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Abstract

Three new species of the genus Dendronotus are described from the North Pacific waters of Japan and Russia. For the
first time since 1949, three new species, D. jamsteci sp. nov., D. zakuro sp. nov. and D. bathyvela sp. nov. are described
from the waters of the Japanese Islands. D. zakuro sp. nov. was also discovered in the waters of Russia (Kamchatka). The
descriptions of the new species D. jamsteci sp. nov. and D. zakuro sp. nov. are based on morphological and molecular
data; D. bathyvela sp. nov. morphologically belongs to the group of D. robustus, D. velifer and D. patricki. This study
revises our knowledge of North Pacific species of the genus Dendronotus, considerably expands the number of species
worldwide and contributes to the multilevel fine-scale diversity concept.

Key words: morphological data, molecular phylogeny, multilevel fine-scale diversity, new species, North Pacific Ocean,
taxonomy

Introduction

The genus Dendronotus is a common nudibranch taxon in the northern waters of the Atlantic and Pacific oceans.
While North Pacific species, including Russian and North American fauna, have had a long history of investiga-
tions (e.g. MacFarland 1966; Robilliard 1969, 1970, 1972, 1975; Roginskaya 1987, 1997; Martynov & Korshunova
2011) and have recently received considerable attention (e.g. Martynov et al. 2015a,b; Ekimova et al. 2015; Kors-
hunova et al. 2016a,b, 2017; Lundin et al., 2017; Valdés et al. 2018; Korshunova et al. 2019a), the Japanese species
of the genus Dendronotus are rarely visited and insufficiently studied. Because of its abundance and diversity, the
genus Dendronotus is a good model group to study various taxonomic, phylogenetic and biogeographic problems
(Martynov & Korshunova 2011; Korshunova et al. 2016a; Lundin et al. 2017). Furthermore, is the first genus of
nudibranchs to which principles of a previously outlined ontogenetic taxonomy (Martynov 2012; Martynov et al.
2015) were applied at the species level in the work by Ekimova et al. (2015) according to the original idea by A.V.
Martynov.

There are 26 currently recognized species in the genus Dendronotus (MolluscaBase 2019). However, Den-
dronotus species diversity is still insufficiently known, despite the recent progress. In the Northern part of the Japa-
nese Islands, only a single species has been recorded (Baba 1993). In 2018, several Dendronotus species known
from other Pacific locations were recorded in Japan (Nakano 2018) and confirmed using molecular and morphologi-
cal data (Korshunova et al. 2019a). Since 1949, when D. gracilis was described (Baba 1949), no new Dendronotus
species have been described from the Japanese Islands despite the region being the subject of numerous taxonomic
studies and new nudibranch descriptions. For the first time, during the present study deep-sea samples were col-
lected not only by dredging operations, but also by using special bio-tracking base stations with remotely controlled
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manipulators, a method that currently is employed by the Japan Agency for Marine-Earth Science & Technology
(e.g. Jamstec 2013), to reveal the diversity of the genus Dendronotus in Japan. To further study the composition of
the Dendronotus genus, we have examined new materials encompassing both sides of the North Pacific waters of
the Japanese, Russian and North American coasts (with a focus on the NW Pacific fauna) and describe three new
species of the genus Dendronotus, which belong to three different clades of the genus.

Materials and methods

Collecting data. Shallow-water species were collected in Usujiri (North West Pacific, Hokkaido, Japan), Starich-
kov Islands (North West Pacific, Kamchatka, Russia), and Port Orchard (North East Pacific, Washington, USA) by
SCUBA diving and stored in the Zoological Museum Moscow State University (ZMMU) and the Natural History
Museum, Kishiwada City (KSNHM). Deep-sea species off Sanriku, the northern part of Honshu (Japan), were col-
lected during surveys by the Japan Agency for Marine-Earth Science & Technology (JAMSTEC) from long-term
bio-tracking base stations using remotely controlled manipulators, and by the National Museum of Nature and Sci-
ence (NSMT) during dredging operations. Specimens are stored in each institution and museum respectively. All
specimens were preserved in 80-95% EtOH, except those collected by NSMT, which were preserved in formalin.

