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Two new species of ryocalanoid copepods (Crustacea: Calanoida), Ryocalanus squamatus sp. nov. and Yrocalanus
kurilensis sp. nov. are described together with a female of Ryocalanus infelix Tanaka, 1956, type species for the genus
Ryocalanus Tanaka, 1956, from abyssal depths in the Kurile-Kamchatka trench. The new species can be assigned to
the superfamily Ryocalanoidea based on the segmentation and armature of the swimming legs and the modification of
the male right antennule. A new interpretation of the fusions of segments in the male right antennule of Ryocalanus
shows the marked differences between the ryocalanoidean genera. The status of Ryocalanoidea within the Calanoida
is discussed based on morphology and a first molecular multi-gene analysis with cytochrome oxidase subunit I, cyto-
chrome b, nuclear ribosomal 18S and 28S rDNA and internal transcribed spacer 2. This analysis supports the close
interrelationship between Ryocalanoidea and Spinocalanoidea. The monophyletic status of Ryocalanoidea could not
be retrieved in the phylogenetic analysis, as specimens of Yrocalanus formed a clade within Spinocalanoidea. The in-
conclusive results between morphological and molecular analyses are discussed with a proposition to keep the current
system until more males of taxa belonging to the Spinocalanoidea are discovered, as the male antennule plays a cru-
cial role in the interpretation of relationships between Ryocalanoidea and Spinocalanoidea.

ADDITIONAL KEYWORDS: Calanoida — COI — cytochrome & — 18S — 28S — ITS2 — molecular phylogeny —
Ryocalanoidea — Ryocalanus — Spinocalanoidea — Yrocalanus.

INTRODUCTION

Within the order of Calanoida, the superfamilies
Ryocalanoidea, Spinocalanoidea and Clausocalanoidea
are considered to represent the evolutionarily most
recently diverged lineages (Park, 1986), with the di-
vergence of Spinocalanoidea and Clausocalanoidea
hypothesized to be the most recent one (Blanco-Bercial
et al.,2011). The superfamily Ryocalanoidea was estab-
lished by Andronov (1974), based on a single male of

*Corresponding author. E-mail: jrenz@senckenberg.de
[Version of Record, published online 27 November 2018; http://
zoobank.org/urn:lsid:zoobank.org:pub:6F519A8-BB5F-4CCD-
BE41-82D3F03E14BF]

Ryocalanus infelix described by Tanaka (1956). Park
(1986) recognized the family Spinocalanidae Vervoort,
1951, previously included in Clausocalanoidea by
Andronov (1974), to form a separate superfamily
Spinocalanoidea based on the fact that the mostly
bathypelagic Spinocalanoidea have less specialized
features such as the presence of an outer seta on the
maxilla and the swimming leg setation (Park, 1986).
Park also noted the similarity of mouthparts and
swimming legs of Ryocalanoidea and Spinocalanoidea,
but pointed out the marked difference between these
taxa, based on the grasping right antennule of males.
Spinocalanoidea currently contain two families:
Spinocalanidae and Arctokonstantinidae. The latter
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family was established by Markhaseva & Kosobokova
(2001)andlatertreated asasynonymfor Spinocalanidae
by Boxshall & Halsey (2004). Markhaseva (2008) and
Markhaseva & Schulz (2008) gave a detailed analysis
of Arctokonstantinidae, concluding that, based on the
derived morphology of the oral parts, as well as the
basis and endopod of the first leg, this family repre-
sents a monophyletic group. Foxtonia Hulsemann &
Grice, 1963 and Sognocalanus Fosshagen, 1967, pre-
viously placed in Spinocalanidae and Bathypontiidae,
were placed in Arctokonstantinidae (Markhaseva,
2008) together with Arctokonstantinus Markhaseva &
Kosobokova, 2001, Foxtosognus Markhaseva, 2008 and
Caudacalanus Markhaseva & Schulz, 2008.

In recent studies, genetic analyses of copepods have
generated new insights into the origin and evolution
of the Calanoida (e.g. Ohtsuka & Nishida, 2017). Both,
mitochondrial and nuclear molecular markers have been
used for phylogenetic analyses to elucidate the evolu-
tionary history of living organisms and have been proven
to be useful in reconstructing copepod phylogenetic rela-
tionships (e.g. Blanco-Bercial et al., 2011; Laakmann
et al., 2012; Bradford-Grieve et al., 2014, 2017). While
species and population levels can be resolved based on
mitochondrial gene fragments like cytochrome c oxidase
subunit I (COI) (e.g. Bucklin et al., 2003; Goetze, 2003;
Eyun et al., 2007; Aarbakke et al., 2014; Questel et al.,
2016) and cytochrome & (Provan et al., 2009; Milligan
et al., 2011), nuclear 18S rDNA, 28S rDNA and internal
transcribed spacer 2 (ITS2) (e.g. Braga et al., 1999;
Bucklin et al., 2003; Laakmann et al., 2012) are more
conserved and thus informative for phylogenetic analy-
ses at intergeneric and higher taxonomic levels.

Multi-gene analyses of the calanoid superfamilies
have been made to investigate the relationships within
the Calanoida (Blanco-Bercial et al., 2011; Bradford-
Grieve et al., 2014) by using both mitochondrial and
nuclear ribosomal gene regions. These analyses dem-
onstrated a high support of the morphology-based phyl-
ogeny by Andronov (1974) with its amendments made by
Bowman & Abele (1982) and Park (1986). These molecu-
lar-based phylogenetic studies did not, however, include
representatives of the superfamilies Ryocalanoidea and
Epacteriscidae, and refinements in the currently avail-
able phylogeny are expected when new data are added.

The discovery of two new species of ryocalanid
copepods in the Kurile-Kamchatka trench belong-
ing to the genera Ryocalanus Tanaka, 1956 and
Yrocalanus Renz, Markhaseva & Schulz, 2012
and the description of the previously unknown fe-
male of Ryocalanus infelix, the type species of the
Ryocalanidae, presented an opportunity to combine
morphological and molecular data to further our
knowledge on the phylogeny of the Calanoida.

Our morphological studies were complemented
with molecular analyses of ryocalanoidean and

spinocalanoidean copepod species using multi-gene
approaches to gain insight into the relationship be-
tween the evolutionarily youngest calanoid copepod
families from a molecular perspective. The phylogeny
of the Ryocalanoidea is discussed, based on a combined
morphological and molecular approach.

MATERIAL AND METHODS

Copepods for morphological analysis were collected by
RV Sonne (S0223) in the Kurile-Kamchatka trench
and abyssal plain during the KuramBio expedition
(Kurile-Kamchatka Biodiversity Study) in 2012.
Sampling was carried out above the sea bed at depths
of 4863-5400 m using a closing epibenthic sledge
(Brandt & Barthel, 1995; Brenke, 2005) with a mesh
size of 300 nm. Samples were fixed in either 96% pure
ethanol or 4% buffered formalin.

Prior to dissection, specimens were cleared in lactic
acid and some were stained by adding a solution of
chlorazol black E dissolved in 70% ethanol/30% water.
All figures were prepared using a camera lucida on a
Zeiss Axioskop compound microscope fitted with inter-
ference contrast optics.

Free segments of the antennule are designated
by Arabic numerals, ancestral segments by Roman
numerals (Huys & Boxshall, 1991); one seta and one
aesthetasc attached to a segment of the antennule are
designated as: 1s + lae, while ? designates a visible
scar for which it is not possible to identify the nature
of the element.

The system of morphological nomenclature is based
on that of Huys & Boxshall (1991). Type specimens
are deposited at the Senckenberg Museum Frankfurt
(SMF), Germany.

MOLECULAR GENETIC ANALYSES

Copepods for molecular analysis were collected by RV
Meteor during the DIVA III expedition (Latitudinal
Gradients in Biodiversity in the deep Atlantic) within
the CeDAMar project (Census of the Diversity of
Abyssal Marine Life) in 2009 and by RV Sonne (S0223)
in the Kurile-Kamchatka trench and abyssal plain
during the KuramBio expedition in 2012. Sampling
was carried out as for morphological analysis and fixed
in 96% pure ethanol.

