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Solenogastres (Aplacophora) is a small clade of marine, stidess worm-molluscs with
close to 300 valid species. Their distribution ranges acrasall oceans, and whereas the
vast majority of species has been collected and described ém the continental shelf
and slope, only few species are known from depths below 4,000n. Following traditional
taxonomy, identi cation of specimens to species level is coplex and time-consuming
and requires detailed investigations of morphology and artamy—often resulting in the
exclusion of the clade in biodiversity or biogeographic suies. During the KuramBio
expedition (Kuril-Kamchatka Biodiversity Studies) to thabyssal plain of the Northwest
Paci c and the Kuril-Kamchatka Trench, 33 solenogaster speimens were sampled from
4,830m to 5,397 m. Within this study we present an ef cient wak ow to address
solenogaster diversity, even when confronted with a high dgee of singletons and
minute body sizes, hampering the use of single individualsf multiple morphological and
molecular approaches. We combine analyses of external chacters and scleritome with
molecular barcoding based on a self-designed solenogastespeci ¢ set of mitochondrial
primers. Overall we were able to delineate at least 19 solem@aster lineages and
identify 15 species to family level and beyond. Based on ourmproach we identi ed
three key lineages from the two regionally most species-ricfamilies (Acanthomeniidae
and Pruvotinidae) for deeper taxonomic investigations andescribe the novel abyssal
species Amboherpia abyssokurilensissp. nov. (Cavibelonia, Acanthomeniidae) using
microanatomical 3D-reconstructions. Our study more than dubles the previous records
of solenogaster species from the Northwest Pacic and its maginal seas. Almost all
lineages are reported for the rst time from the region of theNorthwest) Paci ¢, vastly
expanding distribution ranges of the respective clades. M@over it doubles the number
of Solenogastres collected from abyssal depths on a globalsale and underlines the lack
of exploratorya-diversity work in the abyssal zone for reliable species eshates in marine
biodiversity.
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INTRODUCTION aragonitic sclerites covering their entire body surfacéisT
“scleritome” is unique to aplacophorans and in Solenogastres
Two-thirds of the world's surface are constituted by the plee consists of combinations of hollow or solid needles and scale
sea, providing one of the largest biomes of our plaf&tr{ovaro  of diverse shapes, arranged in single or several layershefurt
et al., 201)) A plethora of dierent habitats and ecosystemsjmportant taxonomic characters are the radula and several
such as plains, canyons, seamounts, hydrothermal vents, agflatomical and histological features of the digestive esyst
cold seeps harbors an unknown magnitude of diVGrSity, a&larQespecia”y the foregut g|ands) and the gonopericardia|eﬂyst
parts of the oceans' depths are still unexplor€ahiirez-Llodra  (Salvini-Plawen, 1978a,b; Garcia-Alvarez and Salvinidtaw
et al., 201)) E orts to increase knowledge on the deep sea—irp007. Identi cation to family level and beyond thus requires
terms of ecology, biodiversity and bathymetry—have trigde external investigations via light (LM) or scanning electron
numerous expeditions to explore its inhabitants and ecosyste microscopy (SEM) and at least partial histological sectioning
and consequently led to the discovery of hundreds of newsf the anterior and posterior part of the animal. The di culty
species (e.g8randt etal., 2007 These discoveries emphasize thepf solenogaster taxonomy is augmented by (1) the rarity of
richness of yet unknown diversity in the deep sea and the neeglany lineages, (2) the small size of the majority of species,
for basica-taxonomic work to resolve what has been identi ed aShampering the extraction of all necessary taxonomic charact
the key shortfall of current biodiversity data. The lack pésies from single individuals and (3) the reported co-occurrence of
taxonomy (“Linnean Shortfall” of biodiversity knowledgﬁ)rtal externa"y Cryp[ic Speciegergmeier et a|., 201ﬁ$s a rst Step
et al., 201} describing biodiversity at species level, a ects andoward integrating solenogaster diversity in overall bieasity
limits all approaches to understand distribution, abundance assessments of deep_sea fauna we need an e cient and fast
evolutionary processes of deep-sea fauna. work ow able to reliably address species-level diversitiected
Many paradigms in deep-sea research (e.g., on diversifif a certain region. This shall guarantee that the entiredi@red
gradients, bathymetric ranges, dispersal barriers, or thgiversity is initially characterized, providing the baselifor full
connectivity of populations) have been proposed based on @xonomic descriptions and further ecological or evolution
limited number of organisms linked to their speci ¢ biologlca approaches.
traits and their general applicability still needs to be tdste  As in most marine invertebrates, solenogaster taxonomy and
when broader data sets are available (see,@age¢ and Tyler, systematics show a strong geographical bias in biodiversity
1991; Rex et al., 2005, 2006; McClain and Hardy, 2010; Rex agssessment because of historical collecting e orts. Due ¢o th
Etter, 201). In fact, recent studies have revealed taxon-speci §ocus of taxonomic research on atlantic, mediterranean and
patterns of bathymetric and geographic distribution, therei antarctic Solenogastres almost two thirds of the known sseci
highlighting the potential pitfalls of generalizing singletd  diversity is described from these regions (see e.g., woBebyni-
studies {IcClain and Hardy, 2010 Comparative data from pjawen, 1978a,b: Garcia-Alvarez et al., 2014; Pedrouzb, et a
multiple taxonomic groups is needed to evaluate the role 0f014. In terms of their bathymetric distribution the majority
speci ¢ biological traits and di erent evolutionary hist@s. of species has been described from the lower region of the
Frequently, available data on biodiversity is taxononfycal continental shelf, around 22% (64 species) from bathyal depth
biased toward larger, easily identi able and well-knowadds gndg only 8% (18 species) are described from abyssal plains
(Hortal et al., 201p and with regard to molluscan deep-sea (extending between 4,000 and 6,000 m, as de nedbye and
fauna research has largely focused on gastropods and tsvalvg/ler, 199). Currently, the majority of abyssal species belongs
(see, e.glRex, 1973; Bouchet and Warén, 1980; Zardus et atg the order Cavibelonia and is classi ed within ve families
2006; Allen, 2008; Schrodl et al., 2011; Brault et al., 2GtGer  put two novel, undescribed species of the family Dondersiida
et al., 201} In faunistic analyses and biodiversity studies of(order Pholidoskepia) have been recently reported from simil
benthic deep-sea communities the two classes of worm-meslusdepths Cobo et al., 203 These species have all been described
are often lumped together in the generalizing supraclass terfiom either the Southern Atlantic (e.g3il-Mansilla et al., 2008
“Aplacophora’ (see, e.gGirard et al., 2016; Gutt et al., 2016; or Antarctica Galvini-Plawen, 19783,bOnly a single species
Roman et al., 2036 The diversity within Caudofoveata (or has been collected below 4,000 m in the PacPachymenia
Chaetodermomorpha) and Solenogastres (or NeomeniomorphbyssorunHeath, 1911 (Amphimeniidae) o the Californian
is largely ignored, presenting a signi cant gap in detailedi a coast (USA) in the beginning of the twentieth century.
comparative biodiversity information. To date, nearly 300csge The aim of the present study is to characterize the
of the small clade of Solenogastres are formally describgtd, bmorphological and molecular diversity of abyssal Solenoggs
estimates propose that its true diversity is at least 10-fold a which were collected during the German-Russian joint
many more novel species are routinely collected in the fraomew “KuramBio (Kuril-Kamchatka Biodiversity Studies) Expédiit”
of e.g., biodiversity or monitoring surveysslaubrecht et al., on board of R/VSonndSO 223) to the Northwest Paci ¢ (NWP).
2005; Todt, 2013 The sampled abyssal Northwest Paci ¢ Plain biogeographically
The lack ofa-taxonomic work on Solenogastres is partiallypelongs to the North Paci ¢ Abyssal Province/étling et al.,
owed to their time-consuming and challenging taxonomic2013 and is situated in an eutrophic area of increased primary
assignment, which requires studying a complex set of chamacteproduction, with uniform bathymetry and a mean depth of
via various methods to reach suprageneric identi catidqt, 5000m Zenkevitch, 1963 To the west of the abyssal plain
2013. Externally, Solenogastres can be di erentiated based ofes the Kuril-Kamchatka Trench, reaching down to 9,500 m.
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The cold East Kamchatka Current, originating from the Bgrin abyssal speciedmboherpia abyssokurilensip. nov. from the
Sea, inuences especially the northern part of the trench andeep-sea family Acanthomeniidae based on 3D-microanataimic
permeates into the semi-isolated Sea of OkhotSku( 200), data.
which is connected to the open Northwest Paci ¢ and its ablyssa
plain via two bathyal straits (Krusenstern and Bussol Strait MATERIALS AND METHODS
Following the routes of the Russian RMityaz cruises from
the mid twentieth centuryZenkevitch, 1963; Belyaev, 1)#%e ~ Sampling and Fixation
“KuramBio” expedition applied standardized deployments ofThe KuramBio expedition on board of R/\Bonneset out
state-of-the-art sampling gear to investigate 12 abysa@ibes to explore the benthos of the slope of the Kuril-Kamchatka
on the NWP Plain and close to the Kuril-Kamchatka TrenchTrench and the adjacent abyssal plain in the Northwest Paci c
(seeFigure 1 for a station map of the expeditionB¢andt and east of the Kuril Island chain, at overall 12 stations (see
Malyutina, 2012 Figure 1, Table 1). This study is based on the Solenogastres
In summary, the present study has a two-fold focuscollected with a camera-equipped epibenthic sledge (C-EBS;
(1) develop an e cient work ow applicable also by non- Brandt et al., 200)3during this cruise. On deck, the complete
specialists to initially characterize solenogaster dityets make C-EBS samples were transferred to pre-chille®@ C) 96%
this neglected molluscan clade easier accessible to deep-s#@nol and stored in a 20 C freezer for at least 48h for
research and (2) provide rst insights into the still completely molecular analyses. Alternatively, 3.6% formalin-seawartes
unknown abyssal solenogaster fauna from the NWP by usingsed as a xative for some hauls. In the laboratories of
the proposed work ow. Despite being confronted with a sampleR/V Sonnethe samples were then identied and sorted on
dominated by singletons and hampered by incomplete datasetise into metazoan phyla. At eight cruise stations (10 C-EBS
we characterize the full diversity of abyssal Solenogastréauls), from depths between 4,830 and 5,397m, a total of
collected during the KuramBio expedition. We identify three33 solenogaster specimens was collected. Thirty were xed
key lineages from the regionally most diverse families foand stored in 96% ethanol and three (ZSM Mol20170086,
further in depth taxonomic analyses and describe the novel 87, 88) xed in 3.6% formalin-seawater. All specimens

50 55°N

45°N

40°N

30°N

FIGURE 1 | Station map of the Kuril-Kamchatka-Biodiversity StudiesuramBio) expedition. Stations emphasized in red: samplinsites where Solenogastres were
collected. Map created with DivaGis.
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TABLE 1 | Station table of the KuramBio expedition.

