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Abstract

Assessments of the current status of non-native species and verification of its
identity are essential for establishing their impacts on native ecosystems and
determining their origins. True taxonomic accounts and recent conditions of non-native
Semisulcospira snails introduced into the Tone River system in Japan, which were
morphologically identified as “S. cf. forticosta” (Martens, 1886), have not been
investigated. We rediscovered living snails of the introduced Semisulcospira snails
in Lake Sotonasakaura in the lower reaches of the Tone River system. Although the
identities of the most introduced snails could not be determined due to their
mitochondrial DNA polymorphisms, molecular phylogenetic analysis confirmed that
the population in Lake Sotonasakaura includes true S. forticosta indigenous to
South Korea. The centre of its current distribution seemed to be in the lake and the
snails may have been brought into the lake along with other non-native freshwater
molluscs. The large morphological variation observed in the snails suggests a previously
overlooked morphological variation of S. forticosta or the inhabitation of other Korean
species in the Tone River system. Thus, further attempts to verify the identity of
non-native snails are required, along with assessments of their dispersal and competition
with other congeners.

Key words: DNA barcoding, establishment, freshwater snail, Semisulcospiridae, shell
morphology

Introduction

Human-mediated introduction and subsequent dispersal of non-native
freshwater molluscs are progressing globally, with serious impacts on
ecosystems, such as changes in nutrient cycling and competition with native
species (Strayer et al. 2011; Preston et al. 2022; Alonso et al. 2023). The
negative effects of introduced freshwater molluscs on native ecosystems have
been documented in various taxa (Carlsson et al. 2004; Moslemi et al. 2012;
Modesto et al. 2021).

Many non-native freshwater organisms have been recorded in the Tone
River system, including in Lake Kasumigaura, which is located in the Kanto
region of eastern Honshu Island, Japan (Kasebayashi 1994; Nemoto et al.
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2003; Hagiwara et al. 2021). The establishment and spread of introduced
fishes, molluscs, and plants have been progressing as a result of the accidental
release of seedlings and intentional disposal of living food animals in the
lake (Ito 2007; Yanai et al. 2008; Kim et al. 2019).

Among the fauna that have been introduced to the Tone River system
are freshwater snails of the genus Semisulcospira. Although the genus is native
to East Asia, including Japan, anthropogenic introductions of Semisulcospira
species have occurred within the country. For example, species indigenous
to Lake Biwa in central Honshu have been introduced and established in
neighbouring lakes and rivers (Kitahara 2015; Sawada et al. 2020; Preston et al.
2022). In the Tone River system, Kurozumi and Okamoto (2002) recorded
the presence of introduced Semisulcospira. Based on the longitudinal ribs and
fewer basal cords of the snails, the study and the subsequent prefectural list
of introduced species tentatively identified them as “Semisulcospira cf. forticosa
(Martens, 1886)”, a species native to South Korea (Chiba Prefecture List
Making Committee for Endangered and Alien Species 2012).

Although “S. cf. forticosta” has been assumed to be established in the
Tone River system (Chiba Prefecture List Making Committee for Endangered
and Alien Species 2012), the species has not been recorded since Kurozumi
and Okamoto (2002). Thus, the establishment and dispersal conditions of
snails, along with their identity, remains largely unclear. Furthermore,
large intraspecific variation in shell morphology has hampered the correct
identification of Semisulcospira species (Davis 1969; Sawada and Fuke 2022),
and molecular identification is crucial for Korean species (Kohler 2017).
Therefore, this study aimed to assess the current status of “S. cf. forticosta”
in the Tone River system and verify its identity.