Molecular genetic analyses were conducted on a
total of 19 individuals with 11 ryocalanoidean, six spi-
nocalanoidean and two clausocalanoidean specimens
(Table 1). Genomic DNA was extracted from total
specimens or parts of individuals using the QIAGEN
DNeasy blood and tissue kit (QIAGEN) following the
manufacturer’s protocol with overnight lysis. PCR
amplifications for five different gene fragments were
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accomplished by illustra PuRe-Taq Ready-To-Go PCR
Beads (GE Healthcare) using 4 uL. of DNA templates
in 25-uL reaction volumes. Amplification and sequenc-
ing of nuclear ribosomal 18S and mitochondrial cyto-
chrome ¢ oxidase subunit I (COI) were performed
according to Laakmann et al. (2013). Nuclear ITS2
was amplified and sequenced using the primers ITS3F
(White et al., 1990) and ITS10R (Goetze, 2003) with
a thermoprofile of denaturation at 95 °C (5 min) fol-
lowed by 95 °C (30 s), 55 °C (30 s) and 72 °C (60 s)
for 35 cycles and final elongation at 72 °C (7 min).
Nuclear ribosomal 28S was amplified using the prim-
ers 28S-Fla and 28S-Rla (Ortman et al., 2008) with
94 °C (5 min), 36 cycles of 94 °C (45 s), 50 °C (50 s)
and 72 °C (200 s) and final elongation at 72 °C
(10 min). Finally, cytochrome b (Cytb) was amplified
using UCYTB151F and UCYTB270R (Merritt et al.,
1998), as well as M13-tailed primers, with a thermo-
profile of 95 °C (5 min), 40 cycles with 95 °C (30 s),
42 °C (1 min) and 72 °C (1 min), and final elongation
at 72 °C (7 min). PCR products were purified using
the QIAquick PCR Purification Kit (QIAGEN) and
both, PCR products and purified PCR products, were
checked on an agarose gel (1%) with GelRed (0.1%).
Sequencing was performed at Macrogen, Amsterdam,
by using an ABI3730XL automated sequencer and
BigDyeTM terminator chemistry.

Using the software GENEIOUS v.7.1.9 created by
Biomatters (http://www.geneious.com; Kearse et al.,
2012), sequences were assembled, edited and, for
COI and Cytb, checked for reading frames. All new
sequences were deposited in GenBank (GenBank
Accession numbers MF796440-MF796519; see
Table 1). Multiple alignments were performed for the
single genes. For 18S and 28S, multiple alignments
were performed using MAFFT (Katoh & Standley,
2013), with 1-ns option. COI and Cytb were aligned
using MUSCLE v.3.8.1 (Edgar, 2004) with default set-
tings. ITS2 multiple alignments were prepared using
RNA salsa (Stocsits et al., 2009). As reference struc-
ture of the folding of ITS2 we used the ITS2 structure
of Calanus jashnovi as a constraint. ITS2 alignment
was cut according to the length of Calanus jashnovi,
downloaded from the ITS2 database with the begin-
ning sequence of 5°- atcaggcage - 3" and the ending
(according to the analysis by Bradford-Grieve et al.,
2017) 5°- ttactttegac - 3".

Single and multiple-gene analyses were conducted.
For multiple-gene analyses, the different genes were
concatenated using GENEIOUS. We analysed two
different multiple-gene datasets: (1) we analysed
concatenated 18S, 28S, COI and Cytb together with
the dataset on the phylogeny of calanoid superfami-
lies from Bradford-Grieve et al. (2014) based on the
results from Blanco-Bercial et al. (2011). Multiple
alignments of the two converged datasets resulted in

aligned fragment lengths for single genes of 931 bp
(18S), 733 bp (28S), 547 bp (COI) and 327 bp (Cytb).
The total concatenated fragment was 2541 bp long. (2)
We analysed longer fragments of concatenated 18S,
28S, COI, Cytb and, additionally, ITS2 generated from
the Ryocalanoidea and Spinocalanoidea in our study.
We used two representatives of the Clausocalanoidea
as outgroup taxa: Paraeuchaeta parvula (Euchaetidae)
and Prolutamator hadalis (Aetideidae). This analysis
resulted in aligned fragment lengths of the single
genes with 1767 bp (18S), 842 bp (28S), 657 bp (COI)
and 327 bp (Cytbd). The total concatenated fragment
length was 3863 bp.

Concatenated datasets were analysed for best-fit evo-
lutionary models using PartitionFinder 2.0 (Lanfear
et al., 2017) with the following parameters: branch-
lengths = linked, models = all, model_selection = aicc,
search = greedy (Lanfear et al., 2012; Lanfear et al.,
2017; Guindon et al., 2010). Analyses were run for
defined partitions (subsets) with and without regard
to the three different codon positions for the mitochon-
drial genes COI and Cytb.

Maximum likelihood analyses were performed using
RAxML-VI-HPC (Stamatakis, 2006), where only a
single model of rate heterogeneity can be applied in par-
titioned analyses. As recommended in PartitionFinder
best scheme results, in case of different models for dif-
ferent subsets, the best rate heterogeneity model was
defined by running separate PartitionFinder analyses
for each type of rate heterogeneity. The model with the
lowest AICc score should be used for the final analysis.
In all analyses, GTR+I+G was the model with the low-
est AICc scores (see Table 2). Because of the issues
regarding the application of the GTR+I+G model (see
The RAxML v.8.2.X manual, page 60; Stamatakis,
2014), final analyses were run with the GTRGAMMA
nucleotide substitution model and a generation of
10000 bootstrap replicates.

Bayesian Inference analyses were performed in
MrBayes (v.3.2.6; Altekar et al., 2004; Ronquist et al.,
2012) using the MrBayes block for partition definitions
and best-fit evolutionary model from PartitionFinder
best scheme results. However, MrBayes only com-
prises a small set of evolutionary models for DNA
analyses (i.e. nst = 1, nst = 2, nst = 6) and in the
case that the recommended model is not included in
MrBayes, MrBayes block set best-fit model to GTR
(nst = 6), including +I and/or +G (Ronquist et al.,
2011). Analyses were run with selected partitions
and models (see Table 2) similar to those in Cornils
& Blanco-Bercial (2013) and Bradford-Grieve et al.
(2017), with unlinked parameters for 3000000 genera-
tions with sampling every 1000 generations. Analyses
were checked for Estimated Sample Size (EES) using
the software TRACER (v.1.6; Rambaut et al., 2014,
available from http://beast.bio.ed.ac.uk/Tracer) and
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Table 2. Partitions and substitution models for mulit-gene analyses

Datasets Partitions/Subsets Bayesian Inference Maximum likelihood
Best model  Model Block Model AlCc
Dataset 1 18S =1-931 GTR+I+G GTR+I+G (nst =6 GTR 82607.1647
rates = invgamma)
with Codon 28S = 932-1665 GTR+I+G GTR+I+G (nst =6 GTR+G*  75757.3743
rates = invgamma)
COI _posl = 1666-2213\3 GTR+I+G GTR+I+G (nst = 6 GTR+I 78823.9445
rates = invgamma)
COI _pos2 = 1667-2213\3 GTR+I+G GTR+I+G (nst = 6 GTR+G+I 75659.166
rates = invgamma)
COI_pos3, Cytb_pos2 = 1668-2213\3, TRN+I+G GTR+I+G (nst =6
2215-2541\3 rates = invgamma)
Cytb_pos1 = 2214-2541\3 TVM+G GTR+G (nst =6
rates = gamma)
Cytb_pos2 = 2216-2541\3 GTR+G GTR+G (nst =6
rates = gamma)
Dataset 1 185 =1-931 GTR+I+G GTR+I+G (nst = 6 GTR 88643.3451
rates = invgamma)
without Codon 28S = 932-1665 GTR+I+G GTR+I+G (nst = 6 GTR+G*  77464.7741
rates = invgamma)
COI = 1666-2213 TIM+I+G GTR+I+G (nst =6 GTR+I 82000.7897
rates = invgamma)
Cytb = 2214-2541 TIM+I+G GTR+I+G (nst = 6 GTR+G+I  77290.0409
rates = invgamma)
Dataset 2 18S =1-1767 TRN+I+G GTR+I+G (nst =6 GTR 30353.4443
rates = invgamma)
with Codon 28S = 1768-2610 TRN+I+G GTR+I+G (nst = 6 GTR+G*  29145.3903
rates = invgamma)
ITS2 = 2611-2877 TVM+I+G GTR+I+G (nst =6 GTR+I 29406.6005
rates = invgamma)
COI _pos] = 2878-3535\3 TRN+I+G GTR+I+G (nst = 6 GTR+G+I 29101.7244
rates = invgamma)
COI_pos2 = 2879-3535\3 GTR+I GTR+I (nst =6
rates = propinv)
COI _pos3 = 2880-3535\3 TVM+I GTR+I (nst =6
rates = propinv)
Cytb_pos1 = 3536-3863\3 HKY+G GTR+G (nst=6
rates = gamma)
Cytb_pos2 = 3537-3863\3 HKY+G GTR+G (nst =6
rates = gamma)
Cytb_pos3 = 3538-3863\3 GTR+G GTR+G (nst =6
rates = gamma)
Dataset 2 18S = 1-1767 TRN+I+G GTR+I+G (nst = 6 GTR 32195.291
rates = invgamma)
without Codon 28S = 1768-2610 TRN+I+G GTR+I+G (nst =6 GTR+G*  30178.8401
rates = invgamma)
ITS2 = 2611-2877 TVM+I+G GTR+I+G (nst = 6 GTR+I 30367.0427
rates = invgamma)
COI = 2878-3535 GTR+I+G GTR+I+G (nst = 6 GTR+G+I 30119.7125
rates = invgamma)
Cytb = 3536-3863 K81UF+I+G GTR+I+G (nst=6