Station Coordinates (Decimal Degree) Depth (m) Number of individuals
1 43.9710 N-43.9722 N; 157.3278 E-157.2995 E 5,412-5,429 0
2-09 46.2268 N-46.2487 N; 155.5567 E-155.5428 E 4,830-4,864 2
3 47.2307 N-47.2477 N; 154.6982 E-154.7197 E 4,859-4,863 0
4 46.9640 N-46.9747 N; 154.5398 E-154.5565 E 5,681-5,780 0
5-09 43.5913 N-43.5717 N; 153.9647 E-153.9693 E 5,376-5,379 3
6-12 42.4915 N-42.4704 N; 153.9989 E-153.9953 E 5,291-5,307 5
7-09 43.0437 N-43.0248 N; 152.9905 E-152.9727 E 5,216-5,223 3
7-10 43.0463 N-43.0276 N; 152.9882 E-152.9743 E 5,218-5,221 3
8-09 42.2447 N-42.2378 N; 151.7351 E-151.7082 E 5,125-5,140 4
8-12 42.2453 N-42.2387 N; 151.7391 E-151.7157 E 5,115-5,124 6
9-12 40.5918 N-40.5713 N; 150.9976 E-150.9864 E 5,392-5,397 5
10-12 41.1939 N-41.2169 N; 150.0928 E-150.0942 E 5,249-5,262 1
11-12 40.2184 N-40.2018 N; 148.1088 E-148.0923 E 5,348-5,350 1
12 39.7300 N-39.70821 N; 147.18131 E-147.15621 E 5,215-5,228 0

Epibenthic sledge (C-EBS) sampling sites where Solenogastres were @®tted are highlighted in bold and also state the respective C-EBS haul nuper.

are deposited at the Bavarian State Collection of Zoologpost- xed with osmium tetroxide and embedded in Spurr's
(ZSM) in Munich, Germany (se€lable 2 for overview of low viscosity resin $purr, 1969 Serial sections of rim

material). thickness were cut using a diamond knife on a RMC MT
. . 7000 microtome (Leica AG). Contact cement on the lower

Hard-Part Morphology via Light and cutting edge of the resin blocks ensured the formation of

Scanning Electron Microscopy ribbons Ruthensteiner, 2008 Ribbons were collected on

We took overview photographs of all specimens using a Leioaicroscopic slides, stained with azure Il/methylene blue
camera mounted on a Leica Z16 APO compound microscopdRichardson et al., 19%0and sealed with cover slips. All
Body length was measured after xation in ethanol. Hardsections were semi-automatically digitalized with a BX36V
parts were analyzed via light (LM) and/or scanning electrorDlympus microscope (20x magni cation) in conjunction with
microscopy (SEM) (seEble 2. the software DotSlide vs-ASW FL by Olympus. Digital les
Specimen dehydration for SEM was achieved by slowyere exported as “.vsi” les and “tif” images generated with
overnight evaporation of 100% dehydrated ethanol from glasthe Olympus software OlyVia, using 16.5x magni cation.
vials containing the specimens. Each animal was mounted ofll digital photos were converted to 8-bit grayscale, cositra
a self-adhesive carbon sticker on a SEM-stub. We coated theemhanced and unsharp masked with Photoshop CS6 (Adobe
with gold in Argon atmosphere for 240s in a Polaron sputterSystems Software). The digitalized histological sectenies
coater (GaLaGabler Labor Instrumente Handels GmbH). SEMvas imported into the 3D-vizualization software Amira
micrographs were taken with a LEO 1430 VP SEM (Zeiss). SEM3.3 (Visage Imaging, FEI) and a computer based 3D-
specimens were then directly used for DNA extractions (seeeconstruction of all major organ systems was carried out fo
Bergmeier et al., 201htSpecimens with su cient body size (i.e., specimen ZSM Mol20170088. Anatomy of specimens ZSM
>2mm) were divided using a razorblade. The posterior partMol20170093 and 20170077 was studied using Amira and
was used for DNA extraction and the anterior part for manualschematic drawings were done with the freeware Inkscape (www
preparation of the radula. Soft tissue was dissolved in a 3ibkscape.org).
solution of distilled water and household bleach and rad(fla
preparation was successful) and sclerites were documenged

LM and SEM. YNA Extraction, Barcode Ampli cation,

and Sequencing

Histology and 3D-Reconstruction DNA extraction was done either by standard CTAB extraction,
One 3.6% formalin xed specimen (ZSM Mol20170088) andor by combining DNA extraction via CTAB with recovery of
two specimens xed in 96% ethanol (ZSM Mol20170093he DNA using spin-columns (Machery-Nagel Blood and Tissue
and 20170077) were selected for histological investigatio Set). Dried and sputter-coated samples previously used for
ZSM Mol20170077 was tri-sectioned. The midsection waSEM investigations were ground up using pistils before tissue
used for DNA extraction (see below) and the anteriorlyses (se®ergmeier et al., 2015bWe ampli ed mitochondrial
and posterior part processed for anatomical investigationst6S rRNA via PCR using the Phire Il Hotstart polymerase
specimens were decalcied in 1% ascorbic acid over nigh{ThermoFischer) with the supplied 5x reaction bu er contaigin

Frontiers in Marine Science | www.frontiersin.org 4 December 2017 | Volume 4 | Article 410


www.inkscape.org
www.inkscape.org
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Bergmeier et al. Diversity of Abyssal Solenogastres from the Northwest Paci

TABLE 2 | Overview of all morphospecies of Solenogastres collecteduting the KuramBio cruise and the data generated from the rgzective individuals.

Species ID ZSM Number Station  Habitus Approx. length Scleritome Radula Barcode
Mol. (mm)
# Types of acicular Types of  Foot scales
sclerites scales
Cavibelonia sp. 1 20170101 10-12  spiny 3 ? ? ? ? MG524989
Cavibelonia sp. 2 20170102 2-09 fuzzy 5 3 1 b-s C bulge ? MG524988
Cavibelonia sp. 3 20170103 6-12 furry 25 2 ? ? ? ?
Cavibelonia sp. 4 20170104 6-12 V. spiny 1 11 3 b-s C bulge ? ?
Proneomeniidae sp. 1 20170100 8-09 v. smooth 35 1 0 b-shape ? MG524985
Halomeniinae sp. 1 20170076 5-09 fuzzy 25 1 b-s C bulge distichous MG524986
20170077 1.7 distichous MG524987
Pruvotinidae sp. 1 20170078 2-09 fuzzy 2 3C hooks 0 ? ? MG524984
20170079 5-09 spiny 2 3 C hooks 1 b-s ? MG524982
Pruvotinidae sp. 2 20170080 7-09 2 MG524980
20170081 7-10 2 3 C hooks 1 b-s MG524983
20170082 8-09 2 3 C hooks 1 b-s MG524981
Pruvotinidae sp. 3 20170083 6-12 spiny 15 1C hooks 0 ? distichous ?
Simrothiellidae sp. 1 20170097 8-09 rough 1.2 3 0 I-s ? MG524979
Simrothiellidae sp. 2 20170098 8-09 rough 15 2 1 ? ? ?
Spiomeniasp. 20170099 6-12 V. spiny 2 3 0 ? ? ?
20170089 7-10 35 4 5 b-s C bulge not present  MG524978
20170090 7-10 3 4 5 b-s C bulge not present  MG524977
Veromeniacf. singula 20170091 8-12 fuzzy 2.2 4 5 b-s C bulge not present  MG524976
20170092 8-12 2 4 5 b-s C bulge not present  MG524975
20170093* 8-12 25 not present
20170084 35 3 2 b-s C bulge
Amboherpia 20170085 4.5 3 2 b-s C bulge
abyssokurilensissp. 20170086 9-12 smooth 55 3 2 b-s C bulge monoserial  ?
nov. 20170087 3 3 2 b-s C bulge monoserial
20170088* © 3.6 monoserial
Acanthomeniidae sp. 20170095 7-09 smooth to 2 2 2 1 ? ? ?
1? rough
20170096 8-12 25 2 2 1
Acanthomeniidae sp. 2 20170094 8-12 smooth 6.5 2 5 b-s C bulge ? ?
Sterrofustia sp. 1 20170108 11-12  furry 2.7 2 1 b-s ? ?
Dondersiidae sp. 1 20170106 6-12 velvety 3 1 1 ? ? ?
Dondersiidae sp. 2 20170107 8-12 smooth 35 2 4 ? ? ?
Dondersiidae sp. 3 20170105 7-09 spiny 1 1172 3 ? ? ?

White circle, hollow acicular elements. Black circle, solidccular elements. ?, no data available for the entire clade, blanks irdite that this character set was not studied in the respective
individual.*, histological section series availableC, holotype. b- or I-s, blade- or leaf-shaped; V., very.

