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Abstract: Retusa pertenuis is still formally considered a junior subjective synonym of Retusa obtusa,
despite previous data indicating R. pertenuis and R. obtusa differ significantly in copulatory system
morphology. In this paper, we study the species identity and population structure of R. pertenuis with
an integrative approach combining morphological and molecular data. The external morphology,
head copulatory system and gizzard plates were studied using light microscopy and scanning
electron microscopy. We also obtained two mitochondrial (COI and 16S) and two nuclear (H3 and
285) markers to test the monophyly of R. pertenuis and R. obtusa. Populations from the White Sea,
Sea of Okhotsk and Sea of Japan were studied using COI and 18S molecular markers. Our results
check for show that Retusa obtusa sensu lato represents a species complex of at least four species: the nominative

dat . S . . L . i .
updates species occurring in the North Atlantic, the widely distributed R. pertenuis and two additional species

Citation: Chaban, E; Ekimova, I whose identities should be clarified in further studies. Retusa pertenuis geographic range encompasses
the North Atlantic, Eurasia’s northern seas, the Canadian Arctic, the Bering Sea, the Sea of Okhotsk

and the Sea of Japan. Within R. pertenuis’s range, this species demonstrates a wide variability in

Stanovova, M.; Schepetov, D.
Integrative Analysis of Retusa
pertenuis (Heterobranchia:
Cephalaspidea) from Arctic and shell morp hOIOgy'
Russian Far East Seas with

Discussion of Its Morphology, Keywords: mollusca; gastropoda; Retusidae; biodiversity; morphology; taxonomy; haplotypes;

Validity and Population Structure. populations genetics; species concept; arctic; North-West Pacific

Diversity 2023, 15, 974. https://
doi.org/10.3390/d15090974

Academic Editors: Bert W. Hoeksema .
, 1. Introduction
and Xiaodong Zheng

The heterobranch gastropod molluscs of the order Cephalaspidea often inhabit silty
and sandy-silty communities, sometimes dominating among other gastropods not only in
abundance but also in biomass [1-4]. Such cases are typical for large arctic cephalaspids,
such as Cylichna alba sensu lato (family Cylichnidae), Cylichnoides occultus sensu lato (family:
Eoscaphandridae) and Praephiline finmarchica (M. Sars, 1859) (family: Philinidae). Species of
the genus Retusa T. Brown, 1827 (family: Retusidae) usually have shells 2-4 mm in height,
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and their impact on total benthic community biomass is insignificant [5]. Nevertheless, they
have a particular role in trophic chains, preying on foraminifers, minuscule gastropods [6,7]
or even priapulid worms or knobby anemones (www.eol.org). They are also a common
This article is an open access article ~ 100d source for haddock [8] or other fishes (www.eol.org).

distributed under the terms and In the Arctic, a common member of the family Retusidae is Retusa pertenuis (Mighels,
conditions of the Creative Commons ~ 1843) [1,2,4,5,9-29]. The species was described in Casco Bay, Maine, USA, by Mighels [8]
Attribution (CC BY) license (https:// ~ and is found in Atlantic and Pacific boreal waters [30-35]. However, this name is formally
creativecommons.org/licenses /by / considered a junior synonym of R. obtusa (Montague, 1803) [36]. This decision was based
4.0/). on the work of Lemche [37], who presented a revision of Northern Atlantic and Arctic
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cephalaspid molluscs. In this work, Lemche chose the contour of their shells as the basis
for revising the species status of many North Atlantic and Arctic cephalaspidean taxa.
When transitional shell forms between two species were identified, Lemche considered
them synonyms. In the case of R. obtusa, specimens possessing a transitional shell contour
between R. obtusa and R. pertenuis were found by him in Greenland, on the northern coast
of Norway and in Denmark—therefore, he designated these species to be conspecific and R.
pertenuis to be a junior synonym of R. obtusa. Because of the limited data on the internal
morphology of Cephalaspidea at that time, such a position is understandable. However, it
was later shown that synonymization of many previously described cephalaspid species is
unjustified and that widespread boreal-arctic species, such as Diaphana minuta T. Brown,
1827 (family Diaphanidae), and Cylichnoides occultus (Mighels & C.B. Adams, 1842) sensu
Lemche, 1948, are species complexes [386—40]. Moreover, the shell shape can only serve
as the basis for a preliminary guide for the systematic position of the taxon (for example,
Adeorbis antarcticus Thiele, 1912, in the subclass Caenogastropoda), and the subsequent
study of the morphology of soft tissues can significantly change its preliminary classification
(Tomthompsonia antarctica (Thiele, 1925) in the subclass Heterobranchia) [41].