rates = invgamma)

*Chosen model for ML analysis.
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for Potential Scale Reduction Factor (PSRF; Gelman
& Rubin, 1992). The first 500 trees were discarded
as burn-in in the stationary phase, resulting in 2500
trees. Then, the consensus tree (the majority-rule
phylogenetic tree) and Bayesian posterior probabili-
ties (BPP) were calculated. Based on p-distances, the
pairwise genetic distances were calculated using the
software MEGA (v.6; Tamura et al., 2013).

RESULTS

SYSTEMATICS
ORDER CALANOIDA SARS, 1903
SUPERFAMILY RYOCALANOIDEA ANDRONOV, 1974
FAMILY RYOCALANIDAE ANDRONOV, 1974
GENUS RYOCALANUS TANAKA, 1956
RYOCALANUS SQUAMATUS SP. NOV.
(F1Gs 1-5)

Type material

Holotype: Adult female, dissected, body length
2.17 mm, collection number SMF 37149/1-6 (one vial,
five slides); Kurile-Kamchatka trench, 40.5808° N,
150.9833° E, station 9-9, project KuramBio, 23 August
2012, above the sea bed at a depth of 5400 m.

Paratypes: One adult female. Body length 2.05 mm,
collection number SMF 37150/1-5 (one vial, four slides);
Kurile-Kamchatka trench, 43.0303° N, 152.9758° E,
station 7-10, project KuramBio, 17 August 2012, above
the sea bed at a depth of 5304 m. One adult male, body
damaged, length 1.83 mm, collection number SMF
37151/1-6 (one vial, five slides); Kurile-Kamchatka
trench, 41.2000° N, 150.0833° E, station 10-12, project
KuramBio, 28 August 2012, above the sea bed at a
depth of 5251 m.

Etymology: The specific name refers to the scale-like
structures that cover the antennule.

Description: Based on female holotype unless stated
otherwise.

Adult female: Total length 2.17 mm; prosome 4.8 times
as long as urosome (Fig. 1A, B). Rostrum (Fig. 1C) stout
and strong, one-pointed. Cephalosome and pediger 1
partly fused (Fig. 1A), pedigers 4-5 separate; in lateral
view, posterolateral corners of prosome extended
posteriorly into points, reaching to middle of genital
double-somite (Fig. 1A, B). Pedigers 2-5 covered with
fine spinules.

Urosome composed of genital double-somite and
three articulated somites (Fig. 1A, B, D-H). Genital
double-somite slightly asymmetrical, with lateral

swelling on left side and ventromedial genital open-
ing; in lateral view genital double-somite swollen
ventroanteriorly, seminal receptacles of oval shape.
Genital double-somite and urosomites covered with
rows of fine spinules (Fig. 1A, B, D-H). Caudal
rami symmetrical with two lateral setae (II and
IIT), three terminal setae (IV-VI) and one dorsal
seta (VID).

Antennule (Fig. 11, K) of 24 free segments and
extending to pediger 2, covered with scale-like struc-
tures. In holotype armature as follows:

I1-2s + lae?, II-IV — 5s + 2ae?,V — 2s + lae, VI — 2s +
lae, VII — 2s + lae, VIII — 2s + lae, IX — 2s + lae; X—XI —
4s + lae, XII — 1s + lae, XIII — 2s, XIV — 2s + 1lae, XV —1s,
XVI - 2s + lae, XVII — 2s + lae, XVIII — 2s + 1ae, XIX —
2s + lae, XX — 2s, XXI — 2s + lae, XXII — 1s, XXIII — 1s,
XXIV- 28, XXV — 28, XXVI — 28, XXVII-XXVIII - 5s + 1ae.

Antenna (Fig. 2A), coxa with 1, basis with 2 setae;
endopod segment 1 with 2 setae, segment 2 with 16
setae; exopod incompletely 8-segmented, with 1, 3, 1,
1,1,1,1, 3 setae.

Mandible (Fig. 2B-D), gnathobase cutting edge with
7 unequal teeth plus ventral seta; exopodal segments
with 6 setae; first endopod segment with 2 setae,
second with 11 setae; basis with 2 setae. Exopod to
endopod ratio 0.82.

Maxillule (Fig. 2E, F), praecoxal arthrite with 9
terminal spines (Fig. 2F), 4 posterior and 2 anterior
setae; coxal endite with 6 setae, coxal epipodite with 9
setae; proximal basal endite with 4 setae, distal basal
endite with 5 setae; endopod with 15 setae; exopod
with 11 setae.

Maxilla (Fig. 2G, H), proximal praecoxal endite bearing
4 setae plus attenuation in holotype, 5 setae plus attenu-
ation in paratype, distal praecoxal endite with 3 setae;
coxa without outer seta; coxal endites with 3 setae each;
proximal basal endite with 4 setae; endites 25 with sur-
face spinules, remaining endopod with 8 setae.

Maxilliped (Fig. 2I), syncoxa with 1 seta on prae-
coxal endite, 2 setae on proximal coxal endite, 3 setae
on middle coxal endite, and 3 setae on distal coxal
endite; syncoxa with fine rows of spinules. Basis with
3 distal setae; endopod 6-segmented with 2, 4, 4, 3, 3
and 4 setae.

Legs 1-4 biramous (Fig. 3A-E). Exopods and endo-
pods 3-segmented, except leg 1 endopod 1-segmented
and leg 2 endopod 2-segmented. Anterior and posterior
surface of legs covered with spinules, these spinules
much smaller on anterior surface. Coxa of all legs with
surface spinules on inner margin; terminal spines
on exopod segment 3 finely serrated. Seta and spine
formula as in Table 3. Leg 1 (Fig. 3A), endopod lateral
lobe with spinules.

Leg 4 (Fig. 3D), coxa with medial seta (broken in
holotype); basis with row of spinules on distal margin;
left leg abnormal in holotype (Fig. 3E), lacking lateral
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Figure 1. Ryocalanus squamatus sp. nov., female, holotype (unless otherwise stated). A, habitus dorsal. B, habitus
lateral. C, rostrum ventral. D, prosome posterior corners and urosome lateral. E, urosome ventral. F, paratype, prosome
posterior corners and urosome, dorsal. G, paratype, prosome posterior corners and urosome ventral. H, paratype, prosome
posterior corners and urosome lateral. I, antennule. J, antennule segment XXVII-XXVIII. K, antennule scales on segment
VIII-XI. Scale bars: A-I, K: 0.1 mm. J: 0.05 mm.

spines on exopod segment 1 and 3 (no scars), and ter- C) stout, strong and one-pointed. Cephalosome and
minal spine on exopod 3, smaller as right leg. pediger 1 separate (Fig. 4A, B), pedigers 4 and 5

separate. In lateral view, right posterolateral corner
Adult male: Total length 1.83 mm, prosome 4.6 times of prosome extended posteriorly into points slightly
as long as urosome (Fig. 4A, B). Rostrum (Fig. 4A, exceeding urosomite 1 (Fig. 4D). Pedigers 2—5 covered
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932 J. RENZETAL.