MgCl, as an additive. We used two dierent primer sets:Molecular Sequence Data and Analyses

16S-S2 §chwenk et al., 19%&nd 16S-a $imon et al., 1994 Overall we obtained 15 16S rRNA sequences. These were
resulted in a sequence length of the amplied part 070 edited manually using the software Geneious 6.1 (Biomatter
base pairs. In addition, a pair of self-designed, solenogastetd.) and a BLAST search against the existing databank was
speci ¢ internal 16S rRNA primers (designed using Primer3performed to check for any contaminated sequences. Segsience
Untergasser et al., 20)Leesulted in a sequence length o860 were aligned using the MUSCLE algorithm as implemented in
base pairs: 16Soleno-r¥8YTAATCCAACATCGAGGTC-§  Geneious, and ambiguous regions within the alignment were
and 16Soleno-f GSRRGAGTWAGRCCTGCCCAGT% The masked using GBlocks with options for less stringent selecti
following PCR speci cs were used for ampli cation: 30s at@8 (Castresana, 2000 We performed a maximum likelihood
and (5s at 98C, 5s at 47-5@C, 20s at 72C) 35-37 and 60s analysis using RAXMLStamatakis, 20)4with the nucleotide

nal elongation at 72C. PCR products were cleaned up usingsubstitution model GTR G determined via jModelTesBpsada,

the DNA Clean & Concentrator-5 (Zymo Research) and sen2009. In a pre-analysis we used a Caudofoveata 16S sequence
o for cycle sequencing (using Big Dye 3.1) on an ABI 3730rom GenBank (AY340451) as outgroup to determine the
capillar sequencer at the Genomics Service Unit of the LMWasal lineage within our dataset. All sequence analyses wer
Munich. conducted using the CIPRES gatewayiller et al., 201}
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Cavibelonia sp. 1

a cf. singula

Pruvotinidae

FIGURE 2 | 16S rRNA single gene maximum likelihood tree reconstructedith RAXML, bootstrap values of> 85 plotted. Distinct lineages of Cavibelonia. Hard parts
of respective lineages plotted. Asterisk in Halomeniinagps 1 marks radula. Foot scales always to the right. If not sta otherwise, all scleritome scale bars 2%5mm.

For GenBank accession numbers of the generated barcodes é@®rpho-) species is based on detailed hard-part features,
Table 2 i.e., scleritome and radulaFigures 3-5) and in three cases
on additional anatomical data derived from histological
RESULTS serial sections Rigures 6-10). Identi cation to family level
and beyond was possible for 11 species, respectively three
Diversity and Distribution species. We were not able to identify four lineages by
Based on molecular sequence data, morphology, and additiongomparing their scleritome with literature data of any of
anatomical characters we were able to con dently di eretegia the currently existing families, and for now they remain
19 lineages of Solenogastres in our material, representiegst identied to order level only. Cavibelonia sp. IFigure 2
ve di erent families. One potential additional lineage (mfed unfortunately lacks scanning electron or light microscopic
to as Acanthomeniidae sp. 1?) cannot be delineated withcleritome data (se€&able 2 since the specimen was lost during
certainty, due to lack of some important characters—seéosect preparation.
Discussion. Of the 19 de nite lineages present in our dataset With the exception of four individuals, all other collected
eight are robustly supported by a combination of moleculaspecimens (29 individuals) belong to the order Cavibelonia.
and morphological data (se€igure?). The delineation of Within the cavibelonian lineages identi ed to family levahd
the remaining 11 (or 12, including Acanthomeniidae sp. 1?peyond, four families are represented by 12 species.
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FIGURE 3 | Morphological diversity of Solenogastres, based on lighB({,C1,C3,F1; foot scales indicated by black arrows) and scanning electm microscopy of hard
parts. Photographs of animals all taken after xation in ethaol. (A) Cavibelonia sp. 3, covered in acicular, hollow needle§Al) of varying length, both straight and bent
(A2). (B) Cavibelonia sp. 4 with hollow and solid acicular elements ahscales (B1). Note proximal serrations (asterisk)C) Pruvotinidae sp. 3 with acicular elements
[straight and hook-shaped (asterisk){C1) and distichous radula C2,C3—black arrowhead points to radula denticle)(D) Simrothiellidae sp. 2 with straight(1,D2
asterisk) and curved D2, arrowhead) acicular hollow elements and scaleD@, arrowhead).(E) Spiomeniasp. with long acicular elements(E1) with captate distal
ends (E2, arrowhead), scales surrounding the dorsoterminal sensergan (E3, arrow) and short, slightly curved elementsH4, arrowheads).(F) Amboherpia
abyssokurilensissp. nov. with (F1) hollow, acicular sclerites (top), and scales (bottom).

The non-cavibelonian individuals represent threeoccurred slightly more widespread at Sts. 2, 5, 6, 7, and 8 (see
morphospecies of the order Pholidoskepia and one oFigure 1 and Table 1). Solenogastres were most abundant and
Sterrofustia. No lineages of the small order Neomeniamorphdiverse at St. 8, with overall 10 individuals belonging teese
were found. species (excluding Acanthomeniidae sp. 1?), collected gitiia

Fifteen of the 19 distinct lineages were collected as smmgget C-EBS hauls. At St. 7, six individuals were found and at $tsd6
With almost 40% of all collected individuals, Acanthomeaie is 9 ve individuals each. At St. 5 three individuals were fouAd.
the most common family, represented by at least three lineag&ts. 10 and 11 only one singleton each was collected. Wetealle
found at Sts. 7, 8, and 9. Whereas less individuals of Prudain  no Solenogastres from the two deepest stations (St. 3 andm) fr
(eight specimens) were collected, representatives of thdyfamthe slope of the Kuril-Kamchatka Trench.
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FIGURE 4 | Morphological diversity of Solenogastres, based on lightB5,C4,E4) and scanning electron microscopy of hard parts(A) Acanthomeniidae sp. 1?(A1)
Dorsal body with acicular spicules(A2) Intercrossing hollow, needles(A3) Leaf-shaped scale.(A4) Large and small needles(A5) Sclerites with slight bend and
distally thickened.(A6) Needles with distal keel (white arrowheads)B) Acanthomeniidae sp. 1.(B1) Acicular, concave sclerite.(B2) Sclerites with thick lateral rims
and at back. (B3) Acicular sclerites of varying thickness and lengtin situ (B3) and one isolated(B4). (B5) LM picture of different types of scales [foot scale (5)].

(C) Sterrofustia sp. 1 with a scleritome consisting of solid nedles (C1,C2 white arrowhead, C4) and blade-shaped foot scales €3,C4 (4)].(D) Dondersiidae sp. 1 with
a combination of needles and scalegD1). (D2) Detail of short needles.(D3) Scale with rimmed base. Note hair-like ultrastructure of derite surfaces.(E) Dondersiidae
sp. 2 covered with scales(E1,E2). (E3) Long and thick as well as thin and short (white arrowheads) reglles. (E4) LM images of sclerites.

Delimitation and Identi cation of Abyssal well as genetic distances between sister clades in our oneemark
Solenogaster Lineages maximum likelihood analyses. For each lineage we di ereatiat
The following species delimitation is based on externaPetween scales covering the body vs. scales surrounding the
morphology of each lineage (remarks on coloration refefoot groove or dorsoterminal sense organ, since the latter
to the animal after xation in ethanol), scleritome data two structures are always associated with scales. The term
(terminology mainly following Garcia-Alvarez and Salvini- “sclerite” describes any element of the scleritome, whereas
Plawen, 200) radula (if radula extraction was successful) agspicule” refers to an elongated and needle-like structure i
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FIGURE 5 | Entire specimen(A) and SEM micrographs(A1-A6) of
Dondersiidae sp. 3(A1) Long spicules, straight and with keel(A2) or with
slight bend (A3). (A4) Scale with rimmed base (arrowhead)(A5) Scale with
median keel (arrowhead)(A6) Flat scale and short sclerite.

contrast to “scales”. Foot scales are leaf- or blade-shapet],
the latter can be either of evenly convex shape [see, e.g.. .
Figure 2 (Pruvotinidae sp. 2)] or with a slightHigure 3B1 S
(6)] to distinct bulge (see, e.dgrigure 2 Veromeniacf singula
Cavibelonia sp. 2).

SeeTable 2for a summary of all characters available for each
clade and its individuals.

CAVIBELONIA Salvini-Plawen, 1978

Species belonging to this order in general exhibit a sclewo
characterized by the presence of hollow, acicular needles
(“spicules”). These can be combined with dierent types of riguRE 6 | Anatomy and histology of Halomeniinae sp. 1, highlightinghe

scales, resulting in highly diverse scleritomes. main taxonomic features.(A) Habitus. (B) Schematic illustration of the anterior
body. (C) Cross-section at the level of the vestibular-buccal cavityArrows
Cavibelonia sp. 1 (Figure 2). point to cerebrolateral (upper arrow) and cerebropedal (er arrow)

s ¥ connectives. (D) Histology of the foregut gland ducts. Arrow points to radula
M_ate_rlal'_ Slngle specimen (ZSM MO|20170101)' tooth. (E) Cross-section through the posterior reproductive system athe
Distribution: St. 10-12, 5,249-5,262 m. transition of pericardioducts into paired spawning duct. Aterisks indicate
Habitus: spiny, 3 mm in length; white coloration. hollows of dissolved body sclerites(F) Respiratory folds in pallial cavity.
Scleritome: no scleritome data avai|ab|e, animal was k]lS'tIQ (G) Section through the posteriormost part of the animal, befa dorsoterminal
. sense organ (dtso) opens to the exterior. ag, accessory gar@ mass; bg,

preparation. h ; ;

. buccal ganglia; cg, cerebral ganglion; dtso, dorsoterminbsense organ; fg,
Radula: unknown. ventrolateral foregut gland; fgd, duct of foregut gland; Iglateral ganglion; In,

GenBank Accession Number: MG524989. lateral nerve cord; mg, midgut; pc, pallial cavity; pd, pecardioduct; pg, pedal
Interspeci ¢ genetic distance to sister clade based on 163\rRN ganglion; pgll/pgl2, type 1 and 2 of pedal glands; ph, pharynxpp, pedal pit;
ana|yses: 23.1-37.0%. rf, respiratory folds; sd, spawning duct; vb, vestibular-bccal cavity; vn, ventral

nerve cord; vp, vestibular papillae.

Cavibelonia sp. 2 (Figure 2):

Material: single specimen (ZSM Mol20170102).

Distribution: St. 2-09, 4,830-4,864 m. GenBank Accession Number: MG524988.

Habitus: fuzzy appearance,5mm in length; light yellow Interspecic genetic distance to sister clade: 15.6—24.2%.
coloration.

Scleritome: dominated by three types of hollow, aciculariels Cavibelonia sp. 3 (Figure 3A):

of sigmoid shape, curved, and with broad mid-region. LeafMaterial: single specimen (ZSM Mol20170103).

shaped scales only. Foot scales blade-shaped with bulge. Distribution: St. 6-12, 5,291-5,307 m.