Lemche [37] suggested that Retusa pertenuis is common in all Arctic seas but does
not have a separate species status. Instead, it represents a smaller variety or form [42,43],
which is replaced by another larger form—R. obtusa—in southern regions and in more
favorable conditions. Further studies either supported the synonymy of R. pertenuis
and R. obtusa [6,36,44—48] or considered R. obtusa and R. pertenuis to be separate
species [1,3-5,22,23,26-29,32-34,49-51] because of the morphological differences in the
head copulatory apparatus [24,25,52,53]. It should also be noted that forms morphologically
close to Arctic R. pertenuis were also found in waters of the Sea of Japan [27,35,52]. However,
the species identities of R. pertenuis and R. obtusa have never been tested using molecular
phylogenetic data—moreover, Arctic and Pacific R. pertenuis show significant variability
in shell characteristics, which may indicate the presence of cryptic diversity. Thus, the
main goal of our work was to evaluate the taxonomic status of R. pertenuis across its wide
geographic range, including Arctic and North Pacific waters. We aimed to test its species
identity using integrative morphological and molecular analyses, recover its population
structure, and consider the inter- or intraspecific nature of its morphological variability.

2. Material and Methods
2.1. Collection of Material

The specimens for the present study (Figure 1) were collected by (1) Chaban E. M.
and Kashenko N. V. at a depth of 70 m in Peter the Great Bay of the Sea of Japan (2016)
using a bottom grab of 0.1 m?, and the specimens were fixed in 96% ethanol and kept at the
Zoological Institute of the Russian Academy of Sciences, St. Petersburg (ZIN)—2 specimens;
(2) Chaban E. M. and Chernyshev A. V. at depths of 49-122 m in Northern Primorye of
the Sea of Japan during the 64th cruise of the R/V Akademik Oparin (2021) using a beam
trawl, and the specimens were fixed in 96% ethanol and kept at the ZIN—244 specimens;
(3) the National Scientific Center of Marine Biology (NSCMB), Russian Academy of Sciences,
Vladivostok, at depths of 105-118 m in the Sea of Okhotsk (East Sakhalin and northwest
Sea of Okhotsk) during the 56th cruise of the R/V Akademik Oparin (2019), and the speci-
mens were fixed in 96% ethanol and kept at the Museum of NSCMB—34 specimens; and
(4) Ekimova I. A. (2020-2021) and Chaban E. M. (2022) at depths of 30-80 m in the Kan-
dalaksha Bay of the White Sea aboard the R/V Professor Zenkevich using a beam trawl,
and the specimens were fixed in 96% ethanol and kept at the ZIN—126 specimens.

2.2. Morphological Methods

Shells were photographed using a digital DCM-130 camera with Scope Photo 3.0
software. Scanning electron microscopy (SEM; Quanta-250 FEI Company, Eindhoven,
The Netherlands) was used to examine the shell and gizzard plates. The penial apparatus
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Figure 1. Map of the R. pertenuis (1-15) and R. obtusa (16-18) sampling sites used for the molecular
analysis and/or in Section 4 (Discussion). (1-7) Sea of Japan: (1) Peter the Great Bay, near Askold Is.,
and (2-7) North Primorye; (8-9) Sea of Okhotsk: (8) East Sakhalin and (9) northern Sea of Okhotsk;
(10) Laptev Sea; (11) Kandalaksha Bay, White Sea; (12-13) Canada: (12) Churchill, Manitoba and
(13) Resolute Bay, Nunavut; (14) Casco Bay, Maine, the type locality of R. pertenuis; (15) Halland,
Sweden, glacial deposits; (16) Exeter, South England, where the syntypes of R. obtusa are kept (the
type localities: Kent (?), Boys, Southampton, Salcombe, Laugharne) [54]; (17) Royan, Atlantic France;
(18) North Sea, Germany; (data on the specimens from Arctic Canada (points 12 and 13) and Germany
(point 18) were obtained from BOLD).

2.3. Molecular Methods
2.3.1. Taxon Sampling

Sixty-two specimens of Retusa pertenuis, collected in the White Sea, the Sea of Japan
and the Sea of Okhotsk, were used for the molecular analysis (Table S1). We also used
sequences of Retusa obtusa and R. pertenuis from the GenBank and BOLD databases (n = 8).
All specimens were used to obtain the partial cytochrome c oxidase subunit I (COI) marker
for the phylogenetic and population analyses. Fourteen specimens from different hap-
logroups were also used to obtain four additional markers (mitochondrial 165 rRNA and
nuclear histone H3, 285 rRNA and 185 rRNA) to verify the species hypothesis and for the
phylogenetic analysis. For the phylogenetic analysis, we also used all Retusa sequences
from GenBank and BOLD (n = 24) for which at least the COI was available (Table S1). The
Diaphana sp. was chosen as an outgroup.

2.3.2. DNA Extraction, Amplification and Sequencing

Total genomic DNA was extracted from tissue samples preserved in 96% ethanol
(Table S1) following the invertebrate protocol of the Canadian Center for DNA Barcod-
ing [55]. We performed an amplification of the partial mitochondrial cytochrome c oxidase
subunit I and 165 rRNA and nuclear histone H3, 185 rRNA and 28S rRNA following the
methods described in Chaban et al. [56,57]. Sequencing was performed with the NovaDye
Terminator Cycle Sequencing Kit by GeneQuest (Moscow, Russia). Sequencing reactions
were analyzed using an ABI 3500 Genetic Analyser (Applied Biosystems, Woburn, MA,
USA) at the N.K. Koltsov Institute of Developmental Biology (Moscow, Russia). All novel
sequences were submitted to the NCBI GenBank (Table S1).
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2.3.3. Phylogenetic Analysis

