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Fifty shades of white: morphological and molecular diversity
of the Cadlina laevis species complex (Gastropoda: Nudibranchia)

in the North-West Pacific
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ABSTRACT. We provide a morphological examination and a barcoding study to investigate the species
identity and variation limits within the Cadlina laevis species complex. Our molecular analysis based on the
COI marker revealed seven new clades in the North-West Pacific Cadlina diversity. The distances between
these clades are low in some cases (2.08—7.51% overall), and the species delimitation tests gave controversial
results (1, 2, 13, 14 groups, depending on the analysis method). This does not allow to conclusively classify
this diversity as interspecific or intraspecific. Morphological analysis showed a significant similarity of all
examined groups, with minor differences found in the morphology of the central tooth of the radula and the
reproductive system. However, these variations fit into the morphological variability of the North Atlantic
species Cadlina laevis s.str. and cannot serve as evidence of the isolation of these identified groups. The
discovered diversity may represent both a complex of at least 11 very close and cryptic species with not
well-established species boundaries, or be a part of a single amphiboreal species Cadlina laevis s.l. This
indicates an extremely complex evolutionary history of Cadlina laevis species complex, making this group

is an interesting model object for studying speciation in boreal and Arctic communities.
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PE3IOME. B nanHoii paboTe npeacTaBIeHBI aHAIN3
MOP(OIOTHH 1 OAPKOAUHT C TETHI0 H3YICHHSI BUOBOM
UICHTUYHOCTH U TPEICIOB M3MEHYHUBOCTH BHIIOBO-
ro xomiuiekca Cadlina laevis. Ham MonexkyasipHbIi
aHajm3, ocHoBaHHBIN Ha Mapkepe COI, BBIABHI ceMb
HOBBIX Ki1ag poxa Cadlina B ceBepo-3amaTHON 4acTh
Tuxoro okeaHa. [lomapHbIe TeHETHYCCKUE TUCTAHIIH
MEX]y 3TUMU KJIAJIaMU B PsJIC CIIy4acB HEBEJIUKH (B
nenom 2,08-7,51%), a TecTsl onpeneneHus BUI0BBIX
TpaHUII 1A TPOTUBOPEUYHBHIE pe3ynsratsl (1, 2, 13,
14 rpymm B 3aBUCUMOCTH OT MeToa aHanm3a). [lomy-
YCHHBIC PE3yJIbTaThl HE TTO3BOJISIFOT OTHO3HAYHO OTHE-
CTH BBISBJICHHOC Pa3HOOOpa3ue K MEKBHUIOBOMY HJIH
BHYTPHUBHUIOBOMY YpOBHIO. Mopdosornyeckuii anamms3
MOKa3aj 3HAYUTEIHHOE CXOACTBO BCEX HM3YUCHHBIX
TPYIIIL, TIPH TOM 00HAPYKEHO HECKOIIBKO HE3HAYHUTEITh-
HBIX Pa3IM4uii B MOP(OIOTHU LEHTPATBHOTO 3yOIa
pamysibl U oNoBoW cucTembl. OJIHAKO ATH BapUaIlluU
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YKJIQIBIBAIOTCS B MOP(OJIOrHYECKy0 N3MEHUYUBOCTD
ceBepoarnantuaeckoro Buna Cadlina laevis s.str. v He
MOTYT CIYXHTH JIOKa3aTeIbCTBOM O00OCOOICHHOCTH
BBIABJIEHHBIX rpynn. OOHapykeHHOE pa3zHooOpasue
MOXET IPEJICTaBIATh COOOI Kak KOMILIEKC U3 He
MeHee 11 oueHb OIM3KUX, KPUITUIESCKUX BHIOB C HE
YETKO YCTaHOBJICHHBIMHU BHOBBIMU I'PAHULIAMH, JTHOO
BXOIIUTh B COCTaB €AMHOrO aM(puOOpeaIbHOro BUIA
Cadlina laevis s.l. 9T0 CBUIETENbCTBYET O UpE3BBIYAN-
HO CJIO’KHOW HCTOPHH DBOJFOLIMH BHJOBOTO KOMILIEKCA
Cadlina laevis, 94T0 nenaer 3Ty IPYIIy HHTEPECHBIM
MOICIIbHBIM O6’I)eKTOM JUTA UBYUCHUSL BI/I[[OO6paBOBaHI/I$[
B OOpeaTbHBIX U APKTHUECKUX COOOIIECTBAX.

Introduction

The nudibranch genus Cadlina Bergh, 1879
(Gastropoda: Nudibranchia) is widely distributed,
but more speciose in temperate and cold oceans
[Schrodl, 2000; Do et al., 2020]. Of the approximate
30 species of Cadlina currently considered as valid
[Schrodl, 2000; Do et al., 2020; Korshunova et al.,
2020] only a handful are found exclusively in the
tropics [Camacho-Garcia et al., 2005; Valdés et al.,
2006] and this group appears to be completely absent
from the tropical Indo-Pacific [Gosliner ez al., 2018].
The systematics of Cadlina has been problematic,
the genus was historically classified as a basal Chro-
modorididae because of its radular morphology with
denticulate teeth and the presence of conspicuous
mantle glands [Rudman, 1984]. However, Rudman
[1984] noted some differences with other Chromo-
dorididae, including a complex spicule network and
the seminal receptable connecting to a duct instead
of directly to the vagina. More recently, Cadlina
was transferred back to the family Cadlinidae along
with genus Aldisa Bergh, 1878 [Johnson, 2011],
based on molecular phylogenetic analyses. Species
of Cadlina display euryphagy on several sponge
taxa, from which they obtain terpenoids [Cimino,
Ghiselin, 2009]. At least one species is able to syn-
thesize terpenoids de novo and accumulate them in
their tissue and egg masses [Dumdei et al., 1997],
suggesting these chemicals play important defensive
roles in Cadlina.

Among dorid nudibranchs only two sponge feed-
ers have been able to colonize subarctic and Arctic
waters (the Barents Sea, the White Sea): Cadlina lae-
vis (Linnaeus, 1767) and Doris pseudoargus Rapp,
1827 [Martynov et al., 2006; Laakkonen et al., 2021].
However, recent studies have shown that C. laevis is a
species complex, represented by at least four species
[Korshunova ef al., 2020], with the nominal species
C. laevis restricted to the North Atlantic and Arctic,
and other three species found in the Pacific. This may
be indicative of the allopatric nature of the speciation
of'the C. laevis complex, possibly resulting from the
Pleistocene climatic fluctuations [Ekimova et al.,

2019; Laakkonen ef al., 2021]. However, material
from only a few areas in the North Pacific has been
studied, and further investigation of the C. laevis
species complex is needed to determine what drivers
shaped the diversification of this group.

The main goal of this study is the comparative
morphological analysis of putative species of C.
laevis species complex in the North-West Pacific,
supported by mtDNA data (barcoding) and species
delimitation analyses.