Radula: unknown. Habitus: furry appearance due to perpendicular projecting

Frontiers in Marine Science | www.frontiersin.org 9 December 2017 | Volume 4 | Article 410


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Bergmeier et al. Diversity of Abyssal Solenogastres from the Northwest Paci

FIGURE 7 | Veromeniacf. singula (A) Habitus. Schematic illustration of the general anatom{B,C), histological cross sections(D-I). (B) Anterior body. (C) Posterior
body. (D) Vestibular-buccal cavity with cerebral ganglion and “accssory ganglia”.(E) Anterior digestive tract with pharynx and midgut(F) Reproductive system at the
transition of pericardioducts and spawning duct.(G) Anterior part of pallial cavity and seminal receptacle lledith sperm (asterisk). Arrowhead points to duct
connecting seminal receptacle and pericardioduct(H) Pallial cavity with ventral pouch(l) Dorsoterminal sense organ and epidermal infoldings of postior pallial
cavity. ag, accessory ganglia mass; bg, buccal ganglion; cgcerebral ganglion; dtso, dorsoterminal sense organ; fg,entrolateral foregut gland; fgd, duct of foregut
gland; gn, gonad; gpd, gonopericardioduct; h, heart; hg, hidgut; if, epidermal infoldings; Ig, lateral ganglion; Idateral nerve cord; m, muscle bundles; mg, midgut;
mo, mouth opening; oc, oocyte; p, pericardium; pc, pallial avity; pd, pericardioduct; pg, pedal ganglion; pgl, pedal ¢and; ph, pharynx; pp, pedal pit; rc, rectum; sd,
spawning duct; sr, seminal receptacle; vb, vestibular-bucal cavity; vn, ventral nerve cord; vnp, ventral pouch; vp,estibular papillae.

sclerites of equal length along the lateral sidagyres 3A,A), 170mm in length) (4) and slender elongated scales r{fd
2.5mm in length; white coloration. in length) (5). Foot scales blade-shaped with bulge n§®0

Scleritome: sclerites damaged, majority with broken tipsoT length) (6).

types of hollow, acicular elements discernible: one sttaigth  Radula: unknown. No molecular data available.

pointed tip; second type with slight benBigure 3A2). No scales

or foot scales observed. Proneomeniidae Simroth, 1893
Radula: unknown. No molecular data available. Representatives of this family are characterized by seasreid

of acicular sclerites of various shapes. Proneomeniidaewps1
Cavibelonia sp. 4 (Figure 3B): assigned to this family based on its very smooth appearance
Material: single specimen (ZSM Mol20170104). due to atly arranged body sclerites, the slightly narrowexl a
Distribution: St. 6-12, 5,291-5,307 m. attened posterior end as well as the distinct yellow colomatio

Habitus: very spiny appearancel mm in length; light yellow after xation in ethanol (seéarcia-Alvarez et al., 1908
coloration.

Scleritome Figure 3B)): two types of acicular elements: one Proneomeniidae sp. 1 (Figure 2):

hollow, distally bent with serrated endrigure 3B1, asterisk) Material: single specimen (ZSM Mol20170100).

(200mm length) (1), the other one solid with broadened proximal Distribution: St. 8—09, 5,125-5,140 m.

end (75mm) (2). Three types of scales: leaf-shaped scalea§0 Habitus: smooth appearance3.5 mm in length; body stout and
(3), groove-shaped sclerites with thickened lateral rims {@  thick, posterior tapering; strong yellow coloration.
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lateral denticle and two smaller median denticles.

GenBank Accession Number: MG52498@®7.

Intraspeci ¢ genetic variability: 1.5%.

Interspeci ¢ genetic distance to sister clade Pruvotinidaelsp.
and 2: 21.5-23.2%.

Anatomy of Halomeniinae sp. 1(Figure 6)

Based on histological serial sections of ZSM Mol20170077
(Figure 6A, xed specimen). Vestibular-buccal cavity common,
with numerous papillaeRigures 6B,J, followed by conspicuous
pedal pit with two types of pedal glandsi§ure 6B). Pedal gland

1 large and extending far into head region, no particularrsteg
properties. Pedal gland 2 smaller and extending posterior,
staining light-purple Figure 6C). Cerebral ganglion with two
laterally emerging connectives leading to paired lateral an
pedal gangliaKigures 6B,G. From lateral ganglion, nerve exits

FIGURE 8 | Schematic illustration of main taxonomic characters of toward “accessory ganglia’ (i.e., pre-cerebral gangliayaldo
Amb"hefpiad?blyssotk“”'i”f:f_p-I”to"- ﬁA)-A&tg;ig ditge_S“"e tract %”d(gi)a | vestibulum; posterior the lateral nerve cords emerge on each
gonopericardial system, both in lateral vie osterior gonopericar . . . . . ) . .

system, dorsal view. dc, dorsal caecum; dtso, dorsoterminksense organ; fgd, side. Paired pedal gang“a with C_Ommlssure’ gang_“a givEg I
duct of foregut gland; fg, ventrolateral foregut gland; gngonad; h, heart; hg, to ventral nerve cords. Small palred buccal gang“a present on
hindgut; mg, midgut; mo, mouth opening; oc, oocyte; p, periardium; pc, both sides of radulaRigure 6D). Dorsoterminal sense organ
pallial cavity; pd, pericardioduct; ph, pharynx; phg, phamgeal gland; pp, present Figure 6G. Mouth opening located in posterior part of
pedal pit; r, radula; rb, radula bolster; sd, spawning ductsv, seminal vesicle; vestibular-buccal cavity. Pharynx ciliated, with distiosadula

vb, vestibular-buccal cavty. (Figures 2 6D arrow). Foregut glands comprised of ducts with

surrounding muscle layefR{gure 6D), posterior surrounded by

gland cells (TypéararrhopaliaD Type A). Midgut with dorsal
Scleritome: specimen shrunk during drying process for SEMgaecum, cnidocysts in midgut indicate cnidarivory of specie
Only one type of slightly curved hollow, acicular elementdHindgut opens into dorsoanterior part of pallial cavity. Gorsad
observed, projecting up to 48m from shrunken cuticle. Foot nhot present on section series of posterior third of body - either

scales blade-shaped. not developed due to immaturity or lost during tri-partitiong
Radula: unknown. of specimen for DNA extraction. Paired pericardioducts openin
GenBank Accession Number: MG524985. into paired spawning ductKigure 6. Spawning duct fuses,
Interspeci ¢ genetic distance to sister clade Simrothieligp. 1: but transition into pallial cavity (secondary genital openimpt
26.7%. detectable. Large hollows of dissolved spicules in ventrepost
part of animal most likely from copulatory spicules. Additidna
Pruvotinidae Heath, 1911 hollows indicate that body spicules reach from dorsal part

The scleritome of Pruvotinidae is characterized by hollowinside of the animal to the ventral side and exit through clei
acicular needles with occasionally serrated end, and thgigure 6E asterisks). Pallial cavity with three respiratory folds
occurrence of hook-shaped elements in certain subfamilies.  (Figure 6F).

With four species belonging to at least two subfamilies,
Pruvotinidae is the most diverse family collected during th Taxonomic remarks
cruise. All of the pruvotinid species have hollow acicularThe posterior body, especially the entire reproductive system,
elements in common, but vary in the presence of additionatould not be unambiguously reconstructed due to poorly
sclerites (e.g., hook-shaped elements are missing in tHarsillp  preserved and for some parts destroyed histology. The
Halomeniinae - see below) and in the overall composition otombination of hard-part and anatomical features (no hook-

their scleritome. shaped sclerites, foregut glands of TyRararrhopalia lack of
pharyngeal glands, presence of respiratory folds) suggest the
Halomeniinae sp. 1 (Figures 2, 6) placement of this lineage within the subfamily of Halomenign
Material: two specimens (ZSM Mol20170076, 20170077). The single genusHalomenia Heath, 1911 is characterized
Distribution: St. 5-09, 5,376-5,379 m. by separated vestibulumDg@trium) and mouth opening,
Habitus: fuzzy appearance1.7 and 2.5 mm in length; white to unpaired secondary genital opening®unpaired opening of
light yellow coloration. the spawning duct into the pallial cavity), the lack of copulgto

Scleritome: dominated by two types of hollow acicular eletsien spicules and the presence of a dorsoterminal sense organ and
straight and with slight sigmoid shape (up to 126 long). respiratory folds. Whereas the latter two features are piteisen
One type of elongated scales, up ton¥h in length. Foot scales our lineage, vestibulum and mouth opening share a common
blade-shaped (60mm length). cavity (vestibular-buccal cavity) and copulatory spicules a
Radula: distichous, each tooth 25nm in length) with large present, but the state of the secondary genital opening cammot
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FIGURE 9 | 3D-microanatomy of Amboherpia abyssokurilensisp. nov. (A—CO) with histological details of the digestive trac{D-G). (A(h Habitus prior to sectioning,
showing the regions that were used for the 3D-reconstructins. Black labeled lines indicate levels of respective histmgical sections.(A) 3D-reconstruction of all major
organ systems, lateral view. Lateral and ventral nerve cosdonly partially reconstructed in the posterior half, as indated by dotted lines. (B) Pharynx with surrounding
pharyngeal glands and tripartite midgut caecum (asterisksanterolateral view(C) Anterior digestive tract showing the position of the radulavithin the pharynx
(pharynx transparent, midgut, and pharyngeal glands omied), dorsolateral view.(ch Pre-radula sphincter (asterisk) and muscle bers associatwith the structures
of the anterior alimentary tract, lateral vieV\(.Cog SEM micrograph of radula, orientation as in living animalD) Histology of pharynx and pharyngeal glands (asterisks),
pedal gland type 1 and 2. Arrow points to opening of sole glans. (E) Digestive tract at the level of radula (arrowheads) and ratiubolster (asterisk)(F) Detail of the
foregut gland duct with its lumen (asterisk), apices of glahcells and surrounding muscle layer(G) Midregion of the body, showing typhlosolis formed by infolahgs of
the gut epithelium. ag, accessory ganglia mass; bcm, buccatommissure; bg, buccal ganglion; c, cuticle; ca, apical parof gland cells; cbc, cerebrobuccal
connective; cg, cerebral ganglion; dc, dorsal caecum; dm, rmscle layer surrounding duct; dtso, dorsoterminal sense @an; fg, ventrolateral foregut gland; fgd, ducts
of foregut glands; ft, foot; gn, gonad; In, lateral nerve cat; m, dorsopharyngeal muscle; mg, midgut; mo, mouth openingoc, oocyte; p, pericardium; pc, pallial cavity;
pd, pericardioduct; pgll, pedal gland type 1; pgl2, pedal ghnd type 2; ph, pharynx; phg, pharyngeal gland; pp, pedal pitpr, pharynx retractor muscle; ps, pharyngeal
muscle sheath; r, radula; rc, rectum; sd, spawning duct; sgsole gland; srl, suprarectal loop; sv, seminal vesicle; typhlosolis; vb, vestibular-buccal cavity; vn, ventral
nerve cord.

ascertained from our material. Due to the problematic xatio system, we refrain from establishing a novel genus within
and preservation of the material for histological purposesdalomeniinae. We postpone the formal description of this
and the lack of complete information on the reproductive species, with the possibility of linking individuals colledtn the
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FIGURE 10 | Nervous system(A—F) and reproductive system(G—M) of Amboherpia abyssokurilensisp. nov. in 3D (A,B,FH,|-dotted lines indicate areas which could
not be reconstructed) and histology from cross-sectiongC-E, J-M). (A) Position of reconstructed nervous structures within animiaBlack labeled lines indicate level
of histological sections.(B) Anterior nervous system. Lateral and ventral nerve cordsansparent. Dorsolateral view(C) Atrium at the transition into the pharynx.

