615 KyA. This event corre-
sponds to the formation and subsequent
uplift of coral reefs on Olumbi Hill around
500 KYA (Shih et al, 1989). The species
then colonised the currently marginal dis-
tribution areas, including the foothills of
Olumbi Hill (H and LK), the southern West
Hengchun Hill (K and M), and the north-
western part of the Peninsula (sz and Ns).
Dispersal events may have contributed to
the colonisation of these southern areas,
as they were still isolated landmasses at
that time. The colonisation of the spe-
cies to the current core distribution areas
was the most recent, corresponding to
Geneland cluster groups 1 and 2 in the
east, and groups 3 and 8 in the west of the
Hengchun Peninsula (fig. 5, brown lines).
These areas contain both sinistral and
dextral morphs and three sympatric loca-
tions. The gradual emergence of ancient
landmasses above sea level, coupled with
the development of drainage basins in the
southern part of the Central Range on the
Peninsula (Giletycz et al., 2015) may have
created additional habitats for biotas. This
could have facilitated dispersal and range
expansion events among the ancient land-
masses. The geological, ecological, and
intrinsic factors also play essential roles in
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the genetic divergence and demographic
expansion during this stage. The drier and
cooler climate during the last glaciation
age (Wiirm glaciation, 109-14 KyA) than
nowadays appears to have had a favour-
able effect on the survival of S. batanica,
as evidenced by the effective population
size increase during the Last Glaciation
Maximum (M152, the coldest period). The
mature forests on the young landmass and
the semi-arboreal behaviour may also con-
tribute to the survival and divergence of
this land snail.

Taxonomy

Family Camaenidae Pilsbry, 1895

Genus Satsuma A. Adams, 1868

Satsuma batanica (Adams & Reeve, 1850)

(fig.7)

1850 Helix batanica Adams & Reeve, p. 60,
pl. 15, fig. 5a-b.

1866 Helix bacca Pfeiffer, p. 829, pl. 46,
fig. 8. [1865].

1891 Helix (Hadra) pancala Schmacker &
Boettger, pp. 161-163, pl. 1, fig. 6, 6a, 6b.
1891 Helix (Hadra) pancala var. trifasciata
Schmacker & Boettger, pp. 162—163.

1907 Eulota (Euhadra) warburgi Gude,
pp. 164-165.

1932 Coniglobus (?) batanica boteltoba-
goensis Kuroda, p. 9, pl. 1, fig. 6-8.

2021 Satsuma backeljaui Thach & Huber in

Thach, pp. 98-99, pl. 75, no. 773-774.
2021 Satsuma abletti Thach & Huber in

Thach, p. 99, pl. 75, no. 776—777.

Material examined. Type material: Helix
batanica: Syntype NHMUK 20040592
(3 shells, fig. 7a), type locality: Island
of Batan (Bashee group). Helix bacca:
Lectotype NHMUK 20040577/1 (fig. 7€),
paralectotype NHM UK 20040577/2 (1shell),
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type locality: Formosa [Taiwan]. Helix
(Hadra) pancala: Lectotype sMF 8812/1
(fig. 7¢), paralectotype sMF 8813/5, type
locality: Siid Cap von Formosa [South
Cap = nowadays Ouluambi and Longkeng,
Hengchun, Pingtung]. Helix (Hadra) pan-
cala var. trifasciata: Lectotype SMF 8810
(fig. 7d), paralectotype sSMF 8811/3, type
locality: Siid Cap von Formosa. Eulota
(Euhadra) warburgi: Holotype NHMUK
1922.8.29.66 (fig. 7f), Type locality: Dune at
Long-Krau, southern Formosa [nowadays
the area between Kueishan and Checheng,
Pingtung]. Coniglobus (?) batanica botel-
tobagoensis: Holotype Nc Hz236 (fig. 7b),
paratype NC P227, type locality: Lanyu.
Satsuma backeljaui: Holotype RBINS [reg-
ister number missing!], paratype MNHN-
IM-2000-35977, F. Huber’s collection, type
locality: Lanyu Island, Taitung County,
Taiwan. [types not examined in person,
photographs available online at https://sci
ence.mnhn.fr/]. Satsuma abletti: Holotype
NHMUK 20210117, paratype MNHN-IM-
2000-35978, F. Huber’s collection, type
locality: Lanyu Island, Taitung County,
Taiwan. [types not examined in person,
photographs available online at https://
science.mnhn.fr/]. Non-type specimens:
see table 1.