Molecular analysis. Seven specimens of the genus Dendronotus were sequenced for the mitochondrial genes cy-
tochrome ¢ oxidase subunit I (COI) and 16S rRNA, and the nuclear genes 28S rRNA (C1-C2 domain). Small
pieces of tissue were used for DNA extraction with Diatom™ DNA Prep 100 kit by Isogene Lab, according to the
producer’s protocols. Standard PCR amplifications and sequencing were applied (for details, see Korshunova et
al. 2018). COI sequences were translated into amino acids to verify coding regions and avoid improper base-call-
ing. All new sequences were deposited in GenBank (Table 1, highlighted in bold). Publicly available sequences
of Dendronotus species plus several outgroup taxa (7ritonia, Marionia, and Notobryon) were also included in the
molecular analysis. Phylogenetic analysis was performed using forty-seven specimens of the genus Dendronotus,
and six outgroup specimens (Table 1). Sequences were aligned with the MAFFT algorithm (Katoh et al. 2002).
Separate analyses were conducted for COI (658 bp), 16S (466 bp), 28S (347 bp), and the concatenated dataset (1471
bp). The GTR+I+G model was chosen for the concatenated datasets using MrModelTest 2.3 (Nylander ez al. 2004).
Two different phylogenetic methods, Bayesian inference (BI) and Maximum Likelihood (ML), were used to infer
evolutionary relationships. Bayesian estimation of posterior probability was performed in MrBayes 3.2 (Ronquist e?
al. 2012). Four Markov chains were sampled at intervals of 1000 generations; a 25% majority rule consensus tree
(contype = halfcompat) was calculated. Analysis was started with random starting trees and 107 generations. Maxi-
mum Likelihood based phylogeny inference was performed in GARLI 2.0 (Zwickl, 2006) with bootstrap in 1000
pseudo-replications. Final phylogenetic tree images were rendered in FigTree 1.4.2. Nodes in the phylogenetic trees
with Bayesian posterior values > 0.96% and bootstrap values > 90% were considered ‘highly’ supported, nodes with
0.90-0.95% and 80-89% accordingly were considered ‘moderately’ supported (lower support values were consid-
ered not significant, Korshunova et al. 2018). The program MEGA7 (Kumar et al. 2016) was used to calculate the
uncorrected p-distances between all the sequences and for revealing the maximum intra- and minimum interspecific
genetic distances. Automatic Barcode Gap Discovery (ABGD) (Puillandre et al. 2012) was used to estimate Den-
dronotus species (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html). Alignment from the COI markers were
submitted and processed in ABGD using the Jukes-Cantor (JC69) and Kimura (K80) models and the following set-
tings: a prior for the maximum value of intraspecific divergence between 0.001 and 0.1, 10 recursive steps.

Morphological analysis. All specimens were examined with a stereomicroscope (MBS-9) and photographed us-
ing Nikon D-90, D-600 and D-810 digital cameras with a set of extension rings. The reproductive systems were
investigated under stereomicroscope. The pharynxes were removed and processed with a weak solution of domestic
bleach (NaClO). The jaws and radulae were examined under a scanning electron microscope (JSM and CamScan
Series II) at the National Museum of Nature and Science (Japan, Tsukuba) and the electron microscopy laboratory
of the Biological Facility of Moscow State University.
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Results

Molecular phylogeny

Bayesian Inference (BI) and Maximum Likelihood (ML) analyses based on the combined dataset for the mito-
chondrial COI and 16S and the nuclear 28S genes yielded similar results (Fig. 1). Unresolved polytomies in the BI
tree correspond to lower supported clades in the ML tree (Fig S1). All Dendronotus constitute a highly supported
clade (PP =1, BS =99). (Fig 1.) Twenty-one species of the genus Dendronotus form maximal or highly supported
separate clades.
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‘Dendronotus rufus
nwDendronotus lacteus
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" Dendronotus dalli
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WL Dendronotus kamchaticus
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-Dendronotus zakuro sp. nov. Russia
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wf Dendronotus primorjensis Russia
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FIGURE 1. Phylogenetic relationships of the species of the genus Dendronotus based on COI + 16S + 28S concatenated da-
taset inferred by Bayesian inference (BI). Numbers above branches represent posterior probabilities from BI; numbers below
branches indicate bootstrap values for Maximum Likelihood. Summary of species delimitation results are noted by numbered,
clusters from the ABGD analyses for the COI dataset.

D. regius Pola & Stout, 2008 forms a maximally supported separate clade, sister to a clade containing all other
species of the genus Dendronotus analysed here. Three D. zakuro sp. nov. (see descriptions of the new species
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below) are clustered together (PP = 1, BS = 98). Clade D. zakuro sp. nov. has the closest position to the clades D.
arcticus, D. dalli, D. kamchaticus, D. niveus, D. lacteus, D. europaeus and D. rufus, but with moderate/low support
(PP=0.94, BS = 61). Maximum intraspecific genetic distance amongst the D. zakuro sp. nov. clade is 1.1% for the
COI marker (Table 2). The lowest COI interspecific distance of 5.33% is found between D. zakuro sp. nov. and D.
europaeus Korshunova, Martynov, Bakken & Picton, 2017. D. jamsteci sp. nov. are clustered in a maximally sup-
ported clade (PP = 1, BS = 100) that is sister (PP = 1, BS = 95) to the clade containing D. al/bus MacFarland, 1966
and D. subramosus MacFarland, 1966 (PP = 0.99, BS = 82), which was successfully sequenced for the COI gene
for the first time. Intraspecific genetic distance amongst the D. jamsteci sp. nov. clade is 0.47% for the COI marker.
The lowest COI interspecific distance of 6.64% is found between D. jamsteci sp. nov. and D. frondosus (Ascanius,
1774). Unresolved evolutionary ties were revealed for D. kalikal Ekimova, Korshunova, Schepetov, Neretina, Sana-
myan & Martynov, 2015 and D. robilliardi Korshunova, Sanamyan, Zimina, Fletcher & Martynov, 2016, and D. iris
J. G. Cooper, 1863, whereas D. velifer G. O. Sars, 1878, D. patricki Stout, Wilson & Valdés, 2011, and D. robustus
A. E. Verrill, 1870 show close evolutionary relationships, as well as another group D. primorjensis, D. frondosus,
and D. venustus MacFarland, 1966. D. robustus, D. patricki, and D. velifer clustered together in a separate clade
with the high support (PP = 1, BS = 98), that branched to three clades. D. patricki and D. velifer clustered in two
distinct and separated sister clades (PP = 1, BS = 97) that formed the sister group to the D. robustus clade. D. pri-
morjensis, D. frondosus, and D. venustus clustered together in another separate clade with moderate support (PP =
1, BS = 83), that branched to three clades. The first clade (PP = 1, BS = 98) includes D. venustus. This clade is sister
to the clade divided into two subclades: D. frondosus and D. primorjensis. D. primorjensis Martynov, Sanamyan,
Korshunova, 2015 from Japan are clustered in a highly supported clade (PP = 1, BS = 99) together with the type
specimens of D. primorjensis from Russia.