Material and methods

Collection data

Specimens for this study (n = 111) were col-
lected during various expeditions and field trips in
the 2019-2022 period (Table S1, Fig. 1). Specimens
from the White Sea were collected near the White Sea
Biological Station (66°33°29.2”N, 33°06°19.6”E) by
scuba diving from 5-15 m depth. A single sample
from the Barents Sea was collected in Teriberka
Bay (69°11.172°N, 035°07.964’E) by scuba diving
from 12—-14 m in depth. Specimens from the Sea of
Japan were collected by scuba diving at depths of
0.5-18 m, in three localities: (1) near Vladivostok
(43°03°25.9”N, 131°50°24.3”E), (2) Rudnaya Bay
(44°20.057°N, 135°50.373’E) and (3) Oprichnik
Bay (44°26°31.4”N, 135°59°40.6”E). Twenty-four
specimens were collected during an expedition on
board the R/V “Akademik Oparin” (Russia) to the Sea
of Japan in July 2021 using an Agassiz trawl (AGT),
at depths of 56212 m. Finally, four specimens were
collected during an expedition on same vessel to the
Sea of Okhotsk near Urup, Iturup and Shikotan Is.,
July-August 2019, of them, three specimens were
collected by scuba diving from depths of 5-16 m
and one specimen by AGT, at depths of 263—273 m.

Most specimens were photographed alive in the
laboratory and then preserved individually in collec-
tion vials, except those collected during expedition
on the R/V “Akademik Oparin” these specimens were
initially identified on board by external morphology
(mainly by coloration: presence of yellow margin,
yellow dots on notum, etc.), and preserved accord-
ing to the initial identifications (many specimens of
similar coloration in the same collection vial, pho-
tographs were taken only for a single specimen in
each lot). All specimens were preserved in 96% EtOH
and stored at -20°C to prevent DNA degradation.
Voucher specimens are deposited in the collections
of the National Scientific Center of Marine Biology
(MIMB). Detailed sampling localities and voucher
numbers for each specimen are given in Table S1.

DNA extraction, amplification, sequencing

Total genomic DNA was extracted from tissue
samples preserved in 96% EtOH (Table S1) follow-



Cadlina laevis species complex in the North-West Pacific

51

80°N

70°N

XN

e

(2]
o

o
z

e &

Latitude

a1
o

o
=z

P A}

40°N

3000 km
Y

30°N

p)

20°E 40°E 60°E 80°E

100°E 120°E 140°E 160°E

Longitude

e Cadlina kamchatica e Cadlina sp. 1 e Cadlina sp. 4 ® Cadlina sp. 7

e Cadlina laevis
e Cadlina paninae

© Cadlina sp. 2 e Cadlina sp. 5 © Cadlina umiushi
e Cadlina sp. 3 e Cadlina sp. 6

FIG. 1. Map of the North-West Pacific and Russian Arctic representing collection sites and type localities of described species

of the Cadlina laevis species complex.

PUC. 1. Kapra CeBepo-3anannoii yactu Tuxoro okeana u Poccuiickoii ApKTHKH, ¢ yKa3aHHEM TO4YeK cOopa M THITOBBIX
MECTOHAXO0XK/ICHHH OMMCaHHBIX BUIOB U3 Komiuiekca Cadlina laevis.

ing the invertebrate protocol of the Canadian Cen-
ter for DNA Barcoding [Ivanova ef al., 2006]. We
performed an amplification of partial mitochondrial
cytochrome ¢ oxidase subunit I (COI) following
methods described in Ekimova et al. [2019, 2021].
For sequencing, 1-2 pL of amplicons were purified
by EtOH + Ammonium acetate precipitation [Oster-
burg et al., 1975]. Sequencing was performed with
a NovaDye Terminator Cycle Sequencing Kit by
GeneQuest (Moscow, Russia). Sequencing reactions
were analyzed using an ABI 3500 Genetic Analyser
(Applied Biosystems) at N.K. Koltsov Institute of
Developmental Biology (Moscow, Russia). All
novel sequences were submitted to NCBI GenBank
(Table S2).

Molecular phylogenetic analysis

All sequences obtained were assembled and
checked for erroneous base-calling using Geneious
R10. Assembled sequences were compared to the
publicly available Cadlina sequences using the
BLAST-n algorithm over the GenBank nr/nt database
for verification of possible contamination. For the
phylogenetic analysis a previously published dataset
from Korshunova ef al. [2020] was used, the full list
is presented in Table S2. Original data and published

sequences were aligned with the MUSCLE [Edgar,
2004] algorithm in MEGA 7 [Kumar et al.,2016]. Due
to the high number of identical sequences in original
data (many specimens of C. umiushi and C. laevis,
see Results section), many of them were removed
from the final alignment as they are not phylogeneti-
cally informative. Saturation was checked by plotting
the total number of pairwise differences (transitions
and transversions) for all specimens (including the
outgroup) against uncorrected p-distances, saturation
was further examined separately for the first, second,
and third codon positions. The best-fit nucleotide
evolution model for reconstructions was selected in
MEGAT7 [Kumar et al., 2016], GTR+G+I model was
chosen. The final alignment included 645 bp. The
Bayesian phylogenetic analysis with estimation of
posterior probabilities was performed in MrBayes
3.2 [Ronquist, Huelsenbeck, 2003]. Markov chains
were sampled at intervals of 500 generations. Two
runs of 107 generations with four chains (one cold
and three heated) were performed. The convergence
was checked using TRACER v1.7.1 [Rambaut et al.,
2018]. Maximum likelihood phylogeny inference
was performed in the HPC-PTHREADS-AVX option
of RaxML HPC-PTHREADS 8.2.12 [Stamatakis,
2014] with number of pseudoreplicates inferred by
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autoMRE option. Final phylogenetic tree images
were rendered in FigTree 1.4.0 and further modified
in Adobe Illustrator CS 2015.

Species delimitation

We used three molecular species delimitation
methods (ASAP, GMYC, PTP) to confirm the status
of recovered clades as putative candidate species.
ASAP analysis [Puillandre et al., 2021] was run
using the online version of the program (https://bio-
info.mnhn.fr/abi/public/asap/asapweb.html, accessed
on 10 June 2023) with the Kimura 2-parameter
model and other settings remained default. Also, two
separate analyses of Poisson Tree Processes (PTP)
method based on the Maximum likelihood (mPTP)
and Bayesian inference (bPTP) were conducted
[Zhang et al., 2013]. These tests were run using the
PTP Server http://species.h-its.org/ptp/ (accessed
on 10 June 2023) with 500000 generations and with
other settings (thinning, burn-in and seed) set as de-
fault. The Bayesian phylogenetic trees inferred using
single-gene COI dataset was used as an input tree.
Additionally, we ran the General Mixed Yule-Coales-
cent (GMYC) test proposed by Pons et al. [2006] and
implemented by Fujisawa and Barraclough [2013].
COl-based tree was calculated using BEAST 2.7
[Bouckaert et al., 2019] and then analyzed in the R
environment package splits, following Fujisawa and
Barraclough [2013]. Uncorrected p-distances were
calculated in MEGA 7 [Kumar et al., 2016].

Population genetic analysis

Haplotype networks based on the COI dataset
were constructed using PopART 1.7 (http://popart.
otago.ac.nz, assessed on 23 June, 2023) with the
TCS network algorithm [Clement et al., 2002]. For
the analysis, all sequenced specimens were included
and also all available GB or BOLD sequences were
added to the alignment [total number of specimens
= 134 (Table S2)]. Resulting networks were edited
in Adobe illustrator CS 2015 to highlight certain
features.