Materials and methods

Field survey and specimen preparation

Field surveys were conducted in the lower reaches of the Tone River system.
Three lakes, Lake Kasumigaura (also known as Lake Nishiura), Lake Kitaura,
and Lake Sotonasakaura, are located there, including the study area (Figure 1A).
Lakes Kasumigaura and Kitaura are connected to Lake Sotonasakaura and
the latter lake flows into the Hitachi-Tone River (Figure 1B). The Hitachi-Tone
River joins the Tone River, which flows from the west into the Pacific Ocean.
While most of the lower reaches of the water system are surrounded by rice
fields, Lakes Kasumigaura and Sotonasakaura and The Hitachi-Tone River are
partially facing urban areas (Geospatial Information Authority of Japan 2024).
In this study, we selected 14 sites in the Tone River system to be surveyed
for “S. cf. forticosta” in 2019-2022, based on the proximity to previous sites
surveyed in 2000 and 2005, and the possibility that the previous surveys
captured snails that flowed from upstream (Figure 1; Supplementary material
Table S1; Kurozumi and Okamoto 2002; Taiji Kurozumi unpublished data).
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Figure 1. A: Map of the lower reaches of the Tone River water system showing survey sites of Semisulcospira snails in surveys
conducted in 2000, 2005, and 2019-2022. B: Enlarged map of the Tone and Hitachi-Tone Rivers and Lake Sotonasakaura. The
numbered sites indicate where “S. cf. forticosta” was found, and their detailed localities are provided in Supplementary material
Table S1. Closed square, collection site of “S. cf. forticosta” in 2000; open squares, uncollected sites in 2000; closed triangle,
collection site of “S. cf. forticosta” in 2005; closed circle, collection site of living specimens of “S. cf. forticosta” and S. reiniana in
2022; double circle, collection site of a dead specimen of “S. cf. forticosta” in 2022; closed inverted triangles, sites where S. reiniana
were recorded in 2019-2022; open circles, sites where Semisulcospira species were not recorded in 2019-2022. The survey results
in 2000 and 2005 are in accordance with the unpublished data of Taiji Kurozumi.

We surveyed each site for 2-4 person-hours and collected snails using hand
and scoop nets. The presence/absence of Semisulcospira species was recorded.
All living and dead “S. cf. forticosta” snails encountered in this study and
some of the other freshwater molluscs found together were collected.

Twelve mature female specimens of “S. cf. forticosta” were selected from
the newly collected snails to examine protoconchs with their parents based
on the formation of their reproductive organs (Itagaki 1960). Teleconch,
protoconch, and radula specimens were prepared and cleaned according to
Sawada and Fuke (2022). In addition, teleoconchs and protoconchs of five
mature females of Semisulcospira reiniana (Brot, 1876) collected with “S. cf.
forticosta” were also examined for morphological comparison. Newly collected
Semisulcospira specimens were deposited in the Zoological Collection of Kyoto
University (KUZ Z5021-75023, Z5128, Z5139). Three voucher specimens
of “S. cf. forticosta” collected by Kurozumi and Okamoto (2002) and in a
subsequent survey in 2005 were also measured (Natural History Museum
and Institute, Chiba; CBM-ZM125674, CBM-ZM125675, and CBM-
ZM147569). The freshwater molluscs collected by the present surveys were
identified according to Masuda and Uchiyama (2010), and their scientific
names were obtained from MolluscaBase (2023).

Genetic analyses

The phylogenetic positions of the 12 specimens of “S. cf. forticosta” were
estimated using a mitochondrial marker, a fragment of the cytochrome ¢
oxidase subunit I (COI) gene. Genomic DNA was extracted from the muscle
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Table 1. Specimen list examined in this study with voucher numbers, accession numbers of International Nucleotide Sequence
Database (INSD) for COI sequences, clade names, and references. The clade names correspond to those of the Figure 3 in the
present study. Acronyms: CBM, Natural History Museum and Institute, Chiba; KUZ, Zoological Collection of Kyoto University;
ZMB, Malacological Collection of the Museum fiir Naturkunde, Berlin, Germany.