The ABGD analysis of the COI data set run with two different models revealed twenty- one potential Den-
dronotus species. ABGD results are fully concordant with the clades in the molecular phylogenetic analysis (Fig.
1). Thereby, two new species of the genus Dendronotus were identified through clarification of their phylogenetic
relationships.

Molecular genetic analysis supports recognition of two new species D. zakuro sp. nov. and D. jamsteci sp. nov.
within the genus Dendronotus. Molecular data for D bathyvela sp.nov. is not available because of the formaline-
based fixation of the material so a comparison was performed based on the morphological data.

Systematics

Family Dendronotidae

Dendronotus jamsteci sp. nov.
(Figures 1-2, 5A)
http://zoobank.org/BSDACSAC-56F4-4C92-90EC-D48C5173772A

Type material. Holotype, JAMSTEC No. 1160047475, 17.5 mm long preserved, dissected, Cruise KS-16-J03,
on board ID HPD #1952, Japan, Northern Honshu, off Otsuchi, 39° 18.5378* N 142° 17.82° E, 08 March 2016,
depth—670 m, collector Shinji Tsuchida. One paratype, JAMSTEC No. 1160047461, Cruise KS-16-J03, on board
ID HPD #1952-07, Dive No. HPD #1952, 21.5 mm long (preserved), Japan, Northern Honshu, off Otsuchi, 39°
18.4453° N 142° 18.0498’ E, 08 March 2016, depth—761 m, collector Shinji Tsuchida. Five paratypes, JAM-
STEC No. 1160047464, Cruise KS-16-J03, on board ID HPD #1952-10, Dive No. HPD #1952, 2-7 mm long
(preserved), Japan, Northern Honshu, off Otsuchi, 39° 18.4453° N 142° 18.0498” E, 08 March 2016, depth—761
m, collector Shinji Tsuchida. Ca. 60 paratypes, JAMSTEC No. 1160047463, Cruise KS-16-J03, on board ID HPD
#1952-09, Dive No. HPD #1952, 1.5-15 mm long (preserved), Japan, Northern Honshu, off Otsuchi, 39°18.4453°
N 142°18.0498° E, 08 March 2016, depth—761 m, collector Shinji Tsuchida. Three paratypes, JAMSTEC No.
1160047392, Cruise KS-16-J03, on board ID HPD #1950-16, Dive No. HPD #1950, 11-11.5 mm long (preserved),
Japan, Northern Honshu, off Otsuchi, 39° 18.7059° N 142° 18.0498” E, 05 March 2016, depth—684 m, collector
Shinji Tsuchida. Nine paratypes, JAMSTEC No. 1160047475, Cruise KS-16-J03, on board ID HPD #1952, 2 -21
mm long, Japan, Northern Honshu, off Otsuchi, 39° 18.5378” N 142° 17.82° E, 08 March 2016, depth—670 m, col-
lector Shinji Tsuchida. Three paratypes, JAMSTEC No. 1160047380, Cruise KS-16-J03, on board ID HPD #1950-
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4, 7-18 mm long (preserved), Japan, Northern Honshu, off Otsuchi, 39° 18.6579’ N 142° 18.0498’ E, 05 March
2016, depth—704 m, collector Shinji Tsuchida.

Type locality. Japan, off the Pacific coast of Northern Honshu.

Etymology. In honour of the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) which has
made a considerable contribution to the understanding of deep-sea fauna in Japan and worldwide.

Diagnosis. Body elongate, 6—7 pairs dorsolateral appendages, colour whitish with brownish spots and streaks,
central tooth with well-defined denticles and furrows, vas deferens moderate in length, penis conical, moderately
narrow.

Description. Body elongate, up to 21.5 mm in length (Fig. 2A, B), 6-9 branched appendages of oral veil, 4-5
appendages of rhinophoral stalks, 12—15 rhinophoral lamellae, branched rhinophoral lateral papilla present, 67
pairs dorsolateral appendages, 20-25 lip papillae. Dorsolateral appendages with thickened primary stalk, moder-
ately branched secondary branches, and blunted tertiary branches (Fig. 2A, C). Reproductive and anal openings
placed laterally on right side. General colour whitish with scattered distinct opaque white dots on notum, tips of
lateral appendages, oral appendages, lip papillae, and rhinophores (Fig. 2C).