Morphological analysis

The number of specimens used for each analysis
is summarized in the Table 1. External features were
examined under an Olympus SZ51 stereomicroscope
(Olympus Corporation, Japan) and by examining
photographs of live animals. The buccal armature
(radula and labial cuticle) was extracted by dissection
of the head region. Firstly, the buccal mass with the
radula, odontophore, and labial cuticle was removed
and dehydrated in a rising series of ethanol and ac-
etone, critically-point dried, mounted on an alumi-
num stub, and sputter-coated with gold or a mixture
of platinum and palladium. Examinations of intact
odontophores and labial cuticle were performed with
the scanning electron microscopes (SEM) JEOL

JSM 6380LA or JEOL JSM 7000 (JEOL, USA).
After examinations dried radulae, odontophores, and
labial cuticles were again placed in distilled water for
1-2 days until full rehydration, and then placed in a
10% sodium hypochlorite solution to fully dissolve
soft tissues. Afterwards, the radula was washed with
distilled water 5 times, 15 minutes each, air-dried,
mounted on an aluminum stub, sputter-coated with
gold or a mixture of platinum and palladium and
examined under the SEMs.

The reproductive organs were examined and
sketched under an Olympus SZ51 stereomicroscope
(Olympus Corporation, Japan). For species in which
the penis was everted, we performed examination
of the penial spine morphology using SEM. Penises
were removed from the reproductive systems, criti-
cally point dried using the same procedure described
above, mounted on an aluminum stub, sputter-coated
with gold or a mixture of platinum and palladium and
examined with the SEMs.

Morphological and molecular data for Cadlina
sp. MIMB42230 have been already published in
Ekimova et al. [2021], but several features (i.e.,
denticulation of first lateral teeth) were re-examined
in this study.

Abbreviations

EA — Eastern Atlantic; NEP — North-East Pacific;
NWP — North-West Pacific TWA — Tropical Western
Atlantic; TWP — Temperate Western Pacific.

Results

Phylogenetic analysis

Single-gene COI tree revealed high support of
most clades of low taxonomical levels (= candidate
species), but the phylogenetic relationships between
them were not resolved or supported in some cases.
Trees based on both Maximum Likelihood (ML) and
Bayesian Inference (BI) displayed similar topologies,
resolutions, and nodal supports (Fig. 2, Fig. S1).
The genus Cadlina was recovered as monophyletic
with high nodal support (posterior probabilities from
BI - PP = 1; bootstrap values from ML — BS = 96).
Within this genus, several major monophyletic
groups were recovered: (1) a clade grouping C. /u-
arna (Er. Marcus et Ev. Marcus, 1967) (NEP), C.
rumia Er. Marcus, 1955 (TWA), C. flavomaculata
MacFarland, 1905 (NEP), C. sparsa (Odhner, 1922)
(Chile), C. modesta MacFarland, 1966 (NEP) (PP =
1; BS=72), (2) C. luteomarginata MacFarland, 1966
(NEP) and C. sylviaearleae Korshunova et. al., 2020
(NEP) (PP = 1; BS = 100), (3) C. jannanicholsae
Korshunova et. al., 2020 (NEP), C. japonica Baba,
1937 (TWP) and C. klasmalmbergi Korshunova et.
al., 2020 (NEP) (PP = 0.99; BS = 100) and (4) C.
laevis species complex, including C. laevis s.str., C.
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FIG. 2. Maximum Likelihood phylogenetic tree based on the COI-based dataset, species-level clades and outgroups are col-
lapsed to a single branch, except representatives of the Cadlina laevis species complex. Specimens studied in this work
are highlighted in bold. Numbers above branches indicate posterior probabilities from Bayesian inference, numbers bellow
branches show bootstrap supports from Maximum likelihood analysis. Blocks on the right indicate species delimitation
results, number refers to respective operational taxonomical unit. Respective photographs of studied specimens are given

on the right.

PUC. 2. OusioreHeTH4eCKoe IePEeBO, MOCTPOSHHOE METOI0M MaKCHMAIILHOTO MPAB/IOIO00MS, OCHOBAHHOE HA BHIPABHUBAHUN
o rery COI, k1a/ibl ¥ BHEIITHHE TPYIIITBI HA yPOBHE BHJIA CKOJUIATICUPOBAHBI B OJIHY BETBb, 38 HCKITIOYEHUEM MPEACTABUTENCH
BuioBoro komiuiekca Cadlina laevis. OOpa3iibl, U3y4eHHbBIC B JAaHHOW paboTe, BbIACICHBI )KUPHBIM HipudTom. Yuncna Haz
BETBSIMH 0003HAYAIOT AllOCTEPHOPHBIE BEPOSITHOCTH 0AECOBCKOTO aHAaJIN3a, YKMCIIa MOl BETBIMHU TTOKA3BIBAIOT OYTCTpEI-
MOJJICPXKKY aHalM3a MaKCUMAJIBHOTO TPaBaonoao0us. bioku crnpaBa 0603HAaYatOT Pe3ysbTaThl TECTOB Ha OMpPEICICHHE
BHUJIOBBIX IPAHUII, HOMEP OTHOCHTCSI K COOTBETCTBYIOIIEH OTEPATUBHON TAKCOHOMHUUECKOU equnmie. CripaBa IMPUBEICHBI

(hotorpadun HM3yUEHHBIX SK3EMILISIPOB.

kamchatica Korshunova, Picton, Sanamyan et Mar-
tynov, 2015, C. paninae Korshunova et. al., 2020, C.
umiushi Korshunova, Picton, Sanamyan et Martynov,
2015 and several Cadlina spp. from the North-West
Pacific. Also, Cadlina sp. CASIZ175547 and C. pel-
lucida (Risso, 1826) (EA) were recovered as derived
singletons and unresolved deep relationships with
major clades described above. Within the C. laevis
species complex, C. umiushi was monophyletic
(PP =1, BS =87), and C. laevis was monophyletic
in the Bl analysis (PP = 1), but contained two distinct
monophyletic units (C. laevis I and C. laevis 11, PP
=1 in both cases, Fig. S1). In the ML tree the rela-
tionships between C. laevis I and C. laevis 11 were
unresolved. North-West Pacific species C. paninae
and C. kamchatica formed two monophyletic and

highly supported clades (PP =1, BS = 100). Several
specimens from the Sea of Japan (named Cadlina
sp. 3 herein, Fig. 2) formed a monophyletic group
with high support (PP = 1, BS = 93), which was re-
covered sister to C. kamchatica (PP =1, BS = 80).
Another specimen from the Sea of Japan, Cadlina sp.
MIMB47978 (named Cadlina sp. 4 herein, Fig. 2)
was recovered as a derived singleton, sister to all spe-
cies from the C. laevis species complex (PP=1,BS =
72). Four specimens from the Sea of Okhotsk (Kurile
Islands) formed four derived singletons. Cadlina sp.
MIMB47971 (named Cadlina sp. 1 herein, Fig. 2)
together with Cadlina sp. MIMB42230 (named Cad-
lina sp. 2 herein, Fig. 2) (PP =0.96, BS = 51) were
recovered as sister to C. paninae (PP =0.92, BS =
63). Cadlina sp. MIMB47979 (named Cadlina sp. 5
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Table 1. Intra- and interspecific uncorrected p-distances (%) based on the COI gene.

Tabn. 1. BHyTpu- 1 MeXBHI0BbIE HECKOPPEKTUPOBAHHBIE OMAPHBIE JUCTAHINH (B %), mocuuTanHble 1o reny COL.