Figure 2. Ryocalanus squamatus sp. nov., female, holotype (until otherwise stated). A, antenna, dotted seta added after
paratype. B, mandible palp. C, mandible gnathobase. D, paratype, mandible gnathobase, cutting edges. E, maxillule. F, para-
type, maxillule praecoxal arthrite seta in different positions. G, maxilla. H, paratype, maxilla basal endite and endopod. I,

maxilliped. Scale bars: A, H: 0.05 mm. B-D, I: 0.1 mm.

with fine spinules. Caudal rami (Fig. 4B, E) slightly
asymmetrical, with one lateral seta (I11?), three
terminal setae (IV=VI) plus one dorsal seta (VII).

Left antennule (Fig. 4F) unmodified, of 24 free seg-
ments, extending to pediger 2, covered with scale-like

structures; armature as follows: I — 1s + 1ae, II-IV — 5s
+ 4ae?,V—2s + lae, VI — 2s + lae, VII — 2s + 2ae, VIII —
1s? + 2ae, IX — 2s + 2ae, X—XI — 4s + 4ae, XII — 1s + lae;
XIII - 2s + lae; XIV — 2s + lae, XV — 2s + lae, XVI - 2s
+ lae, XVII — 2s + 1ae, XVIII — 2s + lae, XIX — 2s + lae,
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Figure 3. Ryocalanus squamatus sp. nov., female, holotype. A, leg 1 with endopod figured separately. B, leg 2. C, leg 3. D,
leg 4 right. E, leg 4 left. Scale bars: A-E: 0.1 mm.

XX~ 28 + lae, XXI — 2s + lae, XXII — 1s + lae, XXIII — wider than on the left; segments XX to XXII-XXIII
1s + lae, XXIV — 2s + lae, XXV — 2s + lae, XXVI — 2s, with surface spinules; segments XX and XXI with 1
XXVII-XXVIII — 4s + 1ae. proximal spine each, segment XXV and XXVI with

Right antennule (Fig. 5A-D) strongly modified for strong lateral attenuations proximally, segment XXII—
grasping, of 23 free segments; segments XX to XXVI XXIII fused; hinges occurring between segments XIX

© 2018 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 185, 925-957
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A

Figure 4. Ryocalanus squamatus sp. nov., male, paratype. A, habitus lateral. B, habitus dorsal, specimen damaged. C,
rostrum ventral. D, urosome lateral. E, urosome dorsal. F, left antennule. Scale bars: A-B: 0.5 mm. C-D, G: 0.1 mm.

and XX, XX and XXI, and XXII-XXIII and XXIV.
Armature as follows: segment I — 2s + lae, II-IV — 6s
+ 2ae?, V — 2s + 2ae, VI — 1s + 2ae, VII — 2s + 2ae, VIII
— 2s + 2ae, IX — 2s + 2ae; X—XI — 4s + 3ae, XII — 1s +
lae, XIII — 2s + lae, XIV — 2s + lae, XV — 1s + lae, XVI
—2s + lae, XVII — 2s + lae, XVIII — 2s + lae, XIX — 2s
+ lae, XX — 1s+ lae + spine, XXI — 1s + lae + spine,

XXTI-XXTIII — 2s + lae, XXIV — 2s, XXV — 2s + lae +
strong, attenuation, XXVI — 2s + strong, spine like at-
tenuation, XXVII-XXVIII - 5s + lae.

Antenna, mandible and maxillule similar to
those of female. Maxilla as in female, with proximal
praecoxal endite bearing 4 or 5 setae, but without
attenuation.

© 2018 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 185, 925-957

€202 1990}20 90 U0 1snB Aq 6290125/S26/¥/S8L/9191HE/UESULII00Z/WO00"dNO"DlWapEedE//:SdRY WoJj papeojumoq



THE PHYLOGENY OF RYOCALANOIDEA 935
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Figure 5. Ryocalanus squamatus sp. nov., male, paratype. A, right antennule. B, right antennule, segments XIX—
XXVIII. C, right antennule, segments XXVI-XXVIII. D, right antennule, segments XVII-XIX, different position. E, P4, coxa

and basis. F, leg 5. Scale bars: A-B, D-F: 0.1 mm. C: 0.05 mm.

Maxilliped similar to that of female.

Legs 1-4 similar to those of female, but less spinu-
lose. Leg 2 one leg abnormal, lacking lateral spines on
exopod segment 1 and 2 (no scars), and terminal spine
on exopod 3, exopod 3 with 7 setae, leg small. Leg 4 coxa
without strong spinules (Fig. 5E). Leg 5 (Fig. 5F) unira-
mous on both sides, covered with rows of spinules on

posterior surface. Right leg with 1-segmented exopod,
shorter than left leg, with terminal spine. Left leg with
3-segmented exopod, terminal segment with two spines.

Remarks: The new species shares the main
morphological characters with species of the genus
Ryocalanus (Renz et al., 2013), which is a 1-pointed
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Table 3. Seta and spine formula of Ryocalanus squa-
matus sp. nov from the Kurile-Kamchatka trench

Leg 1 coxa 0-0 basis I-1 exp 1-0;1-1;2, 1,4
enp 0, 2,3

Leg 2 coxa 0-1 basis 0-0 exp I-1; I-1; III, I, 5
enp 0-1;1,2,2

Leg 3 coxa 0-1 basis 0-0 exp I-1; I-1; 11, I, 5
enp 0-1;0-1; 2,2, 2

Leg 4 coxa 0-1 basis 0-0 exp I-; I-1; IIL, 1, 5

enp 0-1;0-1; 2,2, 2

rostrum, the armament of the female antennule
ancestral segment XXIIwith 1 seta,aleg1endopod with
a proximal inner wedge-shaped projection and a male
antennule with ancestral segments XXI/XXII-XXIII
fused. Both sexes are known only for R. brasilianus
Renz, Markhaseva & Schulz, 2013, while R. spinifrons
Shimode, Toda & Kikuchi, 2000 is only known from
females and R. bowmani Markhaseva & Ferrari, 1996
and R. infelix Tanaka, 1956 are represented only by
males (female of R. infelix is described herein).
Ryocalanus squamatus sp. nov. differs from all other
Ryocalanus species by the shape of the rostrum, which is
short and stout, compared to the long and slender rostrum
possessed by all other Ryocalanus species and an only
slightly asymmetrical genital segment, which is strongly
asymmetrical in R. brasilianus, R. spinifrons and R. infe-
lix. Pedigers 2-5, as well as the anterior part of the legs,
are covered in fine spinules, which are absent in other
Ryocalanus females, and the coxa of leg 4 lacks the ro-
bust spines that are usually found in all other ryocalanid
females of the genera Ryocalanus and Yrocalanus.The an-
tennule is covered with scale-like structures, a character
not detected so far in any other species of Ryocalanus.
There are significant morphological transformations
in the Ryocalanus male right ancestral antennule seg-
ments distal to segment XIX, and evidence that ances-
tral segments XXI/XXII-XXIII are fused, with the main
hinge located between fused segments XXII-XXIIT and
segment XXIV. This is unlike the earlier interpret-
ation of the R. infelix male right antennule (Ohtsuka
& Huys, 2001). Consequently, the male right anten-
nules of Ryocalanus species are distinct to the male
right antennules in the genus Yrocalanus, where the
main hinge can be found between segment XXII and
fused segments XXIII-XXIV. For further comments,
see also remarks for the description of a R. infelix fe-
male with additional comments for the male. The right
male antennule of Ryocalanus squamatus sp. nov. dif-
fers from that of other Ryocalanus males in the shape
of segment XXV, which has a strong lateral attenuation,
being longer than the segment itself. This attenuation
is absent in other Ryocalanus species. Furthermore,

segments XX—XXIII are equipped with surface spinules
in R. squamatus sp. nov., while present on segments
XIX-XXIII in R. infelix (Tanaka, 1954) and segments
XIV-XXI in R. brasilianus (Renz et al., 2013). These
spinules are lacking in the R. bowmani male right an-
tennule. The lateral teeth observed on the male anten-
nule segments XXVI and XXIV in Ryocalanus infelix
and R. brasilianus and the combed spines on segments
XXIV and XXV in R. bowmani are absent in R. squama-
tus sp. nov..