The jaws are ovoid with strong dorsal processes, denticles present. Masticatory processes bear ca. 60 denticles
(holotype, including simple triangular and broadly lamellated ones (Fig. 2D, E). Radula formula is 33 x 1-6.1.6-1
(paratype 7 mm), 34 x 3—8.1.8-3 (holotype), 38 x 3—8.1.8-3 (paratype 20 mm), 29 x 3—8.1.8-3 (paratype 21.5 mm).
Central tooth strongly denticulated and bearing up to 17 distinct denticles (Fig. 2F) with well-defined furrows. Lat-
eral teeth are short, slightly curved, bearing up to 9 long denticles (Fig. 2G).

Reproductive system triaulic (Fig. 5A), ampulla moderately thin, triple folded (Fig SA, am), prostate consisting
of 50-60 alveolar glands (Fig. 5A, pr), vas deferens moderate in length (Fig. SA, vd) expanding to a narrow penial
sheath (Fig. 5A, psh), penis short and conical (Fig. 5A, p), vagina long and twisted (Fig. 5A, vg), bursa copulatrix is
medium-sized, rounded (Fig. SA, bc) with small seminal receptaculum placed distally (Fig. 5A, rs).

Biology. On hydroids within sand and muddy substrates.

Distribution. Presently known only off the Pacific coast of Northern Honshu (Japan), at depths of 670-761

Remarks. Dendronotus jamsteci sp. nov. is superficially similar to D. frondosus and D. primorjensis, but differ-
ent in the details of 1) colouration: compared to D. frondosus and D. primorjensis, D. jamsteci sp. nov. has a weakly
coloured whitish ground colour with dispersed brownish spots), 2) radula: D. jamsteci sp. nov. has different number
of rows (up to 8 in D. jamsteci sp. nov., up to 9 in D. primorjensis, up to 10 in D. frondosus) and denticles on the
central (up to 17 denticles in D. jamsteci sp. nov. , up to 18 in D. primorjensis, up to 14 in D. frondosus) and lateral
tooth (up to 9 denticles in D. jamsteci sp. nov. , up to 8 in D. primorjensis, up to 7 in D. frondosus), and 3) repro-
ductive system: D. jamsteci sp. nov. considerably differs in the number of alveolar glands (50-60 in D. jamsteci sp.
nov., 12-19 in D. primorjensis, 16-30 in D. frondosus) as well as details in the patterns of the bursa and copulative
organ arrangements. Importantly, according to the molecular phylogenetic data (Fig. 1), D. jamsteci sp. nov. doesn’t
belong to the clade comprised of D. frondosus, D. primorjensis and D. venustus (this species readily differs external-
ly from D. jamsteci sp. nov. by its bright yellow markings or large amounts of opaque white pigment) (MacFarland
1966; Stout et al. 2010) but is sister to the clade that includes D. subramosus and D. albus. However, both the latter
species are considerably different morphologically from D. jamsteci sp. nov.. Particularly, although D. subramosus
externally shares a similar brownish colouration with D. jamsteci sp. nov. it lacks lateral rhinophoral papilla com-
mon in most species of the genus Dendronotus including D. jamsteci sp. nov. By this feature, it readily differ from
D. jamsteci sp. nov., whereas D. albus considerably differs from D. jamsteci sp. nov. by its uniform whitish or
lilac colour and patterns of the radula and reproductive system. Such a discrepancy of molecular and morphological
evolution is very interesting. From the NW Pacific species D. kalikal, D. jamsteci sp. nov. differs by the absence of
subparallel brownish dorsal stripes, details of the radula and very significantly by the molecular data (Fig. 1). Two
other NW Pacific species, D. kamchaticus and D. zakuro sp. nov., are substantially different from D. jamsteci sp.
nov. by their colouration and the smooth central teeth of their radula at the adult stage and in addition, they belong
to a different molecular clade (Fig. 1). None of these species inhabit bathyal depths as D. jamsteci sp. nov. does,
and their bathymetric distribution is restricted to shallow waters, not deeper than 60 m. Recently, a deep-sea species
off the NE Pacific coast, D. claguei, was described (Valdés et al. 2018). For that species, only H3 gene data was
provided in the cited publication, so the absence of COI and 16S data prevented its use here for molecular analysis
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FIGURE 2. Dendronotus jamsteci sp. nov. Holotype, JAMSTEC No. 1160047475, 17.5 mm length (preserved), Northern Hon-
shu, off Otsuchi, 670 m depth. A, B. Dorsal and ventral views respectively, preserved holotype. C. Live holotype. D. Jaws, SEM,;
E. Masticatory processes of jaws, SEM; F. Radula, posterior part; G. Lateral teeth, posterior part. H. Collecting of specimens
in situ by remotely controlled manipulators. I. Overview of one of the bio-tracking base stations installed at the depth 761 m
from which specimens were collected. Scale bars: D, 500 um, E,G, 20 pm, F, 50 pm. Photos: Alexander Martynov (A,B, D-G),
Yoshihiro Fujiwara (C, H, I).
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because the H3 gene is almost identical for closely related species of the genus Dendronotus. D. claguei fundamen-
tally differs from D. jamsteci sp. nov. by its uniform translucent white colour, radular details, and in addition D.
claguei inhabits upper abyssal depths (2369 m) and not upper bathyal depths (670-761 m) as D. jamsteci sp. nov.
does. Maximum intraspecific and minimum interspecific genetic distances for the COI marker in the species of the
genus Dendronotus including D. jamsteci sp. nov. are presented in Table 2.