. C. . C. Cadlina | Cadlina | Cadlina | Cadlina | Cadlina | Cadlina | Cadlina Lo
Species .| C. laevis . C. umiushi
kamchatica paninae sp. 1 sp. 2 sp. 3 sp. 4 sp. 5 sp. 6 sp. 7
C.
kamchatica 0.16-0.32
C. laevis 3.69-4.97 0-2.40
C. paninae  4.65-4.97 4.17-4.65 0
Cadlina 4 33 465 465561 417 n/a
sp. 1
Cadlina 4 97513 385497 433 3.85 n/a
sp. 2
C‘Slgl’s”” 208-272 337465 4.17-449 3.69-385 4.17-449  0-0.32
C::lf“ 6.25-6.57 5.61-6.57 625 5.93 721 577-609  nla
Cadlina
.5 5.77-5.93 4.49-4.97 5.13 5.29 5.61 4.65-4.81 6.73 n/a
Cadlina
. 6 6.09-6.41 4.97-5.61 5.29 4.81 5.13 5.13-5.29 6.57 2.08 n/a
Cadlina
sp. 7 4.81-5.29 4.81-5.13 4.97-5.13 5.93-6.09 6.41-6.57 4.33-4.65 5.93-6.09 3.37-3.53 4.17-4.33 0-0.16
C. umiushi  4.33-5.13 4.17-4.97 5.13-5.45 5.61-6.09 5.29-5.77 4.33-4.97 5.93-6.09 3.69-3.85 4.01-4.33 2.88-3.53 0-0.64

herein, Fig. 2) and Cadlina sp. MIMB47980 (named
Cadlina sp. 6 herein, Fig. 2) clustered together (PP =
1, BS = 97), but their relationships with other repre-
sentatives of the C. laevis species complex received
very low support. Finally, three specimens from the
Sea of Japan (MIMB47981-MIMB47983 named
Cadlina sp. 7 herein, Fig. 2) form a single monophy-
letic group (PP = 1, BS = 100), whose relationships
to other species from the C. laevis species complex
were unresolved.

Species delimitation

Species delimitation analyses based on different
approaches resulted in different number of recovered
operational taxonomical units (OTUs). In ASAP the
lowest ASAP score (1.0) was received for partition
with 13 OTUs, with all studied specimens of C. laevis
species complex constituting a single OTU (Fig. 2).
A scenario with 21 OTUs, which corresponded to
the initial species hypothesis in most cases, received
much higher ASAP score (4.5) (Fig. S2). Further-
more, mPTP also suggested a ‘lumping’ scenario
with only 2 OTUs recovered within the C. laevis
species complex (Figs 2, S4) and 14 OTUs in total
(Cadlina sp. 4 was recovered as separate group, while
the rest diversity of the C. laevis species complex
was united in a single group). bPTP produced very
different result with 25 OTUs in total (Figs 2, S4),
and 13 OTUs recovered within the C. laevis species
complex, however two groups were observed within

both C. laevis s.str. and C. paninae. Finally, GMYC
resulted in a ‘splitting” hypothesis, with 14 OTUs
within the C. laevis species complex (27 in total),
with three separate OTUs within C. /aevis s.str. and
two within C. umiushi (Figs 2, S3).

Calculated p-distances of the COI marker among
lineages of the C. laevis species complex are pre-
sented in Table 1.

To sum up, the results of the species delimita-
tion analyses gave inconclusive results suggesting
either the presence of a complex of closely related
incipient species or a single species with genetically
distinct populations and rather restricted gene-flow
between them.

Haplotype network

The COI-based TCS haplotype network (Fig. 3)
was well-structured and corroborated the results of
the molecular phylogenetic and species delimitation
analyses (Fig. 2). Overall, putative species formed
separate haplotypes/haplogroups differed in 13-27
substitutions. Haplotypes of two species, C. laevis
and C. umiushi formed two heterogeneous groups
with high intraspecific haplotype diversity. Within
C. umiushi most specimens were recovered in a
single common haplotype, and eight specimens were
represented by five haplotypes, which differed from
the common haplotype by 1-2 mutation steps. Also,
two specimens from Korea had two unique haplo-
types, differed by six substitutions from haplotypes
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FIG. 3. COI haplotype network of Cadlina laevis species complex produced with TCS method in PopART. Colours of circles
refer to the geographic origin of each haplotype. The relative size of circles is proportional to the number of sequences of

that same haplotype.

PUC. 3. Cers ramnorunos COI xommutexca BunoB Cadlina laevis, nomydennas merogoM TCS B PopART. I{Beta kpyxKoB
0003HaYaIOT reorpaduyecKoe MPOUCXOKACHUE KaXKI0T0 ramiotiina. OTHOCHTENBHBIN pa3Mep KPY’KKOB IPOIOPIIMOHAJICH
KOJIMYECTBY IOCIICI0BATEIBHOCTEH OJHOTO ¥ TOTO 7K€ TallIOTHIIA.

represented by specimens from the Sea of Japan
Russian coast. The haplotype network of the North-
East Atlantic and subarctic C. laevis displayed high
geographic structure. Specimens were represented by
18 haplotypes, among which two were most common
and contained specimens exclusively from the White
Sea (1) and from the North Sea (2), there were three
mutation steps between these haplotypes, the rest
haplotypes were represented by 1-2 specimens and
differed from the most common ones by 14 substi-
tutions. Specimens MIMB47948, MIMB47958 and
MIMB47938 formed a diverged haplogroup, with

nine substitutions separating them from the North
Sea haplotypes.

Morphological analysis

Morphological traits of studied specimens are
summarized in Table S3. Overall, the main differenc-
es in external morphology were related to coloration,
especially to the presence/absence of pigmented notal
spots, the presence and color of subepidermal glands,
the presence/absence of a pigmented lines along no-
tal margin (Figs 2, 4). Cadlina sp. 1 (MIMB47971)
and Cadlina sp. (MIMB42230) did not possess any
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FIG. 4. Photos of studied specimens from different localities, all measurements are indicated in preserved state. A. Cadlina laevis,

MIMB47953, White Sea, 16 mm in length. B. Cadlina laevis, MIMB47970, Barents Sea, 13 mm in length. C. Cadlina laevis,
MIMB47948, White Sea, 10 mm in length. D. Cadlina laevis, MIMB47965, White Sea, 9 mm in length. E. Cadlina laevis,
MIMB47958, White Sea, 10 mm in length. F. Cadlina sp. 1, MIMB47971, Urup Is., Sea of Okhotsk, 22 mm in length. G.
Cadlina sp. 2, MIMB42230, Iturup Is., Sea of Okhotsk, 18 mm in length. H. Cadlina sp. 3, MIMB47974, Sea of Japan, 10
mm in length. I. Cadlina sp. 3, MIMB47972, Sea of Japan, 15 mm in length. K. Cadlina sp. 5, MIMB47979, Iturup Is., Sea
of Okhotsk, 11 mm in length. L. Cadlina sp. 7, MIMB47981, Sea of Japan, 25 mm in length. M. Cadlina sp. 6, MIMB47980,
Shikotan Is., Sea of Okhotsk, 29 mm in length. N. Cadlina umiushi, MIMB48000, Sea of Japan, 17 mm in length.

PUC. 4. dortorpadun n3y4eHHBIX SK3EMIUIIPOB U3 Pa3HBIX PETHOHOB, pa3Mep Tena yKazaH Il (UKCHPOBAHHOTO COCTOSHHSL.