Species Voucher # INSD accession # Clade References
Semisulcospira forticosta KUZ 75022 LC778144 C3 This study
. . LC778137-LC778143, .
Semisulcospira sp. KUZ 75021, 725023 LC778146 Al This study
. . LC778145, LC778147, .
Semisulcospira sp. KUZ 75128 LC778148 A2 This study
Semisulcospira sp. CBM-ZM 125674 - - ﬁﬂg‘;z‘“m and Okamoto 2002; this
Semisulcospira sp. CBM-ZM147569 - - Ta}_] i Rurozumi unpublished data;
this study
Semisulcospira forticosta ZMB 114741b KY675021 A Kohler 2017
. . . ZMB 114708b, .
Semisulcospira reiniana ZMB 1147222 KT820612, KT820636 A Kohler 2017
. . .. ZMB 114718b, .
Semisulcospira decipiens ZMB 114765a KT820565, KT820569 A Kohler 2017
Semisulcospira kurodai ZMB 114713b KT820575 A Kohler 2017
ZMB 114762a,
Semisulcospira multigranosa ZMB 1147700, Eigggg;i’ Rl A Kohler 2017
ZMB 114775b
Semisulcospira nakasekoae ZMB 114732b KT820623 A Kohler 2017
Semisulcospira reticulata ZMB 114592 KT820553 A Kohler 2017
Semisulcospira libertina ZMB 114717 KT820614 B Kohler 2017
ZMB 114729,
Semisulcospira coreana ZMB 114733c, Eig;ggg?’ LOLTEZR Cl Kohler 2017
ZMB 114744a
ZMB 111992,
Semisulcospira gottschei ZMB 112961, §¥86 27 3 ;) ;’g - KT820549, Cc2 Kohler 2017
ZMB 114725¢
ZMB 111991,
Semisulcospira forticosta ZMB 114761b, Egggggig BES TR C3 Kohler 2017
ZMB 114774a
. o ZMB 111988, .
Semisulcospira libertina ZMB 1147054 KT820580, KT820607 C4 Kohler 2017
. L ZMB 114589, .
Semisulcospira libertina ZMB 1147402 KT820582, KT820599 C5 Kohler 2017
Hua jacqueti ZMB 114165 KT820543 out group Kohler 2017
Juga nigrina ZMB 106257 KT820544 out group  Kohler 2017

tissues of the feet based on the methods described by Okamoto et al. (2006)
using a protein precipitation solution (Promega Corporation). With the
primers LCO1490 and HCO2198 (Folmer et al. 1994), the polymerase
chain reaction, nucleotide sequencing, and alignment of a 658 bp section of
the COI gene were conducted following the methods by Sawada et al.
(2021), modifying the annealing temperature to 48 °C. The sequences were
deposited in the International Nucleotide Sequence Database Collaboration
through the DNA Databank of Japan (LC778137-LC778148).

Phylogenetic trees were reconstructed using maximum likelihood (ML)
with IQ-TREE v1.6.12 (Nguyen et al. 2015). The sequences used for molecular
phylogenetic analyses are listed in Table 1. The comparative sequences
obtained by Kohler (2017) were downloaded from GenBank. The best-fit
models for each partition of the COI sequence were calculated based on the
Bayesian information criterion and greedy algorithm using ModelFinder
implemented in IQ-TREE (Kalyaanamoorthy et al. 2017): TVM+F+R2 for
the 1% position, TNe+G4 for the 2™ position, and HKY+F+I for the 3" position.
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Figure 2. Semisulcospira specimens collected from the Tone River water system. A-D, P: “S. cf. forticosta” collected in 2005
(CBM-ZM 147569); C-O: “S. cf. forticosta” in the clades C3 (E-G; KUZ Z5022), Al (H-L; KUZ Z5022), and A2 (N-O; KUZ
75128) collected in 2022; Q-S: S. reiniana collected with “S. cf. forticosta” in 2022 (KUZ Z5139). Scale bars: 10 mm, teleoconch
(A, E, H, K, M, Q), operculum (B, F, I, N, R); 0.5 mm, protoconch (C, D, G, J, O, S), radula (P). Photo by Naoto Sawada.

The branch support of the ML phylogenetic tree was assessed by 1,000
non-parametric bootstrap replicates. The name of each clade in the tree was
identified according to Kohler (2017).