Dendronotus zakuro sp. nov.
(Figures 1, 3, 5B)
http://zoobank.org/ 3B54EB14-A55E-42C5-B962-82D6A40B9BF5

Type material. Holotype, ZMMU Op-700, 30 mm long live, 15 mm preserved, dissected, Russia, Kamchatka, Star-
ichkov Island, 17.07.2015, depth—12 m, on stones, collector N.P. Sanamyan. Two paratypes, KSNHM-OP0485, Ja-
pan, Hokkaido, Usujiri, 10 and 12 mm long (preserved), 13.03.2016, depth 10-20 m, stones, collector Sho Kashio.
One paratype, ZMMU Op-664, 25 mm long live, Japan, Honshu, Echizen Coast, Fukui Prefecture, 19.04.2018,
depth 7.1 m, collector Chihiro Dairi.

Type locality. Russia (Kamchatka) and Japan (Hokkaido; Honshu: Sea of Japan).

Etymology. From zakuro (' 7 v, 11 #1#), meaning in Japanese “pomegranate”, after a striking red to
red-brownish colouration of the new species.

Diagnosis. Body elongate, 6—7 pairs dorsolateral appendages, colour bright reddish to reddish-brownish with
opaque white spots, central tooth completely smooth (in adults), lacking denticles and furrows, vas deferens moder-
ate in length, penis massive, long, twisted.

Description. Body elongate, up to 30 mm in length (Fig. 3A-E), 5-7 branched appendages of oral veil, ca. 5
appendages of rhinophoral stalks, 10—11 rhinophoral lamellae, branched rhinophoral lateral papilla present, 6—7
pairs dorsolateral appendages, 25-30 lip papillae. Dorsolateral appendages with elongate primary stalk, moderately
relatively highly branched secondary branches, and attenuated tertiary branches (Fig. 3A—E). Reproductive and anal
openings placed laterally on right side. General colour bright red to reddish-brownish with thin white broken lines
between dorsolateral appendages, also scattered opaque white dots and speckles on dorsal and lateral sides, and on
various appendages (Fig. 3 A, D, E).

The jaws are ovoid with strong dorsal processes, denticles present (Fig. 3F—G). Masticatory processes bear up
to 120 denticles. Radula formula is 36 x 3—11.1.11-3 (holotype), 34 x 3—12.1.12—3 (paratype, 12 mm). Central tooth
completely devoid of denticles and furrows in most parts of the radula (except for the anterior-most juvenile radula
in some specimens) only faint traces of the furrows on the surface appear on some teeth in the holotype (Fig. 3H,
J); the studied paratype possesses almost completely smooth central teeth throughout the whole radula. Lateral teeth
are long, distinctly curved, bearing up to 7 long denticles (Fig. 31, K).

Reproductive system triaulic (Fig. 5B), ampulla thin, twice folded (Fig. 5B, am), prostate consisting of ca.
25 alveolar glands (Fig. 5B, pr), vas deferens relatively long (Fig. 5B, vd) expanding to voluminous penial sheath
(Fig. 5B, psh), penis long and twisted (Fig. 5B, p), vagina long and straight (Fig. 5B, vg), bursa copulatrix is large,
rounded, and elongated (Fig. 5B, bc) with small seminal receptaculum placed distally (Fig. 5B, rs).

Biology. Inhabits stony and rocky substrates, 7-20 m.

Distribution. Presently known from three remote locations in the North Western Pacific, from Hokkaido Island
and Echizen coast (Honshu) in Japan and Starichkov Island, Kamchatka in Russia. Further intermediate findings on
the Kurile Islands between these two remote points are therefore expected.