A. Cadlina laevis, MIMB47953, benoe mope, niuna 16 mm. B. Cadlina laevis, MIMB47970, bapeniieso mope, anuHa 13
mM. C. Cadlina laevis, MIMB47948, benoe mope, amunaa 10 mm. D. Cadlina laevis, MIMB47965, benoe mope, aniHa 9
mM. E. Cadlina laevis, MIMB47958, benoe mope, muna 10 mm. F. Cadlina sp. 1, MIMB47971, o. ¥Ypyn, Oxotckoe Mope,
mHa 22 MM. G. Cadlina sp. 2, MIMB42230, o. Utypyn, Oxotckoe Mope, umHa 18 MM. H. Cadlina sp. 3, MIMB47974,
Snonckoe mope, mHa 10 Mum. L. Cadlina sp. 3, MIMB47972, SInonckoe mope, nimuna 15 mm. K. Cadlina sp. 5, MIMB47979,
o. Utypym, Oxorckoe mope, aiuHa 11 mm. L. Cadlina sp. 7, MIMB47981, SInonckoe mope, juymna 25 mMm. M. Cadlina sp. 6,
MIMB47980, o. lllukoran, Oxorckoe mope, umHa 29 mM. N. Cadlina umiushi, MIMB48000, SinoHckoe Mope, arHa 17 M.

pigmented spots and colored dots on notum or notal
margin and no clear signs of yellow notal glands
(Figs 2; 4F, G), while both notal yellow spots, yel-
low subepidermal glands and marginal yellow line

were characteristic for Cadlina sp. 5 (MIMB47979),
Cadlina sp. 6 (MIMB47980) and C. umiushi (Figs
2; 4K, M, N). Unfortunately, only several photos
were taken for all specimens representing Cadlina
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FIG. 5. Buccal armature of Cadlina laevis s.str., specimens from the White Sea (SEM). A. MIMB47939, radula. B. MIMB47939,
anterior radular portion, rachidian and inner lateral teeth. C. MIMB47939, same as B, enlarged. D. MIMB47939, anterior
radular portion, outer lateral teeth. E. MIMB47939, odontophore with radula. F. MIMB47939, labial cuticle. G. MIMB47939,
labial cuticle rodlets. H. MIMB47963, radula. I. MIMB47963, middle radular portion, rachidian and inner lateral teeth. K.
MIMB47963, middle radular portion, rachidian and innermost laterals. L. MIMB47963, outer lateral teeth. M. MIMB47963,
odontophore with radula. N. MIMB47963, labial cuticle. 0. MIMB47963, labial cuticle rodlets. Scale bars: A, E, H =200
um; B, D, I=50 pm; C, K, L, N=20 pm; F, M =100 um; G =10 pm; O =5 um.

PUC. 5. bykkanbHoe Boopyxkenue Cadlina laevis s.str., ocoou u3 benoro mopst (COM). A. MIMB47939, panyna. B. MIMB47939,
TIepeIHSAS 9acTh paaylibl, HEHTPaJIbHbIC U BHYTpeHHHE aTepanbhblie 3yosr. C. MIMB47939, o ke, uto B, yBenuuennoe. D.
MIMB47939, iepenssist 4acThb paIy/bl, BHEIIHKE TatepasibHbie 3y0obl. E. MIMB47939, onontodop ¢ paxymnoit. F. MIMB47939,
nabuanbHast KyTukyna. G. MIMB47939, ponnerst mabuansHoi kytukynsl. H. MIMB47963, pamymna. I. MIMB47963, cpenusist
YacTh paayJibl, IEHTPAJIbHbIC i BHyTpeHHHUE narepanbHble 3yosl. K. MIMB47963, cpenHsist 4acTb paayibl, HEHTPaIbHbIC H
BHYTpEHHUe JatepansHble 3yost. L. MIMB47963, napyx#sle narepanbasle 3y0osr. M. MIMB47963, onortodop ¢ pamymoi.
N. MIMB47963, nabuanpnas kytukymna. O. MIMB47963, poanerst tabuansHol KyTHKY/I6I. MacmtabHble TuHEHKH: A, E,
H =200 mxm; B, D, I =50 mxm; C, K, L, N =20 mxm; F, M = 100 mxm; G = 10 mxm; O =5 MkMm.
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FIG. 6. Buccal armature of Cadlina sp. 1 (MIMB47971, Urup Is., Sea of Okhotsk) and Cadlina sp. 2 (MIMB42230, Iturup
Is., Sea of Okhotsk) (SEM). A. Cadlina sp. 1, radula. B. Cadlina sp. 1, anterior radular portion, rachidian and lateral teeth.
C. Cadlina sp. 1, rachidian and innermost lateral teeth. D. Cadlina sp. 1, outer lateral teeth. E. Cadlina sp. 1, outer lateral
teeth. F. Cadlina sp. 1, labial cuticle rodlets. G. Cadlina sp. 2, anterior radular portion, rachidian and inner lateral teeth. H.
Cadlina sp. 2, outer lateral teeth. I. Cadlina sp. 2, labial cuticle rodlets. Scale bars: A= 500 um; B =300 um; C = 50 pm;
D,E=100 pm; F =20 pm; G, H=30 um; [ =10 pm.

PUC. 6. BykkanbHoe Boopyxkenue Cadlina sp. 1 (MIMB47971, o. Ypyn, Oxorckoe mope) u Cadlina sp. 2 (MIMB42230, o.
Utypym, Oxorckoe mope) (COM). A. Cadlina sp. 1, panyna. B. Cadlina sp. 1, nepenHsis 4acth paayiibl, ICHTPAIbLHBIC U
BHyTpeHHHE natepanbHble 3yOrl. C. Cadlina sp. 1, ueHTpanbHbIE U BHYTpeHHHUE Jarepanbhbie 3yObl. D. Cadlina sp. 1,
BHerHue yarepanbhele 3y0osl. E. Cadlina sp. 1, BHemnue narepanbubie 3yobl. F. Cadlina sp. 1, aneMeHThl n1abuanbHOI
kyTuKynsl. G. Cadlina sp. 2, mepeHsis 9acTh paayibl, IEHTpaIbHbIC U BHYyTpeHHHUE arepanbHble 3yosl. H. Cadlina sp. 2,
BHemrHue jarepanbHbie 3yobl. I. Cadlina sp. 2, aneMenTs! 1abuanbHO# KyTHKYIbI. Macurabusle nmuneikn: A = 500 MkM;
B =300 mxMm; C =50 mxm; D, E =100 mxm; F =20 mxm; G, H =30 mxm; [ = 10 MxM.

sp. 3 and Cadlina sp. 4, so the precise identification 3 contained both pigment-less and pigmented forms
of their specific traits in coloration was not possible (Fig. 4H, I). In the case of Cadlina sp. 7 most speci-
(see explanation in the Material and Methods section, mens lacked pigmented spots on notum, possessed

Fig. 2). However, we suggest that at least Cadlina sp. subepidermal yellow glands and in one specimen
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FIG. 7. Buccal armature of Cadlina sp. 3 from the Sea of Japan (SEM). A. MIMB47975, radula. B. MIMB47975, anterior radu-
lar portion, rachidian and inner lateral teeth. C. MIMB47975, anterior radular portion, outer lateral teeth. D. MIMB47976,
radula. E. MIMB47976, anterior radular portion, rachidian and inner lateral teeth. F. MIMB47976, anterior radular portion,
outer lateral teeth. G. MIMB47976, odontophore with radula. H. MIMB47976, labial cuticle. I. MIMB47976, labial cuticle
rodlets. J. MIMB47973, anterior radular portion, rachidian and inner lateral teeth. K. MIMB47973, anterior radular portion,
outer lateral teeth. L. MIMB47973, labial cuticle rodlets. Scale bars: A, D, H= 500 pm; B, C, F, ] = 50 um; E = 100 pm;
G =200 pm; I, L=10 pm; K =20 um.