All obtained sequences were assembled and checked for improper base-calling using
Geneious R10 [58]. Original data and publicly available sequences were aligned with the
MUSCLE [59] algorithm in MEGA 7 [60]. Indel-rich regions of the 16S alignment were
identified and removed in Gblocks 0.91b [61] with the least stringent settings. Multigene
analyses were conducted by applying evolutionary models separately to partitions repre-
senting single markers. The final lengths for each alignment were 604 bp for COI, 322 bp
for 165 (after Gblocks), 324 bp for H3 and 333 bp for 28S. The best-fit nucleotide evolution
models for the MrBayes phylogeny reconstruction method were selected in MEGA?7 [60].
The best-fit models for each gene dataset were GTR + G + I for COL HKY + G for 165 and
K2P + G for H3 and 28S. Sequences were concatenated using a simple biopython script
following Chaban et al. [62]. The Bayesian phylogenetic reconstruction was conducted
in MrBayes 3.2 [63] for the concatenated multigene partitioned datasets. Markov chains
were sampled at intervals of 500 generations. The analysis was initiated with a random
starting tree and ran for 10”7 generations. The parameters of convergence were compared
in TRACER v.1.5, where we also checked the model convergence (ESS > 200); 25% of trees
were discarded as burn-in. The maximum likelihood phylogeny inference was performed
in the HPC-PTHREADS-AVX option of RaxML HPC-PTHREADS 8.2.12 using the autoMRE
algorithm for the determination of the number of replicates under the respective models of
nucleotide evolution. The final phylogenetic tree image was rendered in FigTree 1.4.0 and
further modified in Adobe Illustrator CS 2015.

2.3.4. Population Analysis

Original high-quality COI data and publicly available sequences (Table S1) were
aligned with the MUSCLE [59] algorithm in MEGA 7 [60]. Haplotype networks were con-
structed using PopART 1.7 (http:/ /popart.otago.ac.nz (accessed on 21 June 2023) [64] with
the TCS network algorithm [65] and a connection limit of 5%. The resulting networks were
edited in Adobe Illustrator CS 2015 to highlight certain features. To evaluate the divergence
in nuclear markers, the 185 dataset was also examined as an indicator of the possible gene
flow of distant Retusa pertenuis populations. For each population, the molecular diversity,
haplotype diversity, and pairwise Fs among populations (with 10,000 permutations of
data) based on the COI alignment were calculated in DnaSP 5.10 [66].

3. Results
3.1. Molecular Analysis

The tree topologies from the Bayesian and the maximum likelihood analyses were con-
gruent. Both trees (Figure 2) recover a high divergence of Retusa obtusa sensu lato (including
R. pertenuis). This species forms a large clade (PP (posterior probabilities from BI) = 0.96,
BS (bootstrap support from maximum likelihood) = 97), represented by specimens from
the White Sea, the Sea of Okhotsk (EC391, EC392 and EC394) and the Sea of Japan, initially
identified as R. pertenuis, as well as four specimens of Retusa obtusa from the Canadian Arc-
tic (Manitoba and Nunavut). We initially identified this clade as R. pertenuis. This clade has
a sister relationship with the North Pacific deep-water species R. operculata (PP =1, BS = 87).
A single specimen of R. obtusa from the North Sea (accession number: MH012218) forms a
derived singleton, sister to R. operculata and the R. pertenuis clade, but these relationships do
not receive high statistical support (PP = 0.75, BS = 24). Finally, one specimen from the Sea
of Okhotsk (EC393) forms a derived singleton, as well as one specimen from the Canadian
Arctic (ECHAR186_19). Within the clade of Retfusa obtusa sensu lato and R. operculata, these
two singletons branch away first (PP = 0.98, BS = 91). It should also be noted that other
Retusa species from GenBank and BOLD also formed polyphyletic groups (for example,
Retusa truncatula and R. umbilicata), but since the overall taxon sampling in Retusidae is low
and these samples are from public databases, we do not specifically describe and discuss
this result.
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Figure 2. Bayesian phylogenetic tree based on the concatenated dataset of four molecular markers
(COI + 16S + H3 + 28S). Retusa obtusa sensu lato specimens are highlighted with colored boxes, where
the different coloration corresponds to different putative species. The numbers above the branches
indicate posterior probabilities from BI and numbers below the branches from bootstrap support
from ML.

Uncorrected p-distances between different clades and singletons of R. obtusa sensu lato
are given in Table 1.

Table 1. Uncorrected interspecific p-distances in COI molecular marker for Retusa obtusa sensu lato
species complex; the intraspecific p-distance for Retusa pertenuis is given in %.