Remarks. D. zakuro sp. nov. by combination of colouration, radular patterns and molecular phylogenetic data
well differs from all previously described species of the genus Dendronotus. The almost smooth central teeth in
adult radular morphology combined with the non-uniform, partly variegated external colouration of D. zakuro sp.
nov. is only similar to D. kamchaticus. However, D. kamchaticus is phylogenetically distantly related to D. zakuro
sp. nov. (Fig. 1). Furthermore, morphologically D. zakuro sp. nov. differs from D. kamchaticus by bright red to red-
brownish colouration (the known range of colouration for D. kamchaticus is brownish to transparent greyish, see
Korshunova et al., 2016a), larger number of rows of lateral teeth and patterns of their denticulations. D. subramosus
with commonly brownish general colouration considerably differs from D. zakuro sp. nov. by the absence of lateral
rhinophoral papillae and strongly denticulated central radular teeth. According to molecular phylogenetic analysis,
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FIGURE 3. Dendronotus zakuro sp. nov. A-C, F-1. Holotype, ZMMU-700, Kamchatka, 12 m depth. D, E, J, K. Two para-
types KSNHM-OP0485, Hokkaido; A. Living animal, dorsal view, 30 mm length; B-C. Preserved holotype, ventral and lateral
views respectively; D-E. Living animals, lateral views; F. Jaws, SEM; G. Masticatory processes of jaws, SEM; H. Radula, pos-
terior part; I. Lateral teeth, posterior part. J. Radula, posterior part; K. Lateral teeth, posterior part. Scale bars: F, 500 um, G, 10
pm, H, J,100 pm, I, 30 um, K, 50 um. Photos: Karen Sanamyan (A), Alexander Martynov (B,C, F-I, J, K), Sho Kashio (D, E).
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evolutionary ties for D. zakuro sp. nov. are not fully clarified. Clade D. zakuro sp. nov. has the closest position
to the clades D. arcticus, D. dalli, D. kamchaticus, D. niveus, D. lacteus, D. europaeus and D. rufus (Fig. 1), but
none of these species (except D. kamchaticus) demonstrate any external or internal similarity to D. zakuro sp. nov.
Maximum intraspecific and minimum interspecific genetic distances for the COI marker in the species of the genus
Dendronotus including D. zakuro sp. nov. are presented in the Table 2.

Dendronotus bathyvela sp. nov.
(Figures 4, 5C)
http://zoobank.org/28 A36F6D-C221-4C34-B40A-631E3129B943

Type material. Holotype, NSMT-Mo 94455, 45 mm long preserved, dissected, Japan, Tohoku, off Ofunato, Iwate
Prefecture, 38° 53.5° N 142° 2.8° E, 18.10.2007, depth 303-307 m, collector K. Hasegawa, H. Komatsu. Three
paratypes, NSMT-Mo 94450, 25, 26, 27 mm long (preserved), Japan, Tohoku, off Shimokita Peninsula, Aomori Pre-
fecture, 41° 0.5’ N 141° 2.0’ E, 10.10.2006, depth 511-510 m, collector T. Kuramochi, T. Fujita. Paratype, NSMT-
Mo 94452, 35 mm long (preserved), Japan, Tohoku, off Kinkazan, Miyagi Prefecture, 38° 23.2° N 141° 58.2° E,
04.11.2006, depth 305-309 m, collector H. Komatsu. Paratype, NSMT-Mo 93078, 35 mm long (preserved), Japan,
Tohoku, off Kesennuma, Miyagi Prefecture, 38° 4.6’ N 141° 55.3° E, 19.11.2005, depth 249 m, collector T. Fujita,
H. Saito. Paratype, NSMT-Mo 93080, 21 mm long (preserved), Japan, Tohoku, off Kesennuma, Miyagi Prefecture,
38°4.2’ N 141° 58.9’ E, 19.11.2005, depth 306-309 m, collector T. Fujita, H. Saito. Paratype, NSMT-Mo 93061, 14
mm long (preserved), Japan, Tohoku, off Kinkazan, Miyagi Prefecture, 38° 2.3’ N 142° 2.1’ E, 17.11.2005, depth
382-376 m, collector T. Fujita, H. Saito.

Type locality. Japan, off the Pacific coast of Northern Honshu.

Etymology. From Ancient Greek BaBog (deep sea) + velum (veil) in reference to the deepest record so far
known of this wide-bodied Dendronotus species with a broad oral veil.

Diagnosis. Body broad, 6—7 pairs dorsolateral appendages, colour dull reddish-brownish with numerous white
spots, central tooth with well-defined denticles and furrows, vas deferens moderate in length, penis long, very
thin.

Description. Body broad, up to 45 mm in length (Fig. 4A-D), 10-15 long branched appendages of oral veil, 5
appendages of rhinophoral stalks, 15-25 rhinophoral lamellae, branched rhinophoral lateral papilla absent, 67 pairs
dorsolateral appendages (including smallest posterior ones), ca. 50-70 lip papillae. Dorsolateral appendages with
moderate primary stalk, moderately branched secondary branches, and elongated tertiary branches (Fig. 4 A-D).
Reproductive and anal openings placed laterally on right side. General colour dull reddish-brownish with numerous
distinct opaque white dots on notum, tips of lateral appendages, oral appendages (Fig. 4 D).

The jaws are ovoid with strong dorsal processes, denticles present (Fig. 4E—F). Masticatory processes appar-
ently bear ca 60 denticles. Radula formula is 36 x 1-13.1.13—1 (paratype 21 mm), 41 x 1-12.1.12—1 (paratype 27
mm), 37 X 1-13.1.13—1 (paratype 35 mm), 36 x 1-14.1.14—1 (holotype 45 mm). Central tooth with broad, relatively
low cusp, strongly denticulated and bearing up to over 30—35 distinct to small denticles (Fig. 4G). Lateral teeth are
long, slightly curved, commonly completely smooth or bearing few (up to 2) weak denticles (Fig. 4H).