Morphological examination

The teleoconch specimens of “S. cf. forticosta” and sympatric S. reiniana
were photographed using a Nikon D7500 camera fitted with a Tamron SP
90 mm £/2.8 1:1 macro-lens. Images of the protoconchs were obtained using
a Leica MC170 HD digital camera mounted on a Leica M125C microscope.
The extracted radulae of “S. cf. forticosta” were photographed with a Hitachi
TM1000 scanning electron microscope. Measurements were obtained from
digital images using Image] v1.51k (Schneider et al. 2012). Thirteen
morphological characters of teleoconchs and protoconchs were measured
following Kohler (2017) and Sawada and Nakano (2021): teleoconch, basal
cord number, body whorl length, longitudinal rib number of penultimate
whorl, spire angle, spiral cord number of body whorl and penultimate whorl,
shell length, shell width, whorl number; protoconch, protoconch number,
shell length, shell width, whorl number.

Results

Field survey

The living “S. cf. forticosta” snails was recorded at locality #3 in Lake
Sotonasakaura on 26 February and 15 October in 2022 (Table S1; Figure 2).
More than 50 snails, including juveniles, were observed on rocks and sand
along the lake coast each day at the locality. The species were found with

Sawada et al. (2025), Biolnvasions Records 14(1): 6777, https://doi.org/10.3391/bir.2025.14.1.07 71


https://doi.org/10.3391/bir.2025.14.1.07
https://www.invasivesnet.org

)

&

INVASIVESHET

Introduced Korean Semisulcospira in Japan

44

62

56

93 KY675001

KY674996

KY674993

KY675038

KT820549

KT820550

LC778144 Lake Sotonasakaura08
KT820548

KY675026

%8 Ky675028

Kszol(fg 20580 | Semisulcospira libertina (C4)

96 KT820582 . P, .
KT820599 | Semisulcospira libertina (C5)
66 KT820569 Semisulcospira decipiens
KY675021  Semis: spira forticosta
58 99— KT820612  Semisulcospira reiniana
L KT820553 Semisulcospira reticulata
47— KT820621 Semisulcospira multigranosa

3 9 KT820623 isulcospi kasek
L k1820575 Semisulcospira kurodai

Semisulcospira coreana (C1)

Semisulcospira gottschei (C2)

Semisulcospira forticosta (C3)

KT820636 Semisulcospira reiniana

9 LC778137 Lake Sotonasakaura01
100| LC778138 Lake Sotonasakaura02 . .
LC778139 Lake Sotonasakaura03 Semisulcospira spp. (A)

LC778140 Lake Sotonasakaura04 Al
LC778141 Lake Sotonasakaura05
LC778142 Lake Sotonasakaura06
LC778143 Lake Sotonasakaura07
95 LC778146 Lake Sotonasakaural0

! KT820619  Semisulcospira multigranosa
L KT820565 Semisulcospira decipiens
LC778145 Lake Sotonasakaura09
|00‘ LC778147 Lake Sotonasakaurall | A2
99] | LC778148  Lake Sotonasakaura12
L KT820615 i

KT820614  Semisulcospira libertina | Semisulcospira libertina (B)

KT820544 Juga nigrina

KT820543 Hua jacqueti

Figure 3. Maximum likelihood (ML) tree for 658 bp COI sequences. Numbers on the nodes indicate the ML bootstrap values.
Information on the specimens used is presented in Table 1.

S. reiniana, Sinotaia quadrata histrica (Gould, 1859), Parafossarulus sp.,
Limnoperna fortunei (Dunker, 1857), and Corbicula fluminea (Miiller, 1774).
A fresh dead shell of “S. cf. forticosta” was also found at locality #4, another
site along the Hitachi-Tone River in Nitsukawa, lower reaches of Lake
Sotonasakura, approximately 1 km from the previous site (locality #2), on
12 February 2022. This species was not recorded at the other 12 sites surveyed
in this study. Semisulcospira reiniana was observed in the other three localities
(Figure 1).

Genetic analyses

Three mitochondrial haplotypes were identified in 12 specimens from Lake
Sotonasakaura. The reconstructed ML tree well supported the monophyly
of clades A, C1-3, and C5, respectively. The tree showed that one specimen
of “S. cf. forticosta” was positioned in the clade consisting of S. forticosta
(clade C3), while the other 11 snails were included in the clade A with Japanese
congeners (Figure 3). Among them, eight and three specimens represented
identical haplotypes (herein Al and A2, respectively). The close relationships
between the A1 haplotype and S. reiniana from Lake Biwa and between the
A2 haplotype and S. multigranosa (Boettger, 1886) [currently S. davisi Sawada
and Nakano, 2021 according to Sawada and Nakano (2021)] from the lake
were strongly supported in clade A.