Retusa pertenuis Retusa obtusa Retusa sp. A Retusa sp. B
Retusa pertenuis 0.1-1.2
Retusa obtusa 7.2-75 n/a
Retusa sp. A 10.6-11.8 9.8 n/a
Retusa sp. B 9.9-10.7 9.4 9.2 n/a

3.2. Population Genetic Data

The COI-based TCS haplotype network of R. pertenuis (Figure 3) reveals a high geo-
graphical structure: all specimens from a single locality form separate groups, and there are
no common haplotypes shared among representatives from different localities. The highest
molecular diversity (Pi = 0.00734) is observed in specimens from the Canadian Arctic.
Four specimens have three haplotypes differing by 7-8 substitutions, and these haplotypes
form a separate cluster from the rest of the species diversity. The White Sea and Sea of Japan
specimens form two separate compact groups with an ingroup diversity of Pi = 0.00175
(White Sea specimens) and Pi = 0.00112 (Sea of Japan specimens) (Table 2). In both cases,
there is a single common haplotype shared among most specimens and several unique
haplotypes differing from the common one by 1-5 substitutions. Three specimens from
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the Sea of Okhotsk are represented by three haplotypes (nucleotide diversity, Pi = 0.00893),
form a group close to the White Sea haplogroup and differ from the common White Sea
haplotype by 2—4 substitutions.
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Figure 3. COl-based haplotype network inferred with the TCS algorithm in PopArt. The colors of the
circles refer to the geographic origin of each haplotype. The relative size of the circles is proportional
to the number of sequences of that same haplotype.

Table 2. Molecular diversity (Pi, diagonal line) within populations and pairwise Fgr values (lower-
left) among populations in COI marker of R. pertenuis.

White Sea Sea of Japan Sea of Okhotsk Canada
White Sea 0.00175
Sea of Japan 0.86721 0.00112
Sea of Okhotsk 0.37828 0.72393 0.00893
Canada 0.68634 0.75161 0.65631 0.00734

The global Fst was high (0.70254)—the highest pairwise Fst (0.86721) was observed
between the White Sea and the Sea of Japan populations (Table 2). The pairwise Fsr values
among the populations from Canada, the White Sea and the Sea of Japan were also high
(0.65621-0.75161). The lowest Fgt (0.37828) was found between the White Sea and the Sea
of Okhotsk populations.

The 185 dataset, based on specimens from different haplogroups, was used to test
the geneflow restriction across distant populations. Although the 185 phylogenetic tree
(Figure S1) shows several divergences within the White Sea population, populations from
the Sea of Japan and the White Sea do not show monophyletic groups on the tree.

3.3. Morphology
3.3.1. External Morphology

Description of shell (Figures 4-7): External, white, thick, oval or ovate—cylindrical, usu-
ally 2-3 mm in height, up to 4.0 mm, composed of 3.5 whorls, including a protoconch with
a three-quarter whorl. The spire varies from nearly flat to relatively highly elevated. Teleo-
conch suture sallow, only slightly channeled. Protoconch drop-shaped, rarely protrudes
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beyond definitive whorls, ca. 190 x 260 um in size, surface smooth. The periphery of
the body whorl is oval. Maximum shell width at mid-height. The ratio of the shell width
to its height varies from 56 to 73%. The aperture is pear-shaped, 76-100% of the body
whorl height. The outer lip is almost straight or regularly oval, forming approximately
a 50-53° angle with the parietal wall. Basal lip is round. The inner lip is more or less
S-shaped, slightly calloused. The columella with a narrow reflection forms a narrow gap.
Spiral sculpture of fine wavy grooves. Lines of growth are frequent.

Figure 4. Specimens of Retusa pertenuis from the White Sea used for the molecular phylogenetic
analysis: (A) EC296; (B) EC113; (C) EC292; (D) EC294; (E) EC293; (F) EC129; (G) 304; (H) EC124;
(I) EC114; (J) 302; (K) EC122; (L) EC203. Scale bar: 1 mm.
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Figure 5. Specimens of Retusa pertenuis from the Sea of Japan used for the molecular phylogenetic
analysis: (A) EC314; (B) EC319; (C) EC309; (D) EC212; (E) EC306; (F) EC307; (G) EC311; (H) EC213;
(I) EC322; (J) EC316; (K) EC318; (L) EC320. Scale bar: 1 mm.

Figure 6. Specimens of Retusa from the Sea of Okhotsk used for the molecular phylogenetic analysis:
Retusa sp.—(A) EC393; Retusa pertenuis—(B) EC394; (C) EC390; (D) EC392; (E) EC391. Scale bar:
1 mm.
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Figure 7. Shell morphology of Retusa pertenuis (SEM) from Arctic (A-G) and Far East (H-M) Seas:
(A,D) EC294 ((A) shell, ventral view and (D) apex); (B,E) EC302 ((B) shell, ventral view and (E) shell
sculpture); (C,F,G) EC296 ((C) shell, ventral view, (F) shell sculpture, (G) apex); (H-J) EC316
((H) shell, ventral view, (I) apex, (J) shell sculpture); (K-M) EC312 ((K) shell, ventral view, (L) apex,
(M) shell sculpture). Scale bars: (A-C,H,K)—500 um; (D,G,I,L)—200 pum; (E,F,J,M)—50 pm.