Reproductive system triaulic (Fig. 5C), ampulla folded several times (Fig. 5C, am), prostate consisting of 21-25
alveolar glands (Fig. 5C, pr), vas deferens long (Fig. 5C, vd) expanding to elongate penial sheath (Fig. 5C, psh),
penis very long, thin (Fig. 5C, p), vagina very long and considerably twisted (Fig. 5C, vg), bursa copulatrix is large,
rounded, and elongated (Fig. 5C, bc) with small seminal receptaculum placed distally (Fig. 5C, rs).

Biology. Inhabits sand and muddy substrates with stones.

Distribution. Presently known only off the Pacific coast of Northern Honshu (Japan), at depths of 249-510

Remarks. According to the morphological data Dendronotus bathyvela sp. nov. clearly belongs to the group
of wide-bodied Dendronotus species, which includes only a few species, i.e. D. patricki, D. robustus and D. velifer.
Because all available D. bathyvela sp. nov. were formalin-fixed, this prevented us from including this species in the
molecular phylogenetic analysis. However, the present morphological data are enough to distinguish D. bathyvela
sp. nov. from all other wide-bodied species of the genus Dendronotus. The abyssal NE Pacific species, D. patricki,
readily differs from the bathyal NW Pacific D. bathyvela sp. nov. by its uniform pinkish colouration (white pig-
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ment presents only on apices of dorsolateral and velar appendages, but not on the body) and details of the radula
(Stout et al., 2011). Particularly, in D. patricki the number of lateral teeth is up to eight, whereas in D. bathyvela
sp. nov.—up to 14. The number of lateral denticles on the central teeth is about 20 in D. patricki, whereas in D.
bathyvela sp. nov. there are over 30 denticles. Previously, D. robustus had been recorded from the Sea of Japan and
the Pacific side of Honshu (Roginskaya 1997; Hasegawa 2009). However, the true D. robustus from the shallow wa-
ters of the North Atlantic (see Lundin ef al. 2017) considerably differs from the North Pacific material in the details
of colouration and the radula. For a long time, D. velifer from Northern Europe and the Arctic was also confused
with D. robustus, however recently it was shown that this is a distinct species, according to both morphological and
molecular data (Lundin et al. 2017). The following differences between D. velifer and D. bathyvela sp. nov. are: 1)
Appendages of the oral veil in living specimens of D. velifer are distinctly shorter than in living D. bathyvela sp.
nov. (Fig. 4A-D); 2) Large specimens of D. velifer commonly bear not more than four main dorsolateral append-
ages (an exceptionally large specimen was reported as having up to five main appendages plus a sixth smaller one),

N , = % | e TR : : =X :
FIGURE 4. Dendronotus bathyvela sp. nov. Holotype, NSMT-Mo 94455, length 45 mm (preserved), Tohoku, off Ofunato, 307
m. A—C. Dorsal, ventral and lateral views respectively, preserved holotype. D. Live holotype. E. Jaws, SEM; F. Masticatory
processes of jaws, SEM; G. Radula, posterior part; H. Lateral teeth, posterior part. Scale bars: E, 1000 mm, F, 30 um, G, 300
pm, H, 100 um. Photos: Alexander Martynov (A—C, E-H); D, from Hasegawa (2009: fig. 444A) with permission.
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FIGURE 5. Reproductive systems. A. Dendronotus jamsteci sp. nov. B. Dendronotus zakuro sp. nov. C. Dendronotus bathyve-

fgm

la sp. nov. Abbreviations: am, ampulla; bc, bursa copulatrix; fgm, female gland mass; fo, female opening; p, penis; pr, prostate;
psh, penial sheath; rs, receptaculum seminis; ud, uterine duct; vd, vas deferens; vg, vaginal duct. Scale bars: Imm.

whereas even moderately sized D. bathyvela sp. nov. possess up to six main dorsolateral appendages (plus a seventh
smaller one); 3) Colouration of living specimens of D. velifer is bright reddish, whereas D. bathyvela sp. nov. is
dull reddish-brownish (Fig. 4D); 4) Number of denticles on the central teeth of D. velifer is commonly less than 30,
whereas in D. bathyvela sp. nov. it reaches over 30; 5) Number of radular rows in D. velifer is up to 36, whereas
in D. bathyvela sp. nov. the number of rows is up to 41 and more. It is remarkable that the North Atlantic shallow-
water species D. robustus has up to seven dorsolateral appendages, like the NW Pacific shelf to bathyal new species
D. bathyvela sp. nov., but not like the true predominantly Arctic shelf species D. velifer, which commonly has only
four dorsolateral appendages. This feature readily distinguishes D. bathyvela sp. nov. from D. velifer. At the same
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time, D. bathyvela sp. nov. is well-distinguished from D. robustus by the shape of the central radula and external
colouration. Bathymetrically D. velifer is known from relatively shallow waters with a range commonly ca. 15-230
m, whereas D. bathyvela sp. nov. inhabits the low part of the continental shelf (not shallower than 249 m) to upper
bathyal (510 m) depths. True North Atlantic D. robustus is in turn exclusively a shallow water species and was not
recorded deeper than 20-30 m (see Lundin et al. 2017). This set of several complex morphological and ecological
features allow us to distinguish D. bathyvela sp. nov. from D. velifer. Recently a deep-sea (but not wide-bodied)
species, D. claguei, was described (Valdés et al. 2018) off the NE Pacific coast. D. claguei fundamentally differs
from D. bathyvela sp. nov. by its uniform translucent white colour, elongate body shape, radular details, and in
addition D. claguei inhabits upper abyssal depths (2369 m) and not shelf to upper bathyal depths (249-510 m) as
D. bathyvela sp. nov. does. In addition, the NE Pacific shallow-water species D. albopunctatus Robilliard, 1972 is
somewhat similar to the wide-bodied species group of the genus Dendronotus, but has fewer, and longer, oral veil
appendages, lacks lip papilla and considerably differs by the presence of distinct denticulation on the lateral teeth
of the radula (Robilliard, 1972).