Morphological examination

The previous voucher and most of the newly collected specimens of “S. cf.
forticosta” in the clade Al, A2, and C3 were morphologically similar to each
other in possessing an elongated teleoconch with distinct 3-5 basal cords,
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Table 2. Differential diagnoses of three Korean Semisulcospira species described by Kohler (2017) and the characteristics of “S. cf.
forticosta” collected from Lake Sotonasakaura, Japan. The clade names correspond to those of the Figure 3 in the present study.
Acronym: CBM, Natural History Museum and Institute, Chiba; KUZ, Zoological Collection of Kyoto University.

Species / specimen Spiral cord number on body whorl States of longitudinal sculptures States of spiral sculpture

S. coreana (clade C1) >10 weakly nodulated fine, weakly nodulated

S. gottschei (C2) 5-7 strongly nodulated coarse, strongly nodulated

S. forticosta (C3) 0 smooth lacked

KUZ 75022 (C3) 11 weakly nodulated fine, weakly nodulated
KUZ 75021, Z5023 (A1) 9-14 almost smooth to strongly nodulated  fine, weakly to strongly nodulated
KUZ 75128 (A2) 13-15 weakly nodulated fine, weakly nodulated
CBM-ZM 125674 15 weakly nodulated fine, weakly nodulated
CBM-ZM147569 15-16 weakly nodulated fine, weakly nodulated

10-12 distinct longitudinal ribs on penultimate whorls, and 11-15 fine spiral
cords on the body whorls (Table 2; Figure 2; Table S2). Additionally,
several specimens with less than 10 distinctively nodulated spiral cords or
with partially smooth longitudinal ribs were included in clade Al. Small,
beige-coloured protoconchs with two prominent keels in the central part of
whorls were also common in the lower whorls of the specimens. The radulae
of the previous voucher specimens possessed a large, pointed central denticle
and two to three minor cusps on each side of the rachidian and lateral
teeth. Four to five rounded denticles were found in the interior and exterior
marginal teeth. The specimens of S. reiniana represented 8-9 basal cords,
weak longitudinal ribs on upper whorls, and fine spiral cords on penultimate
to body whorls of elongated teleoconchs. The species possessed larger
protoconchs than “S. cf. forticosta”, with distinct longitudinal ribs and one
keel in the lower part of the whorls.

Discussion

Assessing the distribution and evaluating the taxonomic account is necessary
to clarify the status of “S. cf. forticosta” in the Tone River system. Three
Korean Semisulcospira species, S. forticosta, S. gottschei (Martens, 1886),
and S. coreana (Martens, 1886), exhibit similar protoconch and radula
morphologies (Ko et al. 2001; Kohler 2017). They can be discriminated at
the species level by spiral cord number on the body whorl and the states of
longitudinal and spiral sculptures on teleoconchs (Table 2; Kohler 2017).
The small protoconchs, pointed rachidian teeth, and broad cusps of the
lateral teeth of the introduced snails supported that they belonged to the
Korean species. In addition, the specimens of “S. cf. forticosta” and sympatric
S. reiniana were clearly discriminated by the number and status of teleoconch
sculptures, and the size and sculptures of protoconchs.

One mitochondrial sequence obtained from the newly collected “S. cf.
forticosta” was included in clade C3, which was previously identified as
S. forticosta (Kohler 2017). According to the original description of the
Korean species (Martens 1886) and the revision of their type materials (Kohler
2017), the absence of spiral sculpture typically distinguishes S. forticosta
from S. coreana and S. gosttchei. However, the newly collected C3 specimen
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possessed 11 weak spiral cords on its body whorl, which is characteristic of
S. coreana. Specimens with similar features to the C3 specimens were also
included in the specimens of clades Al and A2, with variation in the
number and distinctness of spiral cords in the Al specimens. According to
the C3 haplotype detected in the “S. cf. forticosta” snails, it is clear that the
true S. forticosta is included in the introduced population of Lake Sotonasakaura
and that the population represents greater morphological variations than
had previously been observed in the species. On the other hand, large
morphological variation detected in the clade A specimens may be caused
by the inclusion of other Korean species, and thus, the present study could
not determine whether all the specimens from Lake Sotonasakaura are
conspecific.