The antenna exopod to endopod ratio in the new spe-
cies is 0.82, while in all other Ryocalanus species it is
close to 1, a character hypothesized to be diagnostic for
the genus Ryocalanus (Renz et al.,2013). The mandible
basis carries 2 setae (vs. 3 setae in all other Ryocalanus
species), the mandible first endopod segment carries 2
setae (vs. 4 setae in all other Ryocalanus species) and
the maxilliped endopod segment 5 outer seta is miss-
ing (this seta is present in all other species).

Males of Ryocalanus squamatus sp. nov. differ from
their congeers in the shape of the rostrum, the spinules
covering pedigers 2-5 and the scale-like structures
covering the antennule (the latter two not present in
other Ryocalanus species), the shape of ancestral seg-
ments on the right antennule with a large, hook-like
extension on the posterior border of ancestral segment
XXV, and the number and morphology of spines and
segments of leg 5. From the armature of the 2-seg-
mented right leg 5 it cannot be distinguished if the
segments comprise a fused coxo- and basipodite with
a one-segmented exopod or if the exopod is reduced.

Some variability was observed in the armature of the
proximal praecoxal endite of the maxilla between right
and left limb of individuals in both female and male
specimens, i.e. the presence of 4 or 5 setae. Furthermore,
this endite was always equipped with a short attenu-
ation in females, a feature not reported before in other
ryocalanid species. However, a re-examination of the
holotype of Yrocalanus bicornis (Markhaseva & Ferrari,
1996) (Smithsonian Institution, Catalogue No. USNM
264034, as Ryocalanus bicornis Markhaseva & Ferrari,
1996) showed that this short attenuation was present
in the type material from Volcano 7. In both sexes of
R. squamatus sp. nov., the distal spine on the maxil-
lule praecoxal arthrite had a cavity at its tip, presum-
ably a specific adaptation connected with feeding. This
character was also found during the re-examination of
the holotype of Ryocalanus bowmani from Volcano 7
(Smithsonian Institution, Catalogue No. USNM 268291;
Fig. 6). A morphologically similar structure can be found
in the mandible of Heterorhabdidae, although it is not
clear from the analysis by light microscopy if this struc-
ture serves the same function during predatory feeding
as suggested for this family (Ohtsuka et al., 1997).

Abnormalities were observed in the formation of a
swimming leg of Ryocalanus squamatus sp. nov., as
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Figure 6. Ryocalanus bowmani Markhaseva & Ferrari, 1996 (Smithsonian Institution, Catalogue Nr. USNM 268291),

maxillule praecoxal arthrite.

in one female, as well as the male specimen, exopods
of leg 4 and 2, respectively, lacked lateral spines, and
exopod segment 3 lacked the terminal spine and devi-
ated in the setation typical for this taxon.

RYOCALANUS INFELIX TANAKA, 1956
(F1GSs 7-10)

Material: Adult female, dissected, body length 2.65 mm,
collection number SMF 37152/1-6 (one vial, five slides);
Kurile-Kamchatka trench, 46.2333° N, 155.5333° E,
station 2—-10, project KuramBio, 3 August 2012, above the
sea bed at a depth of 4865 m. One adult female, dissected,
body length 2.60 mm, collection number SMF 37153/1-4
(one vial, three slides); Kurile-Kamchatka trench, 43.0166°
N, 152.9666° E, station 7-10, project KuramBio, 17
August 2012, above the sea bed at a depth of 5223 m. One
adult male, dissected, body length 2.11 mm, collection
number SMF 37154/1—4 (one vial, three slides); Kurile-
Kamchatka trench, 43.5666° N, 153.9666° E, station 5-10,
project KuramBio, 11 August 2012, above the sea bed at a
depth of 5375 m. One adult male, dissected, body length
2.11 mm, collection number SMF 37155/1-3 (one vial, two
slides); Kurile-Kamchatka trench, 46.2333° N, 155.5333°
E, station 2-10, project KuramBio, 3 August 2012, above
the sea bed at a depth of 4865 m.

Description: Based on two females and two males.

Adult female: Total length 2.65 mm; prosome 5.1 times
as long as urosome (Fig. 7A, B). Rostrum (Fig. 7A, C)

one-pointed, slender. Cephalosome and pediger 1
separate (Fig. 7A, B), pedigers 4-5 separate; in dorsal
view posterolateral corners of prosome asymmetrical,
extended posteriorly into points, extending to distal
margin of genital double-somite on right side and to
distal margin of second urosomal segment on left side
(Fig. 7A, B, D). Ventral inner surface of pediger 5 with
short spinules.

Urosome composed of genital double-somite and
three articulated or partly articulated somites
(Fig. 7D-G). Genital double-somite asymmetrical,
with lateral swelling on right side or left side and
faint line of incomplete fusion on dorsal and ven-
tral surface; in lateral view swollen ventromedially,
seminal receptacles in lateral view oval, turned up-
ward. Urosomites 2, 3 and 4 asymmetrical, 3 and
4 partly fused. Urosome covered by viscous mass.
Caudal rami asymmetrical with right ramus longer
and wider than left; both rami with row of spinules
on inner margin and with two lateral setae (I and
III), three terminal setae (IV-VI) and one dorsal
seta (VII).

Antennule (Fig. 7H) of 24 free segments, armature
as follows:

I-1s + lae, II-IV — 6s + 4ae,V — 2s + 2 ae, VI — 2s +
lae, VII — 2s + 2ae, VIII — 2s + 2ae, IX — 2s + 2ae; X—XI
—4s + 4ae, XII — 1s, XTII — 2s + 2ae; XIV — 28, XV — 1s +
lae, XVI — 2s + lae, XVII — 2s + lae, XVIII — 2s + lae,
XIX — 28, XX — 28 + lae, XXI — 2s, XXII — 1s, XXIII — 15,
XXIV — 2s, XXV — 28, XXVI — 2s, XXVII-XXVIII - 4s
+ lae.
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Figure 7. Ryocalanus infelix Tanaka, 1956, female. A, habitus lateral. B, habitus dorsal. C, rostrum ventral. D, urosome
lateral. E, prosome posterior corners and urosome ventral F, urosome lateral. G, urosome ventral. H, antennule. Scale bars:

A-B: 0.5 mm. C-G: 0.1 mm.

Antenna (Fig. 8A), coxa with 1, basis with 2 setae;
endopod segment 1 with 2 setae and row of spinules,
segment 2 with 16 setae; exopod 8-segmented, with 1,
3,1,1,1,1,1, 3 setae.

Mandible (Fig. 8B), gnathobase cutting edge with 8 un-
equal teeth plus ventral seta; basis with 3 setae; exopodal
segments incompletely fused, with 6 setae; first endopod seg-
ment with 4 setae (3 setae plus 1 scar), second with 11 setae.

Maxillule (Fig. 8C), praecoxal arthrite with 9 ter-
minal spines, 3 posterior and 1 anterior setae; posterior
surface of praecoxal arthrite with small spinules; coxal
endite with 6 setae, coxal epipodite setae broken in all
specimens; proximal basal endite with 4 setae, distal
basal endite with 5 setae and small surface spinules;
endopod with 12 setae and patch of small surface spi-
nules; exopod with 8 setae.
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Figure 8. Ryocalanus infelix Tanaka, 1956, female. A, antenna. B, mandible. C, maxillule. D, maxilla. Scale bars: A-D:

0.1 mm.

Maxilla (Fig. 8D), proximal praecoxal endite bearing
3 setae plus attenuation on left limb, 5 setae in right
limb, distal praecoxal endite with 3 setae and surface
spinules; coxa with 1 outer seta; coxal endites with 3
setae each and surface spinules; proximal basal endite
4 setae; remainig endopod with 9 setae.

Maxilliped (Fig. 9A), syncoxa with 1 seta on prox-
imal praecoxal endite, 2 setae on middle endite, and
3 setae on distal praecoxal endite; coxal endite with 3

setae; basis with 3 medial setae; endopod 6-segmented
with 2,4,4,4,3 + 1, and 4 setae.