(D) Pedal ganglia and pedal commissure(E) Dorsoterminal sense organ(F) Posterior nervous system, body transparent. Dorsolateraliew. Asterisk marks
ganglia-like swelling of lateral nerve cordG) Position of reconstructed reproductive organs within aniral, black labeled lines indicate levels of respective hidtagical
sections. (H) Lateral view of the reproductive system. Gut and body transarent. (1) Dorsal view of the reproductive system. Pericardium (traqarent) with heart
(asterisk).(J) Histology of the gonad, showing oocytes (arrow heads) alonthe median septum and spermatocytes.(K) Anterior part of the spawning duct, still
bilobed, lled with secretion. (L) Fused mid part of spawning duct.(M) Posterior part of the spawning duct. ag, accessory ganglia rass; bcm, buccal commissure;
bg, buccal ganglion; cbc, cerebrobuccal connective; cg, ceebral ganglion; cpc, cerebropedal connective; dtso, doreterminal sense organ; dv, dorsoventral
musculature; ft, foot; gn, gonad; h, heart; hg, hindgut; IgJateral ganglion; Im, longitudinal musculature; In, latel nerve cord; mg, midgut; p, pericardium; pc, pallial
cavity; pcm, pedal commissure; pd, pericardioduct; pg, pedil ganglia; pgll, pedal gland type 1; pgl2, pedal gland type 2ph, pharynx; rc, rectum; sd, spawning duct;
srl, suprarectal loop; sv, seminal vesicle; vb, vestibuldruccal opening; vn, ventral nerve cord; vp, vestibular paifiae.
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future with this lineage via the provided barcode and hopefullyarranged in up to several layers. We identi ed three di erent
delivering all necessary features for a detailed integgagpecies simrothiellid species, all collected as singletons. Habitus a

description. scleritome of Simrothiellidae sp. 1 and sp. 2 are highly similar

but the two species dier in the presence (sp. 1) respectively
Pruvotinidae sp. 1 (Figure 2): absence (sp. 2) of a dorsoterminal sense organ (DTSO), oloserve
Material: single specimen (ZSM Mol20170078). using SEM. Due to the presence of captate sclerites and a
Distribution: St. 2-09, 4,830—4,863 m. dorsoterminal sense organ, the identi cation of the thirddage
Habitus: fuzzy appearance,2mm in length, light yellow to genus level §piomeniasp.) is possible without additional
coloration with thin and transparent cuticle. anatomical characters.

Scleritome: dominated by three types of hollow acicular dpgsu

straight with either pointed or serrated ends and one type edrv Simrothiellidae sp. 1 (Figure 2):

(both up to 200mm). Interspersed hook-shaped elements withMaterial: single specimen (ZSM Mol20170097).

pointed curvature, present along the dorsal side of the body. NDistribution: St. 8—09, 5,125-5,140 m.

further sclerites discernible due to shrinkage of animating  Habitus: rough appearance,1.2mm in length, stout body;

SEM preparation. yellow coloration.

Radula: unknown. Scleritome: dominated by three types of hollow, acicular

GenBank Accession Number: MG524984. elements: straight with pointed distal end, one curved, one

Interspeci ¢ genetic distance to sister clade Pruvotinidpe 2: of sigmoid-shape (about 66m in length). Leaf-shaped scales

21.5-23.9%. visible surrounding a dorsoterminal sense organ. Foot scales
leaf-shaped.

Pruvotinidae sp. 2 (Figure 2): Taxonomic remarks: curved and sigmoid hollow spicules simila

Material: four specimens (ZSM Mol2017007%0, 81, 82). to the spicules of this species have been described for e.g.,
Distribution: Sts. 5-09, 8-09, 7-09, 7-10, 5,125-5,379 m. Simrothiella comorensisee Figure 4A inTodt and Salvini-
Habitus: spiny appearance with several sclerites conspiguoustlawen, 2003

longer than rest of scleritome;2mm in length, head region However, Simrothiellidae sp. 1 additionally has straight geis
slightly enlarged in comparison to rest of body; white cotmma. ~ which are lacking ir§. comorensis.

Scleritome: dominated by three types of hollow, aciculargels: Radula: unknown.

slightly curved with either pointed or serrated distal engp@  GenBank Accession Number: MG524979.

400mm) or of sigmoid shape with serrated distal ends (f®0).  Interspeci ¢ genetic distance to sister clade Proneomenigfae
Hook-shaped elements present with curve at proximal basd, 26.7%.

pointed at distal curvature (length 5am). One type of triangular

scales (35m length). Foot scales: blade-shapedrtdd). Simrothiellidae sp. 2 (Figure 3D):

Radula: unknown. Material: single specimen (ZSM Mol20170098).

GenBank Accession Number: MG52498@1, 82, 83. Distribution: St. 8-09, 5,125-5,140 m.

Intraspeci c variation: 0.4—1.0%. Habitus: rough appearance,1.5mm in length, stout body;

Interspeci ¢ genetic distance to sister clade Pruvotinidge 1:  yellow coloration.

21.5-23.9%. Scleritome: two types of hollow, acicular sclerites (up to
100mm): straight with pointed distal end Rigures 3D1,D2

Pruvotinidae sp. 3 (Figure 3C) asterisks) and curved scleriteSiqure 3D2, white arrowhead).

Material: single specimen (ZSM Mol20170083). No dorsoterminal sense organ. Elongated leaf-shaped sofles

Distribution: St. 6-12, 5,291-5,307 m. one type only Figure 3D3 white arrowhead). No information

Habitus: spiny, several sclerites conspicuously larger testnof — on foot scales.

scleritome Figure 30); 1.5mm in length; white to light yellow Radula: unknown. No molecular data available.

coloration.

Scleritome: dominated by one type of hollow, acicular sisri Spiomenia sp. (Figure 3E):

curved with slight bend, no serrated distal end (up to 280  Material: single specimen (ZSM Mol20170099).

length). Hook-shaped elements present, curved at proximad,basDistribution: St. 6-12; 5,291-5,307 m.

pointed at distal curvature (length Tam) (Figure 3CJ). Type of  Habitus: very spiny appearance, stout body, 2 mm length; white
foot scales unknown. coloration.

Radula: distichous, each tooth with one large lateral admti Scleritome: dominated by three types of hollow acicular geleri
and at least two smaller median denticl€sgures 3C2,C3 No  majority with pointed distal endsKigure 3EJ) or captate (distal

molecular data available. end asymmetrically enlargedsigure 3E2 white arrowhead),
others with curved distal portiorigure 3E4 white arrow head).
Simrothiellidae Salvini-Plawen, 1978 Scales surrounding dorsoterminal sense organ ofigure 3E3

The scleritomes within this family are highly variable arahc white arrow). No information on foot scales. Radula: unkmow
reach from hollow or solid acicular needles to more scalgritels  No molecular data available.
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Acanthomeniidae Salvini-Plawen, 1978 variation of scleritomes and distribution ranges in Soleastges
Solenogastres with thin cuticle, hollow acicular scleritead are still largely unknown, our species assignment is stititive.
scales. Radula either monoserial or absent. Ventrolateradut

glands of TypeAcanthomenia(Type A sensuSalvini-Plawen, Amboherpia abyssokurilensisp. nov. (Figures 3F, 8-10)

1978a; Gil-Mansilla et al., 2008 Material examined Holotype (ZSM Mol20170088, histological
section series), paratypesl-4 (ZSM Mol20179984-87) used for

Veromeniacf. singula(Figures 2, 7): examination of the scleritome and preparation of the radula
Material: ve specimens (ZSM Mol2017008990, 91, 92, (ZSM Mol20170086, radula SEM mounted).

93). ZooBank registration urn:lsid:zoobank.org:pub:A85AFEQ0-
Distribution: Sts. 7-10 and 8-12, 5,115-5,221 m. 14C8-469D-A797-594C7DB3DB7A.
Habitus: fuzzy appearance,2-3.5mm in length; coloration Type locality.: Northwest Paci ¢, near Kuril-Kamchatka Trench,
ranging from white to light orangeHigure 2). KuramBio Station 9-12 (40.5918-40.5713N; 150.9976E—

Scleritome Figure 2 Veromeniacf. singula 1-10): dominated 150.9864E), 5,392-5,397 m depth.

by four types of hollow, acicular elements: short and strgngl Etymology: Referring to the type locality of the species on the
curved (250m) (1), slightly curved, with varying thickness (2), abyssal plain close to the Kuril-Kkamchatka Trench.

straight (3), straight with widened mid-region and pointesél Diagnosis: Hollow, acicular sclerites and two di erent types
end (4); (2)—(4) all up to 306m in length. Five types of scales: of solid body scales. Pharynx with pharyngeal glands, midgut
with folded lateral edges (5), rod-shaped with pointed distalvithout constrictions, but lateral typhlosolis. Radula teep to

end (6) rimmed and elongated (7), rimmed and leaf-shaped o50nm at widest part of base. No esophagus. No sphincter muscle
varying length (8), blade-shaped with rim (9). Foot scaléy:(1 surrounding secondary genital openinQ@pening of spawning
blade-shaped with rimmed base and bulge. Without radula. duct).