Remarks: The ratio of the shell’s width (w) to its height (h) in the White Sea specimens
varied from 0.56 to 0.73, and many shells had an irregular shape. Individuals from the Sea of
Japan had similar proportions, but the w/h ratio variability was lower (0.59-0.71) they are
larger than the White Sea specimens (mostly 2.7-3.4 mm high, with a maximum registered
size of 4.0 mm) and more regularly oval. Specimens from the Sea of Okhotsk were regularly
oval. They were narrower (w/h = 0.56-0.66) and, generally, larger (h = 3.2-3.6 mm) than
the specimens from the White Sea and Sea of Japan.
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3.3.2. Internal Morphology
Gizzard Plate Morphology

Gizzard plates: (Figures 8 and 9) ca. 0.3 mm in length, chitinous and oval, with
numerous dark brown, blunt chitinous denticles growing through the plate. The unpaired
plates were wider than the paired plates (Figure 9B,E]). The chitinous layers formed a
gizzard plate like a layer cake (Figure 9A,E,G). The narrow periphery zones of the plates
were transparent and devoid of denticles. Large denticles formed a dense group on the
lower end of the plates. The height of the teeth uniformly decreased from the lower to
the upper end of the plates. The denticles were sometimes arranged in regular semicircles
(Figures 8B,C and 9A,C,ELK).

B

Figure 8. Gizzard plates of Retusa pertenuis from the White Sea ((A) EC122) and the Sea of Japan
((B) EC212 and (C) EC213). Gizzard and foraminifera from specimens: (D) EC304; (E) EC121.
Foraminifera from gizzard of specimen EC212 (F). Scale bars: (A-C,F)—100 um; (D,E)—500 pm.
((A-E) light microscope photo; (F) SEM).

Remarks: The gizzard plates of the specimens from the Sea of Japan were thicker than
those of the specimens from the White Sea; their denticles were smaller (Figure 9L).

Copulatory Apparatus Morphology

The head copulatory apparatus (Figure 10) consists of incurrent seminal duct, penial
sac, proximal prostate (pr), and bilobed distal appendages (spermatic bulb and ejaculatory
duct—"sb—ed”). Muscle retractors are attached to the end of the prostate (m2) and to the
base of the spermatic bulb—ejaculatory duct complex (m1). These retractors are sometimes
hard to see. However, retractor m1 is usually thicker and more visible than retractor m2.
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Figure 9. Gizzard plates of Retusa pertenuis (SEM): (A-D) specimen EC119 (shell height: 2.7 mm)
from the White Sea: (E-H) specimen EC302 (shell height: 2.9 mm) from the White Sea; (I-L) spec-
imen EC320 (shell height: 4.0 mm) from the Sea of Japan ((A,CE,G I K) paired plates, inner view;
(B,F,J) unpaired plates, inner view; (D,H,L) lateral view). Scale bar: 100 pm.
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Figure 10. Copulatory apparatus of Retusa pertenuis: (A) specimen EC304, from the White Sea;
(B) specimen EC213, from the Sea of Japan; (C) specimen EC390, from the Sea of Okhotsk. Abbrevia-
tions: ed—ejaculatory duct; id—incurrent duct; m1—muscle of penial sac; m2—muscle of prostate;
pr—prostate; ps—penial sac. Scale bars: 200 pm.

Remarks. The sb—ed gland complex enters the penial sac medially in individuals of the
Sea of Japan (Figure 10B,C) and proximally in White Sea and Sea of Okhotsk specimens
(Figures 10A,C and 11F).

All four appendages of the penial sac are inconsistently classified in the literature.
Thompson [6] and Berry et al. [67] classify the proximal appendages as accessory prostates
and distal ones as penial and subpenial prostates. In accordance with the study of histological
sections, Minichev [68] considered the proximal appendage to simply be the prostate and
called distal ones simply appendages. Similarly, Rudman [69], also having studied the
histological sections on the example Relichna murdochi (Suter, 1913), referred to the proximal
appendage as the prostate and to distal appendages as the spermatic bulb and ejaculatory duct.
Considering that the presence of the seminal vesicle in the head copulatory apparatus was
also noted by Ghiselin [70], we use the copulatory apparatus part names in accordance
with the terminology proposed by Rudman [69].

3.4. Distribution

Retusa pertenuis is a widely distributed boreal-arctic circumpolar species found in
Arctic seas from the Canadian Arctic to the Chukchi Sea. It was noted in the eastern North
Sea from glacial deposits in Halland (Varberg). In the North Atlantic, it spreads south to
western Norway and New England [22]. Several findings of this species are known from
eastern Greenland [42], Iceland [19] and Svalbard [15,16,71]. The species was collected in
the Barents Sea [4,10,21,22,28,29] and in the Kara Sea [3,5,20,50]. In the Laptev and East
Siberian seas, it was collected and identified by G. Gorbunov and A. Golikov [2,24,52].
Retusa pertenuis is widely distributed in the White Sea [49] and was collected by us in
the Kandalaksha Bay. In the northern Pacific, it is noted in the Bering Sea (from the
Bering Strait to the Aleutian Islands) [16], the Sea of Okhotsk and the northwestern Sea of
Japan [27,35,51,72] this study.
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Figure 11. Comparative shell and penial morphology of (A—C) Retusa obtusa and (D-F) R. pertenuis.
(A,B) ZISP 23255, labeled as “Royan—Atlant. Francia”, collected and identified by T. A. Monterosato,
shells, ventral view ((A) h = 6.0 mm and (B) 6.1 mm); (C) head copulatory system, scheme as in
Berry et al. [67], including abbreviations; (D) ZISP 63563, shell, labeled as “Utriculus pertenuis (=syn.
Bulla semen). Kvartar, glacial mergel, Varberg, Halland, #48. Fran Sveriges Geologiska Undersoknings
Museum”, ventral view, h = 2.6 mm; (E) ZISP 23260, Laptev Sea, 08 October 1937, 76°46.5' N, 129°08.5/
E, icebreaker Sadko, collected and identified by G. P. Gorbunov, specimen, ventral view, h = 2.6 mm,
dissected; (F) head copulatory system, scheme of Figure 10A. Abbreviations: ap—accessory prostate;
ed—ejaculatory duct; id—incurrent seminal duct; pp—penial prostate; pr—prostate; ps—penial sac;
sp—sub-penial prostate.