PUC. 7. Bykkansaoe Boopyxerue Cadlina sp. 3 u3 Slnonckoro mopst (SEM). A. MIMB47975, panyna. B. MIMB47975, nepenusst
4acTh Padyiibl, IEHTPAJIbHbIC U BHyTpeHHHUE Jarepaibabie 3yOpl. C. MIMB47975, nepennss 4acTh paayiabl, BHEUIHHE
narepainbhble 3yOsl. D. MIMB47976, panyna. E. MIMB47976, nepenusisi 4acTh pajyiibl, HEHTPAJIbHbIC U BHYTPCHHHE
narepaibHbie 3yOsl. F. MIMB47976, nepenusist 4acThb pamyiisl, BHEIIHHE JIaTepaibHble 3yObl. G. MIMB47976, onontodop
¢ pagymnoii. H. MIMB47976, nabuanbhast kytukyna. I. MIMB47976, anements! nadbuanbHol KyTukynsl. J. MIMB47973,
TIepeTHsIsT 9acTh paylibl, IEHTPaJIbHbIe H BHyTpeHHHE yarepanbHble 3yosl. K. MIMB47973, nepennsist uacts payisl,
BHEIIHUE JaTepaibHblie 3y0osl. L. MIMB47973, snements! mabuanbHON KyTHKYIBL. Macmrabusle auneiikn: A, D, H =500
MkM; B, C, F, J =50 mxm; E = 100 mxm; G =200 mxm; I, L= 10 mxm; K =20 Mxm.
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FIG. 8. Buccal armature of Cadlina sp. 7 (MIMB47981, Sea of Japan) and Cadlina sp. 4 (MIMB47978, Sea of Japan) (SEM).
A. Cadlina sp. 7, radula. B. Cadlina sp. 7, anterior radular portion, rachidian and inner lateral teeth. C. Cadlina sp. 7, outer
lateral teeth. D. Cadlina sp. 7, rachidian and innermost lateral teeth. E. Cadlina sp. 4, radula. F. Cadlina sp. 4, anterior
radular portion, rachidian and inner lateral teeth. G. Cadlina sp. 4, rachidian and innoermost lateral teeth. H. Cadlina sp. 4,
outer lateral teeth. I. Cadlina sp. 4, labial cuticle rodlets. Scale bars: A =300 um; B, F =100 um; C =30 pm; D = 10 um;
E =400 um; G, I =20 pum; H= 50 um.

PUC. 8. bykkanmbsaoe Boopyxkenue Cadlina sp. 7 (MIMB47981, SInonckoe mope) u Cadlina sp. 4 (MIMB47978, SImonckoe Mope)
(COM). A. Cadlina sp. 7, panyna. B. Cadlina sp. 7, nepeqHss 4acTb pajyibl, IEHTPAJIbHbIC U BHYTPEHHHE JIaTepabHbIe
3y6sl. C. Cadlina sp. 7, Hapy>xHbIe atepanbHble 3y0osl. D. Cadlina sp. 7, neHTpabHbIe H BHYTPEHHHUE JIaTpaIbHEIC 3yObI.
E. Cadlina sp. 4, panyna. F. Cadlina sp. 4, nepennss yacte paayibl, LEHTPAIbHbIC U BHYTPEHHUE JIaTepaIbHbIC 3yObl.
G. Cadlina sp. 4, nepefHss 4acTh pajayibl, ICHTPAIbHBIC U BHYTpeHHHUE Jatepanbhbie 3yOsl. H. Cadlina sp. 4, BHelIHuE
narepanbubie 3yObL. . Cadlina sp. 4, >neMeHTHI Ta0naabHOM KyTHKYIBL. MacmTabHbie muHeikn: A = 300 mxm; B, F =100
MkM; C =30 mxMm; D = 10 mxm; E =400 mxm; G, [ =20 mxm; H = 50 mxwm.
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FIG. 9. Buccal armature of Cadlzna sp. 6 (MIMB47980 Shlkotan Is., Sea of Okhotsk) and Cadlma sp. 5 (MIMB47979 Iturup
Is., Sea of Okhotsk) (SEM). A. Cadlina sp. 6, anterior radular portion. B. Cadlina sp. 6, rachidian and inner lateral teeth. C.
Cadlina sp. 6, rachidian and innermost lateral teeth. D. Cadlina sp. 6, middle radular portion. E. Cadlina sp. 6, outer lateral
teeth. F. Cadlina sp. 6, rachidian and innermost lateral teeth. G. Cadlina sp. 6, radula on odontophore. H. Cadlina sp. 6,
labial cuticle. 1. Cadlina sp. 6, labial cuticle elements. J. Cadlina sp. 5, radula. K. Cadlina sp. 5, rachidian and inner lateral
teeth. L. Cadlina sp. 5, rachidian teeth. M. Cadlina sp. 5, outer lateral teeth. N. Cadlina sp. 5, radula on odontophore. O.
Cadlina sp. 5, labial cuticle. P. Cadlina sp. 5, labial cuticle rodlets. Scale bars: A, N, O = 100 pm; B, E, M =50 um; C, F,
ILL=10 um; D, G, H, J =200 pm; K, P =20 pm.

PUC. 9. BykkansHoe Boopyxenue Cadlina sp. 6 (MIMB47980, o. lllukoran, Oxorckoe mope) u Cadlina sp. 5 (MIMB47979, o.
Utypym, Oxotckoe Mope) (COM). A. Cadlina sp. 6, nepenusist uactsb panayisl. B. Cadlina sp. 6, leHTpaibHbIe M BHYyTPCHHUE
narepanbubie 3y0sl. C. Cadlina sp. 6, neHTpanbHbIe U BHyTpeHHHE natepanbHble 3yOsl. D. Cadlina sp. 6, cpennss yacTh
panynst. E. Cadlina sp. 6, Buemnue natepanbsbie 3yosl. F. Cadlina sp. 6, neHTpanbHble 1 BHYTPEHHHUE JIaTePaIbHBIC 3yOBI.
G. Cadlina sp. 6, pangyna Ha onoatodope. H. Cadlina sp. 6, nabuansnas kytukyina. I. Cadlina sp. 6, 3neMeHTbI T1a0HaTBHOM
kytukyibl. J. Cadlina sp. 5, pangyna. K. Cadlina sp. 5, uentpanbhblie 1 BHyTpeHHHE narepanbhbie 3yosl. L. Cadlina sp. 5,
ueHrpanbhbie 3yobl. M. Cadlina sp. 5, BHemnue narepanbsibie 3yonl. N. Cadlina sp. 5, pangyna Ha ogontodope. O. Cadlina
sp. 5, mabuanpHas Kytukyna. P. Cadlina sp. 5, snemenTs! nabuansHol KyTuKymsl. Macmtabusre muneiikn: A, N, O = 100
MkM; B, E, M =50 mxMm; C, F, I, L= 10 mxm; D, G, H, J = 200 mxm; K, P =20 MxMm.
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there was a faint yellow line along notal margin
(Figs 2, 4L). Finally, in studied C. laevis s.str. the
coloration traits were more or less uniform with no
yellow spots on the notum; in several specimens there
was a discontinuous yellow marginal line along the
notal edge and the color of the subepidermal glands
varied from white to yellow (Figs 2, 4A-E).