GenBank Accession Number: MG5249756, 77, 78.

Intraspeci ¢ genetic variability: 1.6—3.8%. Description

Interspeci ¢ genetic distance to sister clade: 21.4—-33.4%. Smooth appearance; body round in diamete8.6 mm in length.
Body white in xed condition Eigures 3F 9A9. Cuticle up to

Anatomy of Veromenia cf. singula 25mm thick, no epidermal papillae. Scleritom&igure 3FJ):

The anatomy ofVeromeniacf. singulais based on histological three types of hollow, acicular elements; most common one
serial sections of ZSM Mol 201700%idure 7A, animal after curved with attened distal end (250m length) (1); slightly
xation in ethanol). Vestibular-buccal cavity with papillae curved (ca. 5am) (2) and straight (40nm) (3). Two types
(Figures 7B,D; pedal pit small, with one type of pedal gland of body scales: at (3) and with rim at proximal base (4).
(Figures 7B,B. Cerebral ganglion fused with four nerve Foot scales blade-shaped with slight bulge (5). Vestibulum
cords along lateral and ventral body walFigures 7B,D. (Datrium) and buccal opening fused into single vestibular-
“Accessory ganglia® massDfre-cerebral ganglia), paired buccal cavity Figure 84), with at least three discernible,
buccal ganglia, and paired pedal ganglia presigure 7B,D).  unbranched vestibular papillae protruding from dorsoanterio
Dorsoterminal sense organ located dorsoposterior to pallialvall. Foot emerges posterior to vestibular-buccal openinghfro
cavity (Figures 7C,). Mouth opening located in dorsoposterior inconspicuous pedal pit and terminates anterior to small phllia
region of vestibular-buccal cavity. No radula present, phary cavity. Two types of pedal glands open into the pedal pit. Type 1
leads directly into midgutigure 7B); no dorsal midgut caecum, |ls most of the head regionRigures 9A,D), and stains whitish

no lateral constrictions. Hindgut opens dorsal into pallialto very light pink. Type 2 is smaller, present on both sides of
cavity Figures 7C,H. Ventrolateral foregut glands of Type pedal pit and stains in a slightly darker pink compared to Type 1
Acanthomenia(Figures 7B,B (de nition according to Handl  (Figure 9D). Both of di use appearance, but clearly delimited by
and Todt, 200n Gonad extending far anteriof~{gures 7B,B.  thin layer of connective tissue. Both discharge secretiimastly
Connected to pericardium via gonopericardioducts; pairednto pedal pit. Sole glands as unicellular glands distributed
ciliated pericardioducts leading into paired spawning ductsvenly along both sides of foot groovéiure 9A, shown only
(Figures 7C,. Seminal receptacle with sperm connected tdn the anterior part of the reconstruction). Light-purple staig
dorsoanterior part of spawning ductF{gures 7C,G. Pallial secretions are discharged by each cell via minute outletsyalo
cavity with infoldings Figures 7C,), but no true respiratory the foot (Figure 9D, arrow).

folds (compareFigure 6F for respiratory folds); ventral pouch

connected to anterior part of pallial cavit¥figures 7C,H with  Digestive system

underlying conspicuous muscle lay&igures 7G,H. The digestive system consists of pharynx, midgut, and the
associated glandsFigures 8A 9). Mouth opening located
Taxonomic remarks in dorsoposterior region of vestibular-buccal opening

Anatomy and histology of the encountered lineage hardly di er(Figures 8A 9A). Pharynx (up to level of radula) surrounded
from the holotype of the speciess{-Mansilla et al., 2008 but by unicellular pharyngeal glands, each discharging light-urpl
the scleritome of the present material is more diverse thamsh  staining secretions into pharyngeal lumerFigures 9B,D

in the original species descriptiofrigure 2 sclerites 1, 3, 4, 6, asterisks). Pharynx divided into two histologically distin
7, 9 not depicted in original description). Since intraspeci Cparts: rst part ciliated Figure 9D), after pharyngeal sphincter
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(Figure 9 lined with pseudostrati ed, glandular epithelium. Dorsal to pallial cavity, cuticle and underlying epidermisifor
After pharyngeal muscle sheatRigure 9C°, asterisk), pharynx protuberance Figures 10E,f. Based on form, position and
contains radula, which rests on several muscular radulproximity to suprarectal loop thus interpreted as dorsoteralin
bolsters (as de ned byHandl and Salvini-Plawen, 20p2 sense organ, but innervation could not be detected.

(Figure 9E, asterisk). Radula monoserial: ve rows of teeth

(Figures 9C,E8%) discernible in serial section (only three Gonopericardial system

shown in reconstruction); base of tooth almostra® wide, Paired gonads connected to pericardium, paired pericarditgjuc
two hook-shaped hollow denticles 45mm long) bend dorsal a partially fused spawning duct and seminal vesicles form
from each tooth Figure 9C%. Paired ventrolateral foregut the reproductive system F{gures 8B,G 10G-M). Tubular,
glands of TypeAcanthomenia(Handl and Todt, 200p open hermaphroditic gonads enclosed between midgut and dorsal
into pharynx on each side laterally to radulbigures 8A 9C).  body wall. Anterior region lled with oocytesHigures 9G 10J,
Each duct 300mm long, comprising supporting cells and cell spermatozoids present in posterior region. Initially paired
necks of glandular cells (cell apices) surrounded by musculgonads fuse medially in posterior region. Connection to
sheath Figure 9F. Ducts posterior surrounded by large mass ofpericardium gonopericardioducts) could not be detected on
somata of glandular cells, which produce dark-purple stainindpistological sections (séggure 10I, dotted lines). Pericardium
secretions. Secretions released into duct lumen via catkeapi as a at and elongated sac delimited by thin epithelium;
(Figure 9. Pharynx connected almost vertically with midgut contains tubular heart of 110mm in length (Figures 10l
(Figure 8A); anterior midgut ceacum present, divided into (asterisk)K). Posterior, pericardium widens and divides into two
three parts by muscles connecting pre-radula sphincter witlpericardioducts Figure 100). Two vesicles present at transition
dorsal body wall Figures 8A 9B,C° (asterisks)]. In the mid of pericardium into pericardioductsFigures 8B,G 10H,1,K);
region of animal, lateral walls of midgut epithelium form a connection between vesicles and other reproductive strestur
typhlosole-like horizontal fold Kigure 9G. Midgut narrows not detectable, but based on their position herein interpreted
into ciliated hindgut, opening into dorsoanterior regionpéllial as seminal vesicles. Pericardioducts loop ventroantetfin

cavity. transition into paired spawning ducts each lled with glandula
secretionsKigures 8B,C 9H,I). Spawning ducts initially paired
Nervous system and sensory structures in rst half, then fusing into single duct with high columnar

Anterior central nervous system consists of cerebral gangl glandular epithelium before opening ventroanterior to hindg
mass of pre-cerebral “accessory ganglia,” paired buccal aido pallial cavity Figure 8B).
pedal ganglia and four nerve cordBigures 10A,B. Cerebral
ganglion without median sulcus, at least two anterior ceseb Taxonomic remarks
nerves connect it to “accessory ganglia’ mass; this mass is Amboherpia abyssokurilensisp. nov. is placed within
interconnected accumulation of spherical bodies presumablficanthomeniidae Salvini-Plawen, 1978 due to its scleritome
comprised of neural tissue; clearly delimited by connectiveonsisting of hollow acicular needles and scale-like sekeri
tissue and with random distribution of neuropil and perikarya as well as the presence of ventrolateral foregut glands of Type
(Figure 10Q. At least four nerves run from accessory ganglidAcanthomenigHandl and Todt, 200psensu Type A (according
toward vestibulum. A short cerebrolateral connective egesr to Salvini-Plawen, 1973%aBased on the presence of a fused
posteriorlaterally from each side of cerebral ganglion.etait vestibular-buccal cavity, radula and dorsoterminal sensgrm
nerve cords emerge from lateral ganglia and extend aloegdht as well as the absence of respiratory folds in the pallial cavit
body wall toward posterior end of the animaFigure 10A). the new species is assigned to the gerusboherpia A.
Single nerve from left lateral ganglion innervates vestibu abyssokurilensisp. nov. is the third species within the genus
papillae. Paired buccal ganglia located dorsoposterior tand exhibits a combination of characters foundAnheterotecta
radula, interconnected via thin and short buccal commigssur Handl & Salvini-Plawen, 2002 (collected in 250-610m in
(Figures 9G 10A). a Norwegian fjord) andA. dolicopharyngeataGil-Mansilla,
Origin of cerebropedal and -buccal connectives notGarcia-Alvarez & Urgorri, 2008 (collected in 5,389-5,415m
identi able on histological sections, but nerves found tofrom the Angola Basin). Scleritome and radula resemble
run in direction of cerebral ganglion from each pedal anddolicopharyngeatebut A. abyssokurilensigp. nov. di ers from
buccal ganglion, presumably constituting missing connedi this species in lacking a well-developed esophagus and sphincter
(Figure 10B. Pedal ganglia attened; located 150mm  muscle around the spawning duct, the presence of conspicuous
posterior to cerebral ganglion on both sides of foot grooveunicellular pharyngeal glands and a midgut with internal ®ld
(Figures 10B,D. Single nerve exits each ganglion medially in(typhlosolis) as well as the size of the base of the radulh.teet
direction of the foot, most likely forming pedal commissure At Stations 7-09 and 8-12 two additional specimens of
(Figure 10D). In posterior part of nervous system, only lateralan acanthomeniid lineage were collected. However, based on
nerve cords could be reconstructedrigures 10A,§. Right the available scleritome data of this lineageg(re 4A) we
lateral nerve cord thickens into swellingigure 10F asterisk) were unable to reliably discriminate it froA. abyssokurilensis
and merges with left lateral nerve cord in suprarectal loogsp. nov. Figure 3H and we thus tentatively refer to it as
(Figure 10F. Acanthomeniidae sp. 1? (see below).
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Acanthomeniidae sp. 1? (Figure 4A) PHOLIDOSKEPIA Salvini-Plawen, 1978
Material: two specimens (ZSM Mol2017009%6). This order is characterized by almost exclusively scalyiszder
Distribution: Sts. 7-09, 8-12; 5,115-5,223 m. and only occasional acicular elements. Only one family ¢f th

Habitus: smooth to slightly rough appearance, and 2.5mmin order was represented in our material by three distinct liresag
length. Body slender, white coloration.