3.5. Ecology

Retusa pertenuis is an eurybiont species, usually inhabiting depths of 60-120 m, but
its extreme bathymetric boundaries range from 3 m in the East Siberian Sea [26] to 1300 m
in the Northern Atlantic (Lemche [37], as variety pertenuis). Specimens of this species
were collected at a high salinity (31.30-34.86 %) in the Chukchi Sea, near the New Siberian
Islands and in the central part of the Laptev Sea, as well as in areas of a high desalination
(25.50-29.50%o0) in the White Sea, in the Sannikov Strait and the Lena River Delta [24,52]. Re-
tusa pertenuis is found both at relatively low temperatures (—1.67-+0.64 °C) and at relatively
high temperatures (from +4.0 to +7.95 °C and even +15 °C) in the Arctic seas [25,49].

Retusa pertenuis has been recorded in a variety of benthic communities. In eastern
Greenland, it is associated with the Macoma calcarea (Gmelin, 1791) community, but it can
also be found in the Astarte borealis (Schumacher, 1817) + Pectinaria Lamarck, 1818 zone [42].
In Iceland, the species was found in the community of both Macoma calcarea and Yoldia
hyperborea (A. Gould, 1841) [19]. Near the New Siberian Islands, R. pertenuis was the
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leading gastropod both in abundance (N = 40 ind./ m?) and in biomass (B = 0.33 g/ m?)
at 2-5 m depths in the Cyrtodaria kurriana Dunker, 1861 biocenosis. R. pertenuis was less
numerous at 10-18 m depths in the biocenosis Saduria sibirica (Burila, 1896) + Portlandia
siliqgua (A. Adams, 1856), at a 21 m depth in the biocenosis “Ludwigia” glacialis (Ljungman,
1879) and at a 31.5 m depth in the biocenosis Myriotrochus rinkii Steenstrup, 1851 + Saduria
sibirica + Ophiura sarsi Liitken, 1855 [73].

Retusa pertenuis feeds on foraminifera (Figure 8D-F).

4. Discussion
4.1. Taxonomy

The descriptions and original drawings of Retusa obtusa and R. pertenuis (Montagu [74]
and Mighels [8], respectively) show shells that are significantly different from each other.
However, it may be challenging to distinguish them. For example, a photo of the R. obtusa
shell from Zeeland, Netherlands, by J. Trausel and F. Slieker [36], and the syntype of Bulla
pertenuis from the ANSP Malacology Collection, catalog no. 57340, have a similar outline.
Nevertheless, Retusa obtusa and R. pertenuis have clear differences in copulatory system
morphology and shell sculpture, indicating that they are two different species. The shell
of R. obtusa is cylindrical, often widened in the lower third, with the lower edge of its
outer lip bending to the right in most cases (Figure 11A,B). Such shells correspond to a
description of the species by Montagu [74] and are similar to some syntypes of R. obtusa
(see Oliver et al. [75]) from the Royal Albert Memorial Museum, Exeter [54]. In our opinion,
the dilated aperture may be explained by their feeding on small gastropods [7]. The
spire of R. obtusa can be either protruding or almost flat, the convex whorls are separated
by a channeled suture (Figure 11A,B), and the spiral sculpture is missing [6]. Retusa
pertenuis has a very thin but obvious spiral striation [10], which is clearly visible at high
magnification (Figure 7E,F]J,M), especially on material from the Arctic seas. The study of
materials from the collection of ZIN RAS, identified by S. Herzenstein, N. M. Knipowitch,
G. P. Gorbunov and A. N. Golikov, confirmed the presence of a spiral striation in this
species [10,52]. However, in wet specimens, especially those collected in boreal waters,
the spiral sculpture is less rough and can be easily overlooked. The shell of R. pertenuis
is oval or oval—cylindrical and shorter in specimens from Arctic seas (Figure 11E). The
same shell, identified as Utriculus pertenuis, was found in glacial deposits in Halland,
Sweden (Figure 11D). The copulatory apparatus of R. obtusa has four appendages: two
thin, long and proximal, referred to in the literature as accessory prostates; two short
and distal, referred to as penial and subpenial prostates [6,25,67] (Figure 11C). Retusa
pertenuis has three appendages: proximal prostate, distal spermatic bulb and ejaculatory
duct (Figures 10 and 11F).

Summing up the morphological characteristics of the two species, we agree with
Lemche’s definition, considering R. obtusa to be more adapted to warmer waters and not
penetrating the Arctic. A comparison of the morphological characteristics and ecology of R.
obtusa and R. pertenuis is shown in Table 3.

Table 3. Comparison of R. obtusa and R. pertenuis.