Legs 1-4 biramous (Fig. 9B-E) with 3-segmented
exopods, endopod 1-segmented in leg 1, 2-segmented
in leg 2 and 3-segmented in legs 3—4. All endopod and
exopod segments with rows of spinules on posterior sur-
face. Coxa of legs 1-3 with inner surface spinules. Leg
2 and 3 with finely serrate terminal spine on exopod
segment 3. Seta and spine formula as in Table 4. Leg 1
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Figure 9. Ryocalanus infelix Tanaka, 1956, female. A, maxilliped. B, leg 1 with endopod figured separately. C, leg 2. D, leg
3. E, leg 4 with exopod figured separately. F, leg 4 coxa and basis, different view. Scale bars: A—F: 0.1 mm.
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Figure 10. Ryocalanus infelix Tanaka, 1956, male. A, habitus lateral. B, antennule left. C, antennule, right, segments XX~
XXVIII figured separately. D, antennule, right, segments XX-XXVI. E, antennule, segment XXV-XXVIII. Scale bars: A—C:
0.5 mm. D-E: 0.1 mm.

(Fig. 9B), endopod lateral lobe with spinules and inner segment 2 with long lateral spine about the length of
wedge-shaped projection; exopod segment 1 with lat- exopod segment 2 and 3 together, segment 3 with ter-

eral spine (broken in one specimen) and inner spinules, minal spine, broken in one specimen.
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Table 4. Seta and spine formula of Ryocalanus infelix
Tanaka, 1956 from the Kurile-Kamchatka trench

Leg 1 coxa 0-0 basis 0-1 exp 1-0;1-1;2, 1,4
enp 0,2, 3

Leg 2 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5
enp 0-1;1,2, 2

Leg 3 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5
enp 0-1;0-1; 2, 2, 2

Leg 4 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5

enp 0-1;0-1; 2,2, 2

Leg 2 (Fig. 9C), coxa with medial seta.

Leg 4 (Fig. 9E, F), coxa with inner surface spinules,
1 strong and 8 short distolateral spines, and patches of
spinules on posterior surface.

Adult male: Total length 2.11 mm (Fig. 10A). Oral
limbs and swimming legs as in original description by
Tanaka (1956), deviating only in following details:

Left antennule (Fig. 10B) unmodified, of 24 free
segments, extending to first urosome segment; arma-
ture as follows: I — 1s + lae, II-IV — 5s + 3ae? + 2
short sensillae (Fig. 10B, see arrows), V — 2s + 2ae
+ 1 short sensilla, VI — 2s + lae, VII — 2s + 2ae + 1
short s in particular position, VIII — 2s + 2ae, IX — 2s
+ 2ae, X—XI — 4s + 4ae, XII — 1s + 2ae; XIII — 2s + 2ae;
XIV - 2s + lae, XV — 1s + lae, XVI — 2s + lae, XVII -
1s + lae, XVIII — 2s + lae, XIX — 2s + lae, XX — 2s +
lae, XXI — 2s + lae, XXII — 1s + lae, XXIII - 1s + lae,
XXIV - 2s + 1lae, XXV - 2s + 1 ae, XXVI — 2s, XXVII-
XXVIII - 4s + lae.

Right antennule (Fig. 10C-E) strongly modified for
grasping, of 22 free segments; segments XVIII-XXII/
XXIII with surface spinules; segments XIX-XXVI
strongly enlarged; segments XX and XXI with 1 prox-
imal spine each, segments XXI-XXII partly fused, seg-
ments XXII-XXIII fused, segment XXIV with lateral
broad denticulated lamella, segment XXV with small
lateral chitinized lamella; hinges occurring between
segments XVIII and XIX, XIX and XX, XX and XXI,
XXIIT and XXIV, XXIV and XXV and XXIV and XXV.
Armature as follows: segment I — 1s + 1ae, II-IV — 6s +
4ae,V — 2s + 2ae, VI — 2s + lae, VII — 2s + 2ae, VIII - 25
+ 2ae, IX — 2s + lae; X—XI — 4s + 3ae, XII — 1s + 2ae,
XIII - 2s + 2ae, XIV — 2s + lae, XV — 1s + lae, XVI - 2s
+ lae, XVII — 2s + lae, XVIII — 2s + 1 ae, XIX — 25, XX
— 1s+ lae +1 spine, XXI — 1s +1 spine, XXII-XXIII — 2s
+ lae, XXIV — 2s + lae, XXV — 2s + lae, XXVI — 2s,
XXVII-XXVIII - 5s + lae.

Remarks: Ryocalanus infelix was so far only known
from a male specimen. Together with female specimens,
also males of this species were present in the samples.

COI sequence analysis verified the assignment of
females and males to the same species (see below).

The urosome of all female specimens was covered by
a viscous mass (as indicated in Fig. 7A, B) that was only
removable by placing the urosome into lactic acid for at
least 24 h. We hypothesize that this viscous mass-like
structure is either connected to the mating process or
might be remnants of egg sacs. The antennule of one
female did show a quadrithek arrangement of append-
ages with segments V, VII, VIII, IX and XIII bearing
two small, slender aesthetascs in addition to two setae.
While the doubling of aesthetascs is unusual in female
calanoid copepods, it has previously been observed in a
few genera within the Calanidae by Fleminger (1985).
He postulated that quadrithek females derive from
genotypic males in which the gonad develops as an
ovary and suggested that environmental factors or in-
ternal factors affect the final, phenotypic sex.

The morphology of the male specimens is mostly as
in the original description of Tanaka (1956), except for:
the basis of leg 1 carries 1 medial seta that is missing
in the original description; the maxillule coxal endite
carries 6 setae (vs. 5 setae in the original descrip-
tion); and the maxillary endopodite carries 9 setae
(vs. 8 setae in the original description). The setation
of the left male antennule, which was missing in the
original description, is given here. Segmental fusions
in the right male antennule are not absolutely unam-
biguous in Ryocalanus infelix and R. squamatus sp.
nov. due to the significant Ryocalanus male morpho-
logical transformations in the ancestral antennule
segments distal to the segment XXI. More specifically,
a fusion of segment XXV-XXVI, observed for R. infelix
(Tanaka, 1956), could not be observed here. Instead,
based on the morphology of the male antennules of
Ryocalanus squamatus sp. nov. and R. infelix from the
Kurile-Kamchatka trench, ancestral segments XXII
and XXIII are apparently fused. This compund seg-
ment (XXII-XXIII) is distally followed by segments
that are each supplied by two setae (both distoanterior
and distoposterior), which is a marker for the ances-
tral segments XXIV, XXV, XXVI and XXVII (e.g. Huys
& Boxshall, 1991). This interpretation can also be
applied to R. brasilianus (Renz et al., 2013), for which
the earlier interpretation of antennule segmental
fusions was left for discussion. The right antennule of
R. infelix differs from other Ryocalanus species in the
shape of the denticulated and chitinized lamella on
segments XXIV and XXVI, which is of a different struc-
ture in R. brasilianus (Renz et al., 2013) and absent in
R. squamatus sp. nov. and R. bowmani (Markhaseva &
Ferrari, 1996).

The length of males discovered from the Kurile-
Kamchatka trench varied between 1.95 and 2.15 mm.

Females and males differed in the number of setae
in the mandible endopod segment 2 (10 in males, 11 in
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females), the maxilla basal distal endite setation (four
in females, three in males) and the maxilliped endopod
setation (endopod 6-segmented with 2, 4, 4,4,3 + 1,
and 4 setae in females, endopod 6-segmented, with 2,
4,3,2,2 + 1, and 4 setae in males). The maxilla prae-
coxal endite showed variations in setation between left
and right limbs of both, female and male individuals
with the armament being 3 setae plus attenuation or
5 setae.

GENUS YROCALANUS RENZ, MARKHASEVA
& SCHULZ, 2013

YROCALANUS KURILENSIS SP. NOV.
(F1G6s 11-14)

Type material

Holotype: Adult female, dissected, body length
1.75 mm, collection number SMF 37156/1-5
(one vial, four slides); Kurile-Kamchatka trench,
43.5666° N, 153.9666° E, station 5-10, project
KuramBio, 11 August 2012, above the sea bed at a
depth of 5376 m.

Paratypes: One adult female, body length 1.75 mm,
collection number SMF 37157/1-4 (one vial,
three slides); Kurile-Kamchatka trench 42.2333°
N, 151.7000° E, station 9-9, project KuramBio,
20 August 2012, above the sea bed at a depth of
5125 m.

One adult male, body length 1.58 mm, collection
number SMF 37158/1-6 (one vial, five slides); Kurile-
Kamchatka trench, 46.2333° N, 155.5333° E, station
2-9, project KuramBio, 3 August 2012, above the sea
bed at a depth of 4863 m.