Most specimens collected from Lake Sotonasakaura possessed COI
haplotypes included in the clade A. Kohler (2017) treated this clade as the
“unusual clade” together with the clade B, and subsequently, they were
defined by Miura et al. (2020) as the mt-B clade that was incongruent with
nuclear phylogeny. This deeply divergent lineage has been estimated to have
originated from Lake Biwa endemics and introgressed into Japanese and
Korean riverine species without the formation of hybrid swamps (Miura et al.
2020). As mitochondrial DNA polymorphisms, both native and introgressed
haplotypes have been retained in Japanese and Korean species, including
S. forticosta (Kohler 2017; Miura et al. 2020; Figure 3). Furthermore, both
haplotypes have been detected from the same site in several Japanese
populations (Miura et al. 2020). Therefore, the close relationships among the
“S. cf. forticosta”, S. reinina, and S. multigranosa (currently S. davisi) in the
clade A is more likely to be attributed to the mitochondrial polymorphism
retained in the introduced snails, than interspecific hybridisation between
the native and introduced species. While further studies on the proportion
of the native and introgressed haplotypes in the native S. forticosta and the
fitness of the snail with each haplotype are needed, the rates of the
haplotypes of “S. cf. forticosta” observed in Lake Sotonasakaura may reflect
the proportion of each haplotype possessed by “S. cf. forticosta” when their
introduction occurred.

The establishment and dispersal conditions of “S. cf. forticosta” have not
been investigated since its first record (Kurozumi and Okamoto 2002).
During the present field surveys, numerous living snails, including juveniles,
were discovered; thus, it appears that populations of the introduced “S. cf.
forticosta” were already established in the Tone River system. In contrast to
the initial record of the species in the Hitachi-Tone River, the living snails
were not observed in that vicinity and was collected upstream of Lake
Sotonasakaura in the present study. Although the number of survey sites
was limited in this study, these occurrence records suggest that the current
distribution of the species is likely to be centred in the lake.

Seedlings, discarded exotic aquarium fish, and game fish introduced into
Lake Kasumigaura have led to the proliferation of numerous non-native
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tish species (Yanai et al. 2008). In the lake, a freshwater mussel species,
L. fortunei has estimated to be introduced into the lake together with
intentionally disposed Corbicula clams imported from China (Ito 2007). It
has been reported that living Semisulcospira snails were mixed into Chinese
cyrenid clams sold in supermarkets (Kurozumi 2001; Masuda and Uchiyama
2010). Corbicula clams are also consistently imported from Korea to Japan,
with approximately 2,000 tons imported in 1998 before the initial record of
“S. cf. forticosta” (Nakamura 2000). Based on surveys conducted in 2008-2010,
lots originating in the northeast and south of Korea were recorded (Akasaki
and Enomoto 2011). According to the possibility of transportation of
Semisulcospira species via other edible freshwater molluscs, the introduction
pathway of “S. cf. forticosta” may have a similar pattern to that of L. fortunei
in Kasumigaura.

Native Semisulcospira species, such as S. reiniana and S. libertina (Gould,
1859), are widely distributed in the lower reaches of the Tone River system
(Miyadi 1932; Iwasaki and Tonooka 1997). Co-occurrence of the introduced
“S. cf. forticosta” and S. reiniana was observed in Lake Sotonasakaura.
Decreases in the native species and populations of Semisulcospira, owing to
the introduction of Lake Biwa congeners, have been observed in several
places in Japan (personal observation by the first author). Consequently, it
is important to assess the negative effects of the introduced “S. cf.
forticosta” on the ecosystem of the Tone River system, including competition
with its congeners and possible decreases in native species.
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