. Shell Shell Copulatory e
Species h (mm) Sculpture Sutures System Prey Distribution References
. . . Atlantic, boreal,
R. obtusa up to 10 lines channeled with four Hydrobia shallow-water [7,25,67]
of growth outgrowths ulvae .
species
spiral with three boreal-arctic,
R. pertenuis up to 4 striations pressed outgrowths foraminifera circumpolar, [24,52], this study

3-1300 m
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Molecular analysis indicates that the species Retusa obtusa sensu lato is a complex of at
least four species. Specimens from the White Sea, the Sea of Japan, the Sea of Okhotsk and
from the Canadian Arctic form a separate clade that is sister to deep-water Retusa operculata
(data from GenBank) and distinct from North Sea Retusa obtusa. Although specimens of
R. obtusa from GenBank were not available for morphological analysis, the proximity of
these specimens to the type locality R. obtusa in southern England suggests, nevertheless,
that these specimens belong to R. obtusa sensu stricto. At the same time, our analysis did
not include specimens from the type locality of R. pertenuis (Maine, USA), but the shell
morphology of the specimens from the White Sea and the Pacific Northwest is similar to
the species description [8,9,30] and syntype of Bulla pertenuis. The genetic conspecificity of
the samples from distant localities across subarctic, Arctic and boreal waters supports the
validity of Retusa pertenuis and the wide distribution of this species.

The species Bulla semen Reeve, 1885, was described from the Canadian Arctic (Port
Refuge, Devon Is., and Nunavut), and it was later considered either a valid taxon [76-78]
or a synonym of R. pertenuis [9,17]. The original description of the species is very short.
The type material of this species has been lost. The image of B. semen [79] as a species with
a short cylindrical shell differs significantly both from the oval and oval-cylindrical shells
of R. pertenuis sensu of Mighels [8], Gould [30] and G. O. Sars [9] and from our material.
Dall [78] noted Retusa semen from the Beaufort Sea (off Collinson point, west of the delta of
the Mackenzie River) and off Port Clarence, Bering Strait, Alaska. Lemche [37] indicated
R. semen as an “uncertain species”. According to his opinion, Dall “has simply regarded
semen as a proper name for the common arctic species generally designated as pertenuis”.
Retusa semen is currently considered a taxon inquirendum [5,36].

It should be noted that the type material of Retusa pertenuis was, for a long time,
considered to be lost [18,27]. The identification of retusids of the northern Eurasian Seas
was based on descriptions and illustrations for R. pertenuis by Mighels [8], Gould [30], G.
O. Sars [9], as well as comparative material sent by colleagues (including those depicted
in Figure 11A,B,D). This creates a situation in which there may be an imprecise view of
what should be considered R. pertenuis. Despite the rediscovery of the Bulla pertenuis
syntype [36], the study of its shell may be insufficient in light of the discovered cryptic
diversity. This makes it of paramount importance to collect multiple samples of R. pertenuis
from its type locality for a comprehensive integrative taxonomy study with the use of both
morphological and molecular approaches for the final clarification of this subject. The
primary goal of this work is limited to describing the diversity of what is considered the
“common arctic species generally designated as pertenuis” [37] in northern Eurasian seas
with updated information on its distribution.

Our data also indicate that the cryptic diversity within the Retusa obtusa species
complex is even higher. Two specimens initially identified as R. obtusa and R. pertenuis
from Canada and the Sea of Okhotsk (ECHAR186_19 and EC393, respectively) formed two
derived singletons apart from the rest of the diversity (Figure 2). Unfortunately, the limited
material does not allow us to study their external and internal morphology; therefore, this
issue clearly needs further investigation.

4.2. Variability in the Morphological Characteristics across Distant Populations

Shell variability: Retusa pertenuis exhibits wide morphological variation across its
vast range. In the 126 White Sea specimens that we studied, the shell height was pre-
dominantly 1.7-3.0 mm; rare specimens reached a size of 3.8 mm. The ratio of the shell
width (w) to its height (h) varied widely (0.56-0.73); many of the shells were irregular in
shape. The Sea of Japan population (244 specimens studied) was represented by larger
mollusks, predominantly 2.7-3.4 mm in height, with a maximum of 4.0 mm. The ratio of
the shell’s width to its height varied less (w/h = 0.59-0.71); they were more regularly oval
in shape than the White Sea specimens. The Sea of Okhotsk’s R. pertenuis (34 specimens
studied) were also generally larger than the Arctic forms: 2.8-3.6 mm high. They were
of regular oval shape and narrower than the specimens from the White Sea and Sea of
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Japan (w/h = 0.56-0.66). There was also variation in the shell shape. The variability of
this trait is especially important to study, since in the absence of a revision of the Re-
tusidae family, it is precisely this trait that underlies the differential diagnoses of the
species [16,37,45]. Both Arctic and Far Eastern R. pertenuis have an oval-cylindrical shape
with a straight outer lip (Figures 4D,H,K, 5H,LK,L and 6). In addition to an oval-cylindrical
shape, there were also wide oval-shelled forms found in the Arctic (Figure 4F) and Far
East (Figures 5A,B, 6A,B and 7K), though they were much more numerous in the Sea of
Japan and Sea of Okhotsk populations. A peculiarity of the Far Eastern individuals was
their shallow spiral grooves (Figure 7],M) compared to the shells found in the Arctic. In
general, the White Sea population was characterized by a great variability in the shell shape
and large number of irregular forms (Figure 4L). Perhaps this is due to the White Sea’s
low salinity.