One adult male, body length 1.53 mm, collection
number SMF 37159/1-5 (one vial, four slides); Kurile-
Kamechatka trench, 46.9740° N, 157.3048° E, station
1-11, project KuramBio, 30 July 2012, above the sea
bed at a depth of 5418 m.

Etymology: The specific name is derived from the
location of collection, the Kurile-Kamchatka trench.

Description: Based on female holotype unless
otherwise stated.

Adult female: Total length 1.75 mm; prosome 4.6 times
as long as urosome (Fig. 11A, B). Rostrum (Fig. 11A, C)
two-pointed. Cephalosome and pediger 1 partly fused
(Fig. 11A, B), pedigers 4-5 separate; in lateral view
posterolateral corners of prosome extended posteriorly
into points, reaching distal margin of the genital
double-somite. Urosome composed of genital double-
somite and three articulated somites (Fig. 11D, E).
Genital double-somite symmetrical, with short spinules

distolaterally on right side and ventromedial genital
opening; in lateral view seminal receptacles elongated,
turned upward. Dorsal posterior margins of genital
double-somite to third urosomal somite each with row
of spinules (Fig. 11D). Caudal rami symmetrical, with
row of spinules on inner margin and with two lateral
setae (II and III), three terminal setae (IV-VI) and one
dorsal seta (VII).

Antennule (Fig. 11F) of 24 free segments and extend-
ing to distal border of pediger 2. In holotype armature
as follows:

I-2s + lae, II-IV — 4s + 3?7,V — 2s + lae, VI — 2s,
VII — 2s + 1lae, VIII — 2s, IX — 25 + lae; X—XI — 4s +
lae?, XII - 1s + lae, XIII — 2s + lae, XIV — 2s + lae, XV
—1s + lae, XVI — 2s + lae, XVII — 2s + lae, XVIII — 2s
+ lae, XIX — 2s + lae, XX — 2s + lae, XXI — 2s + lae,
XXII - 0s, XXIII — 1s, XXIV — 25, XXV — 2s, XXVI — 2s,
XXVII-XXVIII — 4s + lae.

Antenna (Fig. 12A), coxa with 1, basis with 2 setae;
endopod segment 1 with 2 setae, segment 2 with 17
setae; exopod 8-segmented, with 1, 3,1,1,1,1, 1,
3 setae.

Mandible (Fig. 12B, C), gnathobase cutting edge
with 8 unequal teeth plus ventral seta; basis with 3
setae; exopodal segments incompletely fused, with 6
setae; first endopod segment with 2 setae, second with
10 setae.

Maxillule (Fig. 12D), praecoxal arthrite with 9 ter-
minal spines, 4 posterior and 1 anterior setae; pos-
terior and anterior surface of praecoxal arthrite with
small spinules; coxal endite with 6 setae, coxal epipo-
dite with 8 setae; proximal basal endite with 4 setae,
distal basal endite with 5 setae; endopod with 14 setae;
exopod with 11 setae.

Maxilla (Fig. 12E), proximal praecoxal endite
bearing 3 setae plus attenuation in holotype, 4 setae
plus attenuation in paratype, distal praecoxal endite
with 3 setae; coxal endites with 3 setae each; coxa
with 1 outer seta; proximal basal endite with 3 setae;
remaining endopod with 8 setae. All endites except
for praecoxal endite with surface spinules.

Maxilliped (Fig. 13A), syncoxa with 1 seta on prox-
imal praecoxal endite, 2 setae on middle endite, and
3 setae on distal praecoxal endite; coxal endite with
3 setae; syncoxa with row of spinules. Basis with
3 distal setae; endopod with 2,4, 4,3,3 + 1, and 4
setae and row of spinules at setae basis on segment
3 and 4.

Legs 1-4 biramous (Fig. 13B-E), with 3-seg-
mented exopods and 3-segmented endopods, except
leg 1 endopod 1-segmented and leg 2 endopod 2-seg-
mented. Leg 1-4 coxa with inner surface spinules.
Legs 2—4 endopod segments with rows of spinules
on posterior surface. Terminal spine on exopod seg-
ment 3 finely serrated. Seta and spine formula as
in Table 5. Leg 1 (Fig. 13B), basis with medial and
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A

Figure 11. Yrocalanus kurilensis sp. nov., female, holotype. A, habitus dorsal. B, habitus lateral. C, rostrum ventral.
D, urosome ventral. E, urosome lateral. F, antennule, blacked out setae represent a different kind of short setae present on

several segments. Scale bars: A-B, F: 0.5 mm. C-E: 0.1 mm.

lateral spinules; endopod lateral lobe poorly devel-
oped with spinules; exopod segment 2 with long lat-
eral spine extending to distal end of exopod 3, and
medial spinules, segment 3 terminal spine ca. 2.2
times as long as exopod.

Leg 3 (Fig. 13D), exopod segments 1 and 2 with
lateral spine (broken in segment 2 in paratype), seg-
ment 3 with three lateral spines (1 spine broken in
paratype).

Leg 4 (Fig. 13E), coxa with 3 strong distolateral
spines and patches of spinules on posterior surface;
basis with row of spinules on distal margin.

Adult male: Totallength 1.53 and 1.58 mm (Fiig. 14A,B).
Rostrum (Fig. 14A, C) two-pointed. Cephalosome
and pediger 1 almost completely fused (Fig. 14A, B),
pedigers 4 and 5 separate. In lateral view posterolateral
corners of prosome extended posteriorly into points,
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Figure 12. Yrocalanus kurilensis sp. nov., female, holotype. A, antenna. B-C, mandible with gnathobase figured separ-
ately in different positions. D, maxillule. E, maxilla. Scale bars: A—E: 0.1 mm.

slightly extending urosomite 1. Caudal rami (Fig. 14D)
symmetrical, with two lateral setae (IT and III), three
terminal setae (IV-VI) and one dorsal seta (VII)

Left antennule (Fig. 14E) unmodified, of 24 free seg-
ments, extending to urosome; armature as follows: I —
1s + lae, II-IV — 6s + 4ae, V — 2s + 2ae, VI — 2s + lae,
VII - 2s + 2ae, VIII — 2s + lae, IX — 2s + 2ae, X—XI — 4s
+ 3ae?, XII — 1s + lae; XIII — 2s + lae; XIV — 2s + lae,
XV —1s + lae, XVI — 2s + 1lae, XVII — 2s + lae, XVIII -
2s + lae, XIX — 2s + lae, XX — 2s + lae, XXI — 2s + lae,

XXII — 0s XXIII — 1s + lae, XXIV — 2s + lae, XXV — 2s
+ lae, XXVI - 2s, XXVII-XXVIII - 3s + lae.

Right antennule (Fig. 14F, G) strongly modified for
grasping, of 24 free segments; segments XX-XXVI
strongly enlarged; segment XX with 1 distal strong
hook-like attenuation, segment XXI with a straight,
strong, spine-like attenuation and a serrated strong
spine, segments XXIII-XXIV with a large plate, seg-
ment XXVI with lateral lamella; hinges occurring be-
tween segments XVIII and XIX, XIX and XX, XX and
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946 J. RENZETAL.

Figure 13. Yrocalanus kurilensis sp. nov., female, holotype. A, maxilliped. B, leg 1 with endopod figured separately. C,
leg 2. D, leg 3 with endopod figured separately. E, leg 4 with endopod figured separately. Scale bars: A—E: 0.1 mm.

XXI, and XXII and XXIII. Armature as follows: I — 1s
+ lae, II to III — 4s + 3ae, IV — 2s + lae, segments
V-XI armature as in left antennule; XII — 1s + lae,
XIII-XIX armature as in left antennule, XX — 1s +
lae + spine like attenuation XXI — 1s + 2 spine like
attenuations, XXII — 1s + lae, XXIIT -XXIV - 2s +

lae + 1?7, XXV — 2s + lae, XXVI - 2s, XXVII-XVIII —
4s + lae.

Antenna as in female, except endopod segment
2 with 16 setae. Mandible similar to that of female,
except basis with 2 setae. Maxillule as in female,
but exopod with 10 setae. Maxilla similar to that of
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Figure 14. Yrocalanus kurilensis sp. nov., male, paratype. A, habitus dorsal, urosome not figured. B, habitus lateral.
C, rostrum ventral. D, urosome dorsal. E, left antennule. F, right antennule segments I-XIX. G, right antennule, segments

XX-XXVIII. H, leg 5. Scale bars: A-B: 0.2 mm. C-H: 0.1 mm.

female, but proximal praecoxal endite bearing 3 setae.
Maxilliped as in female.