Scleritome: dominated by four types of acicular elementdotpy  Dondersiidae Simroth, 1893

straight with pointed distal endHigures 4A2,A4 or curved with  The scleritome of dondersiids consists of various types oéscal
attened distal end Figure 4A5). Additionally with short, solid occasionally combined with solid acicular elements. Based o
(?) curved needles and straight needles with ridgigure 4A6,  this combination of scleritome elements (scales togethign w
white arrowheads). Only one type of scale visible: leaf-shapesblid needles) the following three lineages were assigned to
proximal base morphology (e.g., presence of rims) unknowmondersiidae.

(Figure 4A3.
Foot scales not visible. Dondersiidae sp. 1 (Figure 4D):
Radula: unknown. No molecular data available. Material: single specimen (ZSM Mol20170106).
Distribution: St. 6-12, 5,291-5,307 m.
Acanthomeniidae sp. 2 (Figure 4B): Habitus: velvety, with sclerites arranged at against bedsface;
Material: single specimen (ZSM Mol20170094). 3 mm in length; yellow colorationRigure 4D).
Distribution: St. 8-12, 5,115-5,124 m. Scleritome: dominated by leaf-shaped scales with rimmed bas
Habitus: smooth appearance, 6.5 mm in size; body slendemwelldup to 30mm) (Figures 4D1,D3.
coloration (Figure 4B). Acicular elements interspersed, solid short needles (u@tarB)

Scleritome: dominated by two types of hollow, acicular eleisie (Figures 4D1,D3. No information on foot scales. Surface of all
curved with pointed distal end Higure 4B3 and straight sclerites with hair-like ultrastructurégure 4D3).

(Figure 4B4. Five types of scales: slightly concave, with pointeiRadula: unknown. No molecular data available.

distal end Figure 4B1), excavated scales with drawn-out, sharp

distal end (75nm) [Figure 4B5(1)], scales with small stalk and Dondersiidae sp. 2 (Figure 4E):

rim at proximal base of (25-38m) [Figure 4B5(2)], pointed Material: single specimen (ZSM Mol20170107).

rod-shaped scales with strongly thickened lateral ridged anDistribution: St. 8-12, 5,115-5,124 m.

at back (25mm) [Figures 4B2, B53)], excavated blade-shaped Habitus: smooth, 3.5mm in length; white coloration
scales Frigure 4B5 (4)]. Foot scales blade-shaped with bulge(Figure 4B).

(60mm length) [Figure 4B(5)]. Scleritome: dominated by scales in leaf-shaped form
Taxonomic remarks: this lineages is similar to the othefFigures4E2,E4 (1)]; leaf-shaped scales with short stalk
acanthomeniids in its habitus (compafégures 4A,B as well [Figure 4E4 (2)]; scales with diamond shapeFifure 4E4

as in some distinct scleritome characters, such as the preser(3)]; elongated, slender scales with stalkiglre 4E4 (4)].

of hollow, straight needles={gures 4A2,B3 and scales with a Interspersed solid short Higure 4E3 white arrowheads,
small stalk and rimmed proximal base [compdfigure 4B5(1, Figure 4E4 (5)] and long needles (up to 1@m in length)

2) with Figure 2D (14-16, 19) ischeltema (199%nd Figure [Figures 4E3,E46)]. No information on foot scales.

2 in Handl and Salvini-Plawen (20(2)Radula: unknown. No Taxonomic remarks: the scleritome of Dondersiidae sp. 2,

molecular data available. especially the stalked elementidure 4E4 (2, 4)], is highly
similar to the Antarctic Nematomenia(?) squamos&Thiele,
STERROFUSTIA Salvini-Plawen, 1978 1913 (see Figure 29 ialvini-Plawen, 1973a

Order characterized by the presence of only solid aciculadRadula: unknown. No molecular data available.
sclerites, which can be combined with various types of solid

scales. Dondersiidae sp. 3 (Figure 5):
Material: single specimen (ZSM Mol20170105).
Sterrofustia sp. 1 (Figure 4C): Distribution: St. 7-09, 5,216-5,223m.
Material: single specimen (ZSM Mol20170108). Habitus: spiny, with several conspicuously longer acicular
Distribution: St. 11-12, 5,348-5,350 m. elements; ca. 78@m in size; white colorationKigure 5A).

Habitus: furry appearance due to perpendicularly projectingscleritome: three types of scale-like, solid elements. Maua:
sclerites, 2.7 mm long; white coloratioRigure 4C). Scleritome: symmetrically leaf-shaped, with median keel40mm length)
dominated by solid acicular elements of varying length 150 (Figure 5A5, second type only found anterior, leaf-shaped
250mm) distributed evenly across the bod¥igures 4C1,C4 but with strongly rimmed base and lateral ridge (ha)
(1)]; cross-section like a three-point staFigure 4C2 white  (Figure 5A4), and at leaf-shaped scales (#fh) (Figure 5A6).
arrowhead), second type of solid elements as interspersdavo types of hollow, needle-like elements interspersed betwee
straight needlesHigure 4C4(3). Keeled scales up to 16th in  scales at lateral and dorsal sides. Curved ones with circula
length Figure 4C4(2)]. Foot scales blade-shaped (i#h length)  diameter (up to 2000m length) Figure 5A3). At posterior end:
[Figure 4C4(4)]. second type of acicular sclerites with strong median keedjtte
Radula: unknown. No molecular data available. up to 200mm (Figures 5A1,A2; unknown whether solid or
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hollow. No information on foot scales. Radula: unknown. No  Nuclear genes of Solenogastres are notoriously hard to amplify
molecular data available. due to complex secondary structures, which inhibit ampli ceti
Taxonomic remarks: within Dondersiidae the encounteredvia standard PCRNeyer et al., 2000 Using the mitochondrial
lineage bears some similarities elluoherpia aegirHandl &  standard markers for cytochrome oxidase subunit 1 and
Buchinger, 1996 in the presence of distinctively rimmed and.6 S rRNA broadly applied on various clades of molluscs (e.g.,
at scales as well as solid needles. However, there are sordkissmann-Kolb et al., 2008; Wilson et al., 2010; Stoget.et a
distinct di erences i.e., the presence of medially keeledescal 2013; Kano et al., 201 6esulted in low ampli cation success. In
Dondersiidae sp. 3Higure 5A5 which are lacking inH. aegiri  general, successful DNA ampli cation of these deep-sea mallusc
(Handl and Buchinger, 1996 is dependent on fast processing of the material. After 2.5syear
of storage in ethanol, the success rate dropped considerably
in comparison to fresh material (own observations). Using a
DISCUSSION solenogaster-speci ¢ pair of self-designed primers (“168»ole

s . f” and “—r" see section Materials and Methods) increased our
Combining Scleritome Morphology and ampli cation success of mitochondrial 16S rRNA, and we were

Barcodes: A Fast and Ef cient Approach to at least able to generate sequence data 0% of our material.
Assess Solenogaster Diversity Our molecular dataset (in conjunction with the provided
Solenogastres are usually excluded from biodiversitygassnts scleritome data) will allow to reliably assign novel materia
due to the complex and time-consuming methods necessampllected in the region to our herein preliminary charactred
for their taxonomic identi cation. While most solenogaste morphospecies. The comparably high (i.e216%) genetic
taxonomists have focused on species delineation based distances on the 16S rRNA sequences between the identi ed
microanatomical and histological charactersi€rsirasz, 1902; morphospecies at present supports the hypothesis of them
Heath, 1911; Salvini-Plawen, 197§adcheltema and Schander being independently evolving lineages. Due to the low number
(2000)already highlighted the value of habitus and scleritomeof sequences of genetically distant lineages within thisnwor
for species delineation and phylogeny. Solenogaster extermaollusc clade with hypothesized Paleozoic origiviin(her
morphology provides a character set which is easily acces&ble et al., 201p our barcode dataset currently does not allow
light microscopy, and since its analysis does not requireemorfor meaningful molecular species delineation. Tree-based
taxonomic training than morphological species delineation inapproaches (as, e.g., GMY&yns et al., 2006; Monaghan et al.,
other clades, itis also feasible for non-specialists. 2009 analyzing the transition point between the speciation
Our study identi es at least 19 morphospecies, which carand coalescent processes on an ultrametric gene tree asdylarg
be distinctively delineated based on the dierences in theihampered by the inclusion of singletons (80% in our dataset).
scleritomes. Methodologically, light microscopy is su cieto  Bayesian species delineationsifg and Rannala, 2010; Zhang
characterize the overall diversity of the scleritome. &oan et al.,, 2011 rely on multiple loci, but have nevertheless been
electron microscopy (SEM) on entire specimens, howevecriticized for reconstructing structure in a dataset buttno
provides a better overview on the distribution of scleritesnecessarily species, unable to discriminate between populati
as well as additional ultrastructural information (seeg.e. and speciation processesukumaran and Knowles, 2017
Figure 4A6). However, SEM of entire individuals needs to beA denser sampling of abyssal Solenogastres and a multi
combined with investigation of isolated sclerites, asrtheise marker molecular approach is needed to investigate the species
might also provide important taxonomic characters. Sclenge  boundaries between deep-sea Solenogastres.
based species delineation might become limited, however, An advantage of our work ow is the ecient and fast
with denser sampling and when dealing with closely relateédssessment of operational taxonomic units and therein ptiogid
lineages. We were unable, for example, to reliably discamein valuable information ona-diversity. The generated molecular
Acanthomeniidae sp. 1Figure 4A) from A. abyssokurilensis barcodes (though unfortunately incomplete) allow for fast
sp. nov. Figure 3F based on the available scleritome dataand reliable assignment of future material to the identi ed
Knowledge on the intraspeci c variation of the scleritome islineages. Low success rates in direct ampli cation via PCR
generally scarce, but in some families, as e.g., Epimeniidae older material might be circumvented by high throughput
(Cavibelonia), the slight interspeci c variability is ole@pped by sequencing approaches resulting in more signi cant datasets
intraspeci c variability Salvini-Plawen, 199yaSo far, species for molecular species delineation. External morphology links
boundaries in Solenogastres have never been tested viautarle ampli ed barcodes to the established taxonomic system of the
markers. Especially variability of sclerite size is diculd clade: 75% of lineages in our study could be assigned to
evaluate with regard to its taxonomic value, without knatge family level and beyond. For four lineages [Cavibelonia sp. 1
on the maturity of the individual, as can only be derivedsp. 2 (bothFigure 2), sp. 3 Figure 3A) and sp. 4 Figure 3B
from histological sectioning. Moreover, in minute mesopsaimm and Sterrofustia sp. 1F{gure 4C)] taxonomic placement was
Solenogastres externally cryptic and co-occurring spe@ee h impossible, despite detailed documentation of their sclergem
been documentedBergmeier et al., 201aand crypsis might Unigue and conspicuous sclerites, such as the three-point star
be a common phenomenon also among deep-sea Solenogastre=edles in Sterrofustia sp. Figure 4C2, never documented
Thus, scleritome-based species delineation needs to beigechb before in Solenogastres, suggest that these lineages\art® ne
with molecular approaches. science and thus currently cannot be integrated into thetag
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classi catory system. Singletons like Sterrofustia sp.uldcbe families to the Northwest Paci c, and besides the West India
easily excluded from traditional approaches, underlining th Ocean, the simrothiellid genuSpiomeniais for the rst time
value of an overall characterization afdiversity, which helps reported from the Pacic. The known distribution range of
to identify key lineages of major evolutionary importance fo this family now covers the North and South Atlantic and the
future work and at the same time provides full formal specieg\ntarctic Davis Straight as well as the Northwest Pacic. The
descriptions in common lineages. discovery ofA. abyssokurilensisp. nov. expands the known
distribution range of the genus from the abyssal Angola Basi
(5,300-5,500 m) in the Southern Atlantic and Norwegiandgr