Variability of the gizzard plates: Regarding the anatomical characteristics, the most
striking differences were found in the gizzard plate morphology. The gizzard plates of
the Sea of Japan individuals were much thicker than those of the White Sea individu-
als. In addition, their denticles were smaller than those on the plates of the White Sea
specimens, especially the denticle of the distal (lower) pole, and were often arranged in
regular semi-rings.

Variability of the head copulatory apparatus: There were slight differences in the
morphology of the copulatory apparatus. In the Sea of Japan individuals, the spermatic
bulb and ejaculatory duct complex flows medially into the penis sac, while in the White
Sea and Sea of Okhotsk populations, it is distally connected.

4.3. Phylogeography

Overall, the COI-based haplotype network showed a high geographical structure and
clear genetic separation of representatives from the White Sea, the Sea of Okhotsk, the Sea
of Japan and the Canadian Arctic, suggesting restricted gene flow across distant localities.
The global Fst was high, and the highest pairwise Fsr (0.86721) was observed between
populations from the White Sea and the Sea of Japan. Remarkably, specimens from the
Sea of Okhotsk are genetically close to the White Sea specimens (pairwise Fs = 0.37828),
suggesting that the gene flow between these two distant localities might have occurred in
the recent past. At the same time, the Sea of Japan population is distinct from that of the
Sea of Okhotsk (Fst = 0.72393), despite these areas having a hydrological connection and a
shared biological and genetic diversity [80-82]. The genetic distinctness of geographically
close and distant populations eliminates anthropogenic transportation as a primary driver
for the wide species distribution. At the same time, this peculiar genetic pattern may
be explained either by the dispersal abilities of R. pertenuis or its historic distribution
pattern in the North Pacific and adjacent Arctic waters. Regarding the latter hypothesis, the
genetic divergence observed in R. pertenuis may be recent, resulting from a reduction of the
gene flow across the Arctic Ocean during several recent Pleistocene glacial cycles [83,84].
At the same time, direct development was shown for phylogenetically close R. obtusa,
meaning this species does not have a free-living pelagic larval stage [85,86]. Although
we do not know the exact developmental mode of R. pertenuis, the direct development of
this species may be an explanation for the high geographical structure of its populations.
A high geographic structure within species with direct development has already been
hypothesized and shown before [87-90].

An obvious restriction of the gene flow across distant regions may indicate different
populations of R. pertenuis represent young but distinct species. The identity of widely
distributed species with amphiboreal, arcto-boreal or circumpolar distribution (so-called
trans-Arctic distribution, see Laakkonen et al. [84]) is challenging, and the species criteria
are still poorly defined [84,91-93]. Recent works on other heterobranch groups identified
that most of these species represent species complexes [94-96]; however, for some species,
their wide distribution range was confirmed [84,92,97]. In the latter case, species may
demonstrate considerable morphological differences across distant populations which is,
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in fact, a part of a morphological variation continuum [92,97]. Corresponding studies have
also suggested stable differences in nuclear markers as a primary phylogenetic criterium to
support a separate species status of trans-Arctic populations [92]. In the case of R. pertenuis,
we have demonstrated the high morphological variation within and between its populations
(see above). Also, we did not identify any consistent differences in nuclear markers
(Figure S1) between the White Sea and Sea of Japan populations, which may result from
either the contemporary generic exchange between distant populations or incomplete
lineage sorting. Taking into account all of the above, we suggest defining Retusa pertenuis
as a circumpolar species inhabiting all Arctic seas and northern regions of the Atlantic and
Pacific until the morphological and molecular diversity of transitional populations (North
Atlantic and high Arctic) can be investigated.

5. Conclusions

Molecular phylogenetic analysis of GenBank material, identified by sequence authors
as R. obtusa, and our material from the Arctic and North Pacific, indicates that R. obtusa
sensu lato is a species complex represented by at least four clades. One of these clades
is Retusa pertenuis, composed of our collections from the Arctic and North Pacific and
four specimens from GenBank collected in Arctic Canada (Manitoba and Resolute Bay;,
Nunavut, Arctic Canada). One of the collection points in Canada—Resolute Bay—is located
almost next to Port Refuge—the type locality of Bulla semen. However, B. semen differs
significantly from our material. We note the existence of R. pertenuis cryptic diversity in the
Sea of Okhotsk and Arctic Canada, i.e., R. pertenuis in the former sense represents a species
complex. However, whether B. semen belongs to this complex is still uncertain. Further
study of material from the R. pertenuis species complex, primarily from the type localities
of R. pertenuis and B. semen in the Northwestern Atlantic and Arctic Canada, respectively,
is required.
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/ /www.mdpi.com/article/10.3390/d15090974/s1. Table S1: List of specimens used for the molecular
phylogenetic analysis, including sampling localities and GenBank accession numbers. Figure S1: ML
tree for the genus Retusa based on partial 185 rRNA.
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