We identified several differences in internal char-
acters across the putative species within the C. laevis
species complex, especially in the labial cuticle rodlet
morphology, radular morphology and features of the
reproductive system (Figs 5—12). Rodlets in the labial
cuticle were bifid and unicuspid in C. laevis s.str.
(Fig. 5G, O) and Cadlina sp. 1 (Fig. 6F); bifid and
trifid in Cadlina sp. 4 (Fig. 81), and exclusively bifid
in other studied representatives of the C. laevis spe-
cies complex (Figs 61, 71, L, 91, P). The odontophore
form was similar in all studied species, only outer
lateral teeth were visible on working plane (Figs
5E, M, 7G, 9G, N, 10D). The radular formula was
similar in most species, however in C. umiushi and
Cadlina sp. 1 the radulae possessed more teeth rows
than in other species of the complex (Figs 6A, 10A):
70-100 rows in C. umiushi, 86 rows in Cadlina sp.
1 and up to 80 rows in other species (Table S3). The
rachidian tooth morphology varied greatly across the
studied species, in was elongated and narrow with
2—4 denticles (Cadlina sp. 5, Fig. 9L), elongated,
trapezoidal, with 3—6 denticles (Cadlina sp. 7, Fig.
8D), or trapezoidal with 4—6 denticles in other spe-
cies (Figs 5C, K, 6C, G, 7B, E, J, 8G, 9C, F, 10H).
In the latter case, denticles were almost equal in size
(C. laevis, Cadlina sp. 2, Cadlina sp. 3, Cadlina sp.
4, Cadlina sp. 6), or the inner denticles were larger
than outer ones (Cadlina sp. 1, Fig. 6C). In Cadlina
sp. 1 and Cadlina sp. 4 denticles sometimes had
bifurcations at tips.

Outer lateral teeth were hook-shaped, with nu-
merous denticles, the number of denticles display
a slight variation within each specimen in a single
transversal row and in different rows (Figs 5D, L, 6D,
E,H, 7C,F, K, 8C, H, 9E, M, 10C, I), and therefore
this feature cannot be strictly compared across dif-
ferent individuals and species.

In the reproductive system morphology (Fig. 11)
we identified several variations in the form of the
ampulla, the length of the prostate and the deferent
duct, and the relative proportion of the bursa copula-
trix and the receptaculum seminis size (see Table S3
for details). Spines on penis were identified in two
species, Cadlina sp. 3 and C. umiushi (Fig. 12A, B)
in other species penis was either retracted (Fig. 12C)
or hidden in penial sheath.

Discussion

Our analyses have shown that the taxonomy of
the C. laevis species complex is challenging and the

precise identification of morphological synapomor-
phies of putative species remains elusive. This is
due to the low rates of divergence between putative
species (Figs 2, 3) and high rate of intraspecific vari-
ability in morphological characters (Table S3). The
complexity of C. laevis diversity has already been
shown in a recent comparative study [Korshunova et
al., 2020], which concluded that the nominal species
C. laevis inhabits exclusively boreal Atlantic and
subarctic waters (the Barents and the White seas). In
the North Pacific, the species C. olgae and C. umiushi
were described from the Sea of Japan [Martynov et
al., 2015a, b; Chichvarkhin, 2016]. They were later
considered conspecific with C. umiushi taking prior-
ity, see Korshunova et al. [2020]. Furthermore, two
additional species were described: C. kamchatica
from the Pacific coast of Kamchatka and C. paninae
from the Kurile Islands (the Sea of Okhotsk). At the
same time, researchers highlighted the importance of
further research on this species complex, since only
few and distant geographic areas of the North-West
Pacific were sampled [Ekimova et al., 2021]. Our
results improve our understanding of the C. laevis
species complex intra- and interspecific diversity;
however it also introduces new uncertainties about
the taxonomic status of the recently described species
and newly discovered phylogenetic lineages.

Most of species studied herein as well as those
described in previous studies — C. kamchatica, C.
umiushi, C. paninae — have several diagnostic fea-
tures in their external and internal morphology. For
example, three putative species that form a single
clade in the phylogenetic tree — C. paninae, Cadlina
sp. 1, Cadlina sp. 2 have a white notum with pale
white pigmented dots, more evident in C. paninae
and Cadlina sp. 1 (Figs 2, 4). In all three species
the subepidermal yellow glands are hardly visible
or completely absent, they also lack pigmentation
on the notal edge (Figs 2, 4). At the same time, the
radular morphology seems to display several small
differences: the rachidian tooth in Cadlina sp. 1 is
large, trapezoidal, bearing 45 large denticles; the
inner denticles are larger than the outer ones and
sometimes have bifurcations at the tips (Fig. 6A—F).
The rachidian teeth in Cadlina sp. 2 have a more
typical morphology for the C. laevis species com-
plex: they are trapezoidal with 5-6 small denticles
approximately equal in size (Fig. 6G-1). Cadlina
paninae has elongated rachidian teeth which are
most similar to those of the phylogenetically distant
Cadlina sp. 5 from the Kuril Islands [Korshunova et
al., 2020; Fig. 9G-P].

Cadlina sp. 3 from the Sea of Japan formed a
single clade with C. kamchatica from the Pacific
coast of Kamchatka. Cadlina kamchatica differs from
all species of the C. laevis complex, having an opaque
dark yellowish notum and lacking visible subepider-
mal glands; the marginal notal pigmentation is also
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FIG. 10. Buccal armature of Cadlina umiushi from the Sea of Japan (SEM). A. MIMB47995, radula. B. MIMB47995, anterior
radular portion, rachidian and inner lateral teeth. C. MIMB47995, outer lateral teeth. D. MIMB47995, radula on odonto-
phore. E. MIMB47995, labial cuticle. F. MIMB47995, labial cuticle elements. G. MIMB47996, radula. H. MIMB47996,
rachidian and innermost lateral teeth. I. MIMB47996, outer lateral teeth. Scale bars: A= 500 um; B, C,1=50 um; D, E, G
=200 um; F =10 um; H=20 um.

PUC. 10. bykkansaoe Boopyxeuue Cadlina umiushi u3 SInouckoro mopsi (COM). A. MIMB47995, panyna. B. MIMB47995,
TIEPE/IHsS YacTh PalyJibl, IICHTPATbHBIC U BHYTPEHHNUE JaTepaiibabie 3yonl. C. MIMB47995, BHenHue natepalibHble 3yObl.
D. MIMB47995, panyna Ha onontodope. E. MIMB47995, nabuansHas kytukyna. F. MIMB47995, snemenTs! 1a0HanbHOM
KyTukyisl. G. MIMB47996, panyna. H. MIMB47996, nentpanbHble ¥ BHyTpeHHHUE JaTepanbHble 3yost. 1. MIMB47996,
BHEIIIHKE JaTepanbHble 3y0bl. Macmrabnsie quneiikm: A = 500 mxm; B, C, I =50 mxwm; D, E, G = 200 mxm; F = 10 MrMm;
H =20 mxMm.



64 LA. Ekimova, D.Yu. Grishina, A.Valdés, T.I. Antokhina, O.V. Chichvarkhina, D.M. Schepetov

FIG. 11. Configuration of male and female reproductive organs in Cadlina spp., female gland mass removed. A. Cadlina laevis,
MIMB47963. B. Cadlina umiushi, MIMB47996. C. Cadlina sp. 3, MIMB47975. D. Cadlina sp. 4, MIMB47978. E. Cadlina
sp. 1, MIMB47971. F. Cadlina sp. 7, MIMB47981. G. Cadlina sp. 6, MIMB47980. Abbreviations: amp = ampulla; bc =
bursa copulatrix; ps = penial sheath; pvd = prostatic vas deferens; rs = receptaculum seminis; va = vagina. Scale bar: 1 mm.