Discussion

The present study provides significant contributions to the understanding of the taxonomy, phylogeny and biogeog-
raphy of the genus Dendronotus. The main goal of this phylogenetic analysis is to reveal evolutionary ties between
species of the genus Dendronotus, including new species. Phylogenetic trees constructed for a maximally large
number of Dendronotus species based on several gene markers revealed lower supported values for certain nodes.
To highlight this resolved and unresolved topology, a phylogeny was estimated using the ‘halfcompat’ majority rule
consensus tree option for BI. While our present paper was under review, a prepublication by Ekimova et al. (2019)
appeared with another attempt to investigate Dendronotus phylogeny. In this prepublication the species “D. albus”
is wrongly identified under the invalid name “D. diversicolor” (see Korshunova et al. 2016a), whereas for the valid
species D. robilliardi, the name “D. albus” was incorrectly applied. Also, D. robilliardi is not listed in the phyloge-
netic tree in Ekimova et al. (2019), yet Ekimova claims to have the most complete Dendronotus phylogeny. Thus,
to persist in using these notable mistakes in future analysis only serves to further confuse modern knowledge of the
genus Dendronotus.

Up to the present, deep-sea representatives of the genus Dendronotus were known only among wide-bodied
species, such as D. velifer and D. patricki, or as a highly aberrant example without available molecular data, like D.
comteti. Here, for the first time, we present evidence that a species, D. jamsteci sp. nov., that is related to the exclu-
sively shallow-water clades successfully colonized upper bathyal deep-sea waters and is present in this zone in large
quantities. Further, in this study, we discovered one more species from the shallow waters of the NW Pacific, D.
zakuro sp. nov., which by radular features is very similar to D. kamchaticus, but by colouration and molecular data
differs from it, thus contributing to the ‘cryptic’ species problem (see Korshunova et al. 2017a). Because instead of
attempting to find putative distinctions between ‘cryptic’ and ‘non-cryptic’ species we recently have proposed the
concept of a fine-scale multilevel diversity (Korshunova et al. 2019b) where morphological and molecular differ-
ences represent a complicated multilevel mosaic. The case of D. zakuro sp. nov. well agrees with such a general
proposal. According to the morphology of the central teeth, D. zakuro sp. nov. is difficult to distinguish from D.
kamchaticus, but according to the combination of lateral teeth numbers and patterns of external colouration and
molecular data (Fig. 1), D. zakuro sp. nov. is an undoubtedly a separate species. In the case of D. bathyvela sp.
nov., details of morphological features instead demonstrate a range that is different between D. bathyvela sp. nov.,
D. velifer, D.patricki, and D. robustus. In addition, biogeographical and bathymetrical patterns of D. bathyvela sp.
nov. also diverge from the North Atlantic and Arctic D. velifer and the North Atlantic D. robustus, which makes D.
bathyvela sp. nov. the southernmost and relatively the deepest representative among these related species, partially
linking it to the NE Pacific abyssal D. patricki.

Another interesting feature, according to the present molecular phylogenetic analysis (Fig. 1), is the sister place-
ment of D. jamsteci sp. nov. to a clade that comprises such morphologically different species as D. subramosus and
D. albus. Whereas D. zakuro sp. nov. is most closely related to a clade that comprises such a variety of species as
D. kamchaticus, D. arcticus, D. dalli, D. lacteus, D. europaeus, D. niveus, and D. rufus. The most striking feature
that unites D. zakuro sp. nov. with several of these species is the tendency to form smooth central teeth in the adult
state. From this list D. lacteus and D. europaeus commonly preserve some denticulation at the adult stage, and D.
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arcticus and D. rufus have invariably denticulated central teeth, whereas D. kamchaticus, D. dalli and, D. niveus,
like D. zakuro sp. nov. possess smooth central teeth at the adult stage. Thus, in that case we are dealing with the
mosaic distribution of fine-scale multilevel diversity (both morphological and molecular) of various Dendronotus
species. In summation, three new species of the genus Dendronotus from the NW Pacific are described here for the
first time which thus further contributes to the understanding of the taxonomic, phylogenetic and biogeographic
patterns of the worldwide diversity of the genus Dendronotus.
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