Systematics and Diversity of Abyssal (250-610 m) to the abyssal plain of the Northwest Paci ¢ (8,39
Solenogastres in the Northwest Paci c 5,400 m;Handl and Salvini-Plawen, 2002; Gil-Mansilla et al.,
The current state of knowledge regarding solenogaster epeci2009.

diversity in the region is generally scarce with hithertdyohl Little is known about vertical and horizontal distribution

known species prior to this study. Nine have been describethnges of Solenogastres. While some pruvotinid and
and reported from the coastal waters o Japan, one of them—proneomeniid Solenogastres are broodeisdth, 1911; Salvini-
Alexandromenia marisjaponic&aito & Salvini-Plawen, 2014 Plawen, 1978a; Todt and Kocot, 20Mith low distribution
(Amphimeniidae)—from the Sea of Japan and the othersanges, the majority of species develops via lecitotrophic,
from the Pacic coast [leomenia yamamotoBaba, 1975 planktonic larvae. Between 5 and 11 days of swimming behavior
(Neomeniidae),Epimenia ohshimaBaba, 1940 andE. babai from hatching to settlement of larvae have been obser@édi§u,
Salvini-Plawen, 1997 (Epimeniidaefnamenia triangularis 2002; Todt and Wanninger, 20).for some clades and longer
(Heath, 191), A. amabilis Saito & Salvini-Plawen, 2010 and larval survival periods can be assumed for deep-sea lineages in
A. farcimen(Heath, 191) and Strophomenia ophidianbleath, cold waters. Due to the di erent modes in development, the
1911 (all Strophomeniidae), af@fiomenia paci caHeath, 1911 dispersal abilities between the di erent clades might be highl
(Rhopalomeniidae)] (seBaba, 1940, 1975; Saito and Salvinivariable and wide distribution ranges as commonly found in
Plawen, 2010, 20)4Two species are known from the Sea ofmany deep-sea taxa cannot be excluded.
Okhotsk (Neomenia yamamot@nd Halomenia gravidadeath, The majority of the discovered lineages from the Northwest
1911) and one from the Bering Selgmatomenia platypoda Pacic presents unique scleritome characters distinguishabl
(Heath, 191), Dondersiidae] Garcia-Alvarez and Salvini- from other described abyssal lineages, and likely are species
Plawen, 2007; Sirenko, 201All of these species were collectednew to science. Only the acanthomenlgromeniacf. singula
from 40to 1,500 m, while the Northwest Paci c lower bathyadla was identi ed in our material based on external similaritie
beyond remains largely unexplored with regard to solenagastand the lack of any anatomical features distinguishing it
fauna. Our sampling of the abyssal Northwest Paci c (NWP)from the individuals described from the abyssal Angola Basin
Plain, close to the Kuril-Kamchatka Trench, revealed 18iris  (see Figures 4E,F, 5 iGil-Mansilla et al., 2003 Comparative
solenogaster lineages (excluding Acanthomeniidae spyb®h  molecular data from the Atlantic material is needed to chatife
were delimited based on a combination of external morphojogyrelationship between the Atlantic and PacMeromenidineages
molecular sequence data and microanatomy. Of the ve fawsili and to gain valuable insights on the distribution patterns of
identi ed in our study, only Dondersiidae and Pruvotinidaave abyssal Solenogastres. Currently, available data is entcio
already been reported from the NWP regidN.(platypoddrom  present the discovered diversity of abyssal Solenogasirestie
the Bering Sea and#il. gravidg. Based on distinct di erences NWP plain; however, the collected material and thereof ested
in habitus (N. platypodahas a distinct dorsal keel, see plate 1data is insu cient to provide formal species descriptions with
Figure 4 inHeath, 191}, scleritome (and in case of Halomeniinae the present classi catory system on all discovered lineages
sp. 1 also anatomy) as well as bathymetric di erences of moreombination of scleritome and molecular characters wiely
than 4,000 m, conspeci ty betweé platypodaH. gravidaand  be most suitable for rapid species description in the futurés th
any of the ve pruvotinid and dondersiid lineages uncoverad i is still hampered at present, however, by a largely histology-
this study can be excluded, and we assume that all 19 abysbkaked classi catory system. Molecular data from type mdteria
lineages present novel records for this region. The diversit of the established lineages is needed to avoid creating dgdara
Solenogastres in the Northwest Paci ¢ and its marginal seas taxonomic system for Solenogastrésiger, 2016
thus almost tripled to 30 recorded species.

The only sterrofustian lineage Sterrofustia sp. 1 found wigiri . . .
the KuramBio cruise presents the rst record of this order in/A First Glimpse into the Abyssal
the Northwest Paci c. For the discovered cavibeloniandiges Solenogaster Fauna—All Lost Loners?
(except Pruvotinidae, see above), the geographically tlos8$he Mediterranean and the Eastern Atlantic o the European
records of Proneomeniidae are from Hawaii and the Indonesiacoast constitute relatively well-studied regions in terms o
Sunda Sea Heath, 191), and Simrothiellidae have been solenogaster fauna, harboring nearly 30% of the global
described from the Atacama Trench and hot-vent sites on theolenogaster diversityS@lvini-Plawen, 1997b; Garcia-Alvarez
East Paci c RiseScheltema and Kuzirian, 1991; Scheltema, 200@f al., 2014; Pedrouzo et al., 2Dlatensive taxonomic work has
Salvini-Plawen, 2008Proneomeniidae sp. 1, Simrothiellidae sp.also been conducted around Antarcticge(vini-Plawen, 1978a,b;
1 and sp. 2 expand the potential distribution ranges of the twdsarcia-Alvarez et al., 1998, 2009; Zamarro et al., 206ésulting
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in close to 45% of the described global species diversity. impoverished abyssal fauna is dependent on larval in ux of
general, sampling has so far largely focused on bathyal depthathyal populations Rex et al., 2005 Preliminary diversity
and the only comparable study on Solenogastres from similaassessments indicate di erences in the taxonomic compasitfo
depths has been carried out in the South Atlantic Angolahe shallower Kuril basin in the semi-isolated Sea of Okkarsd
Basin (DIVA-1 expedition,Arbizu and Schminke, 2005half  the abyssal fauna investigated herein with only few conspeci
of the globally known 18 species (classi ed in ve familieglan (Ostermair et al., acceptdComparative analyses of the bathyal
11 genera) described from below 4,000 m were collected hemmlenogaster diversity of the eastern slopes of the Kuril dslan
While almost all previously known lineages belong to the ordeand intensi ed sampling in the area are necessary to evaluate
Cavibelonia (except for two), our study adds the rst recorfd o the origin of the abyssal NWP fauna, whether they present
an abyssal sterrofustian lineage and doubles the globabeunf lost loners in the abyss or belong to reproducing abyssal
solenogaster lineages discovered in the abyss. populations.
The solenogaster fauna of the abyssal Angola Basin and
the Northwest Pacic Plain are dominated by cavibelonianAUTHOR CONTRIBUTIONS
Simrothiellidae, Acanthomeniidae and Pruvotinidae—whihee
identied genera Epiomenia Amboherpia,and Veromenia  FB: conducted the morphological and molecular analyses and
present in both regions. From the NWP plain we collecteddrafted the manuscript; AB: organized the KuramBio expeditio
33 specimens, after sampling 53,708 ai sea- oor with the  ES: collected and sorted the KuramBio material; KJ: desitiveed
C-EBS Brandt et al., 201)5resulting in 19 morphospecies study. All authors contributed to and approved the nal vensio
assigned to at least ve di erent families, with a high number of the manuscript.
of singletons (74%). EBS sampling of only half the area of sea-
oor in the Angola Basin (27,765 f seeBrandt et al., 2006 FUNDING
yielded twice as many specimens (64 individuals) and 50%
more species (30 spp.j5(-Mansilla, 2008; Gil-Mansilla et al., The study was funded by a Student Research Grant from
2008, 2009, 20)2indicating an overall higher diversity and the Malacological Society of London to FB and DFG grant
abundance of Solenogastres in the region. The spatialloligion ~ JO-1311 to KJ. We are grateful for the nancial support
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to be more pronounced in the Angola Basin, where either onlyof Education and Research (PTJ). Publication was supported
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