PUC. 11. Mopdosorust My»KCKUX H KEHCKUX PEeHpOAyKTUBHBIX opraHoB Cadlina spp., KOMIUIEKC KEHCKUX JKeJe3 yIaleH.
A. Cadlina laevis, MIMB47963. B. Cadlina umiushi, MIMB47996. C. Cadlina sp. 3, MIMB47975. D. Cadlina sp. 4,
MIMB47978. E. Cadlina sp. 1, MIMB47971. F. Cadlina sp. 7, MIMB47981. G. Cadlina sp. 6, MIMB47980. CoxparueHus:
amp = amITyuia; bc = KomyIsiTHBHAsI CYMKa; PS = MEIIOK IeHKca; pvd = MpoCcTaTHUECKHUI CEMSIIPOBO/T; I'S = CEMSIPHUEMHHUK;

va = paruHa. MaciraOHas auHeika: 1 M.

absent. Unfortunately, the variation in coloration
in Cadlina sp. 3 from the Sea of Japan cannot be
precisely described, since during the collection only
a photo of a single specimen per sample was taken.
However, all specimens from the stations 63 and 75
(R/V Akademik Oparin, 2021) have distinct bright
yellow subepidermal glands. Also, it seems that most
specimens of Cadlina sp. 3 lack pigmentation on
the notal edge (Figs 2, 4); this pigmentation is not
evident in the preserved material either. Surprisingly,
Cadlina sp. 4, collected from same stations as some
of Cadlina sp. 3 forms a separate diverged branch in
the tree (Fig. 2) and likely they have similar external
appearance. In radular morphology, Cadlina sp. 3
and Cadlina sp. 4, and also C. kamchatica, have
similar teeth shapes, but C. kamchatica and Cadlina
sp. 4 sometimes have bifurcations at the tips of the

denticles, while in Cadlina sp. 3 the rachidian teeth
are most similar to the typical C. /aevis morphol-
ogy (Figs 7, 8E-1). Cadlina umiushi from the Sea
of Japan, Cadlina sp. 5 and Cadlina sp. 6 from the
Kuril Islands (the Sea of Okhotsk) have white to yel-
lowish bodies and possess numerous bright yellow
spots on the notum (Figs 2, 4). Therefore, although
for each clade it is possible to identify several subtle
diagnostic characters, the entire group displays a
mosaic of morphological traits lacking apparent
phylogenetic signal.

Such variability in external and internal mor-
phology was previously shown and discussed for
the Atlantic and subarctic species C. laevis s.str.
[Korshunova et al., 2020]. In addition, the bound-
aries of the morphological variability in C. laevis
s.str. in both in external and internal features overlap
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FIG. 12. Penial morphology in Cadlina spp. A. Cadlina sp. 3, MIMB47975. B. Cadlina umiushi, MIMB47996. C. Cadlina
laevis, MIMBA47963. Scale bars: A, C =100 um; A’, B>= 50 pum; C =200 um; C’ =20 um.

PUC. 12. Mopdomnorust nenuca Cadlina spp. A. Cadlina sp. 3, MIMB47975. B. Cadlina umiushi, MIMB47996. C. Cadlina
laevis, MIMB47963. Maciirabusie nuneiiku: A, C = 100 mxm; A’, B’ = 50 mxm; C =200 mxm; C’ = 20 MKM.

with morphological traits in Cadlina spp. from the
northwestern Pacific. Although our material did not
contain specimens of C. laevis s.str. with yellow
spots on the notum (also characteristic of C. umiushi,
Cadlina sp. 5, Cadlina sp. 6), such specimens are
known from Norway and the UK, and their species
identity is confirmed by molecular data [Korshunova
et al.,2020; this study]. The same is true for radular
morphological characters: seemingly species-specific

characters (shape of teeth, number of denticles on
the central tooth, etc.) vary greatly within C. laevis
s.str (Fig. 5). Also, we did not find any differences
in morphological characters between the two diver-
gent subclades of C. laevis s.str: [comprised by (1)
MIMB47958, MIMB47938, MIMB47948 and (2)
other specimens]. Representatives of both subclades
show a slight variation in the pigmentation of the
notum, with subepidermal glands varying from
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white to yellow in color and the presence/absence of
a yellow band on the notal edge (Fig. 2). In radular
characters they also show different morphology of
the rachidian teeth, which may possess 2, 3, or 4-6
denticles (Fig. 5).

Overall, our results suggest that morphological
differences found across divergent North Pacific phy-
logenetic lineages cannot be used by themselves to
confirm their status as distinct species new to science
(especially considering the fact that some “species”
in our material are represented by a single speci-
men). At the same time, species delimitation analyses
failed to provide unambiguous support for the status
of these forms as distinct species: the results of the
ASAP, bPTP, mPTP and GMYC analyses give dif-
ferent results (Figs 2, S2—-S4). P-distances between
Pacific lineages and Atlantic C. laevis s.str. for the
COI gene are quite low, ranged from 2.08% (between
C. kamchatica and Cadlina sp. 3) to 7.21% (between
Cadlina sp. 2 and Cadlina sp. 4). These values are
less than the p-distances between other species of the
genus Cadlina (ca. 8-16%) (Table S4).

At the present time, it is difficult to evaluate
the geographical range limits of each phylogenetic
lineage received in this study because our material
is limited in geographic scope and we lack samples
from transitional areas such as Sakhalin and Hok-
kaido islands. Nevertheless at least four species
— Cadlina umiushi, Cadlina sp. 3, Cadlina sp. 4,
Cadlina sp. 7 inhabit the Sea of Japan and were
found in close proximity or even at a single station
(Fig. 1; Table S1). One possible explanation for
the genetic divergence across C. laevis s.1. lineages
may be adaptive radiation, including possible sexual
selection or dietary specialization [Ekimova et al.,
2019]. The first possibility seems to be dubious,
as no major differences among studied specimens
were found in the reproductive system (Fig. 11). At
the same time, the active reproductive period and
exact developmental mode are unknown for most
species except the North Atlantic C. laevis s.str.
Another explanation may be allopatric speciation
due to historical climatic conditions during the
Pleistocene or restricted contemporary gene flow
due to habitat specialization or different bathymetry
adaptations. The latter explanation is supported by
the fact that the North Atlantic C. laevis s.str: lacks
a free-swimming veliger stage [Thompson, 1967],
which likely considerably reduces dispersal capa-
bilities of this species and limits gene flow between
populations, as shown for other gastropods lacking
free-living larvae [Blakeslee ef al., 2021]. Since the
dietary preferences and developmental mode of most
North-West Pacific Cadlina are unknown, further
studies on this species complex would largely benefit
from comparative ecological studies.

In conclusion, the observed genetic and mor-
phological diversity of C. laevis s.I. may represent

either a complex of at least 11 very closely related
and cryptic species, or a single amphiboreal species
with geographically restricted, partially isolated
populations and blurry boundaries of morphologi-
cal variability. This suggests an extremely complex
evolutionary history of the Cadlina laevis species
complex, making this group an interesting model
system for studying speciation in boreal and Arctic
communities. Further studies will require the inclu-
sion of more genes into the dataset, preferably fast-
evolving nuclear markers, to test species boundaries
and possible geneflow between different mitochon-
drial lineages.
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