Remark. The mitochondrial phylogenet-
ics in the present study revealed that the
samples of the dextral morph, currently
classified as S. bacca, and the sinistral
morph, currently classified as S. batanica
ssp., are not each monophyletic. Four
out of the six clades containing dextral
morphs are a mix of sinistral morphs both
phylogenetically and geographically. The
two chiral morphs show no signs of being
monophyletically diverged and then com-
ing into contact later in the sympatric
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populations. The dextral species, S. bacca,
and the three sinistral (sub-)species,
S. batanica batanica, S. b. boteltobagoen-
sis, and S. b. pancala, are conchologically
and anatomically indistinguishable (Tabe,
1937; Sinagawa, 1979; Chang, 1992; Hwang,
2012; Hsieh et al., 2013). The identification
of the four taxa is primarily based on the
coiling direction and sizes of the shells,
as well as their isolated distributions on
different islands. Although direct obser-
vation of copulation between the two
chiral morphs of the S. batanica species
group in the field and laboratory has not
been reported, the observed inter-chiral
matings in Euhadra and Amphidromus of
the same family (Schilthuizen et al., 2007;
Richards et al., 2017) suggest that copula-
tion between the two chiral morphs of
S. batanica is possible. The influence of
chirality on the copulation of the S. batan-
ica species group is believed to be minimal
and is insufficient for maintaining distinct
species of the two chiral morphs. The two
species, S. backeljaui Thach & Huber in
Thach, 2021 and S. abletti Thach & Huber
in Thach, 2021, were recently described
from Lanyu based on only scant specimens
(Thach, 2021). The descriptions of the two
species were based solely on the colour,
thickness, and sizes of shells, without tak-
ing into account modern biological knowl-
edge, such as polymorphism of colour and
banding patterns, and variations among
individuals and populations (Pall-Gergely
et al., 2020). The two species are not valid
because they are within the range of mor-
phological variations of the previously
described subspecies, S. b. boteltobagoen-
sis. In summary, we recommend that the
seven names, of which three are currently
considered valid, two were previously
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FIGURE 7  Photographs of the type specimens of the taxa currently classified as Satsuma batanica.
(A) Satsuma batanica, syntype NHMUK 20040592. (B) Coniglobus batanica boteltobagoensis,
holotype Nc-H236. (C) Helix pancala, lectotype sMF 8812/1. (D) Helix pancala var. trifasciata,
lectotype sMF 8810. (E) Helix bacca, lectotype NHMUK 20040577/1. (F) Eulota warburgi,
holotype NHMUK 1922.8.29.66. Scale = 10 mm.
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treated as synonyms, and two are recently
described names, should be treated as
the same species without any subspe-
cific designation. This recommendation
is based on conchological, anatomical,
and molecular characters, as well as their
geographic distribution (Sinagawa, 1979;
Chang, 1992; Hwang, 2012). According to
the priority criteria of the 1CZN (1999), the
name Satsuma batanica (Adams & Reeve,
1850) should be used as a valid name. The
seven names are synonyms: Helix bacca
Pfeiffer, 1866 with one previous synonym
Eulota (Euhadra) warburgi Gude, 1907,
H. pancala Schmacker & Boettger, 1891 with
one previous synonym Helix (Hadra) pan-
cala var. trifasciata Schmacker & Boettger,
1891, Coniglobus batanica boteltobagoensis
Kuroda, 1932, S. backeljaui Thach & Huber
in Thach, 2021, and S. abletti Thach &
Huber in Thach, 2021.
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