Segmentation of legs 1-4 as in female. Coxa of leg 4
without strong distolateral spines. Endo- and exopods
of leg 4 missing in paratypes. Leg 5 (Fig. 14H) unira-
mous on both sides. Right leg 2-segmented, with small

terminal spine, shorter than left leg. Left leg with 3-seg-
mented exopod. Exopod segment 2 with row of spinules
distally, exopod segment 3 with medial row of spinules.

Remarks: The new species shares the main
morphological characters with species of the genus
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Table 5. Seta and spine formula of Yrocalanus kurilen-
sis sp. nov. from the Kurile-Kamchatka trench

Leg 1 coxa 0-0 basis 0-1 exp 1-0;1-1;2, 1,4
enp 0,2, 3

Leg 2 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5
enp 0-1;1,2, 2

Leg 3 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5
enp 0-1;0-1; 2, 2, 2

Leg 4 coxa 0-1 basis 0-0 exp I-1; I-1; IIL, I, 5

enp 0-1;0-1; 2,2, 2

Yrocalanus (Renz et al., 2013). Both sexes are so far
only known for Y. antarcticus Renz, Markhaseva
& Schulz, 2012, while Y. admirabilis Andronov,
1992 is only known from a male and Y. bicornis and
Y. asymmetricus Markhaseva & Ferrari, 1996 only
from female specimens.

Females of Yrocalanus kurilensis sp. nov. are easily
distinguished from the remaining species of this genus
by the shape of the rostrum, which is wider at its tips
than in other Yrocalanus species, the shape of the
posterolateral corners of the prosome with narrowed
points, which is not found in other Yrocalanus species,
the form of the genital double-somite, which is sym-
metrical in Yrocalanus kurilensis sp. nov, but asym-
metrical in Y. asymmetricus, Y. bicornis (Markhaseva
& Ferrari, 1996) and Y. antarcticus (Renz et al.,
2012) and the 3 robust spines on the coxa of P4 (only
2 in other Yrocalanus females). At least two different
types of setae could be observed on the antennule, with
short, frayed setae occurring on segment V-VIII, XTI,
XIV-XVI, XVIIT and XX-XXI.

Males of Yrocalanus kurilensis sp. nov. differ from
the remaining species of this genus in the shape of
ancestral segments of the right antennule. Segment
XXI is equipped with a serrated spine reaching the
lower third of compound segment XXITI-XXIV, while
it reaches the distal border of segment XXITI-XXIV
in Y. antarcticus and the distal border of segment
XXV in Y. admirabilis (Andronov, 1992). Fused seg-
ments XXIII-XXIV are equipped with a large plate
spanning the whole segment in Yrocalanus kurilen-
sis sp. nov. This plate spans only half of the segment
in Y. antarcticus and has the form of a small bulge
in Y. admirabilis. Furthemore, the elongated projec-
tion on segment XXVI in Y. antarcticus and Y. admi-
rabilis is absent in Y. kurilensis sp. nov. Differences
can also be observed in the number and morphology
of the spines and segments of leg 5, which is unira-
mous in Y. kurilensis sp. nov, but shows rudimentary
endopods in Y. antarcticus and Y. asymmetricus. With
the discovery of the new species, the maximum size

of species within the genus has to be corrected from
earlier descriptions (Renz et al., 2013), with cur-
rently known members ranging between 0.95 mm
(Y. asymmetricus) and 1.756 mm (Y. kurilensis sp.
nov.). With Y. kurilensis sp. nov. included into the ana-
lysis, the definition for the genus is: small copepods
(<1.75 mm). The rostrum is bifid. The proximal inner
part of the leg 1 endopod is smooth. The female and
male left antennule segment XXII is without a seta.
The male right antennule is modified for grasping
and of highly complex structure, with the main hinge
between segment XXII and fused segments XXIII-
XXIV. The male P5 is uniramous or indistinctly bi-
ramous with small endopodal buds and with the
distal exopod segments with or without spines.

MOLECULAR PHYLOGENY

To gain insights into the relationships among the
evolutionarily youngest calanoid copepod groups, dif-
ferent species of Ryocalanoidea (genera Ryocalanus
and Yrocalanus) and Spinocalanoidea (genera
Spinocalanus Giesbrecht, 1888, Caudacalanus
Markhaseva & Schulz, 2008) from the South Atlantic
(Brazilian Basin), North Atlantic (Great Meteor
Seamount) and North Pacific (Kurile-Kamchatka
trench) were analysed using multi-gene approaches.
Sequencing of Cytb was successful only for one indi-
vidual of Yrocalanus kurilensis sp. nov. from the Kurile-
Kamchatka trench and failed completely for COI for
this species. Amplification and/or sequencing of Cytb
was furthermore not successful for three Ryocalanus
individuals from the South Atlantic, and Spinocalanus
cf- magnus Wolenden, 1904 and Paraeuchaeta parvula
(Park, 1978) from the North Atlantic. ITS2 amplifica-
tion/sequencing did not work for Spinocalanus abys-
salis Giesbrecht, 1888 and S. aspinosus Park, 1970.
Sequencing was, however, successful for nuclear genes
18S and 28S (see accession numbers in Table 1 for suc-
cessfully sequenced genes).

The integration of our data into the sequence data-
set of Bradford-Grieve et al. (2014) resulted in support
for the same calanoid superfamily phylogeny as the
original analyses by Blanco-Bercial et al. (2011) and
Bradford-Grieve et al. (2014).

Adding these new data resulted in a well-supported
relationship between ryocalanoidean, spinocala-
noidean and clausocalanoidean copepods [Bootstrap
Support (BS): 87/96, Bayesian Posterior Probability
(BPP): 1/1, without and with regard of the three dif-
ferent codon positions for the mitochondrial genes COI
and Cytb, Fig. 15].

Withinthisclade,Ryocalanoideaand Spinocalanoidea
form a highly supported clade (BS:99/100; BPP:1/1).The
species of Ryocalanidae (Ryocalanus and Yrocalanus)
did not form a monophyletic group, as only species of
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Figure 15. Phylogeny of the Ryocalanoidea (red) and selected representatives from Spinocalanoidea (green) within cala-
noid superfamilies based on concatenated genes of 18S (931 bp), 28S (733 bp), COI (547 bp) and cytochrome & (327 bp).
New sequences are marked with an ID (e.g. JR3), while the remaining data are used from Bradford-Grieve et al. (2014). A,
Bayesian Inference with Bayesian posterior probabilities >0.90 are shown. B, Maximum Likelihood analysis with 10000
bootstrap replicates. Bootstrap values >50 are shown. First numbers without and second number with consideration of
codon positions for mitochondrial genes COI and cytochrome b. The illustrated topology of the tree is from the analysis
without consideration of codon positions for COI and cytochrome b.

Ryocalanus were found in one clade (BS: 86/90; BPP:
1/1), while Yrocalanus was located in a supported
clade with species of Spinocalanidae (Spinocalanus)
and Arctokonstantinidae (Caudacalanus and Foxtonia
Hulsemann & Grice, 1963) (BS: 60/75; BPP: 0.97/1).

The Arctoconstantinidae were not supported as
a monophyletic group in both analyses. Individuals
of the same species (i.e. Yrocalanus kurilensis sp.
nov. and Ryocalanus infelix) and species within the
same genera (i.e. Ryocalanus, Spinocalanus and
Caudacalanus) were highly supported as close rela-
tives (BS: 100/100; BPP: 1/1, respectively).

The close relationship of Ryocalanidae,
Spinocalanidae and Arctokonstantinidae and the pos-
ition of Ryocalanidae in the system of Calanoida was
investigated using longer fragments of 18S, 28S and
COlI, and Cytb together with ITS2 (Fig. 16). This ana-
lysis revealed a high support of species within the
same genus (BS: >99/100 and BPP: 1/1, respectively,
as well as high support of the close relationship of the
superfamilies Ryocalanoidea and Spinocalanoidea
(BS: 100/100; BPP: 1/1). Again, Ryocalanidae could not

be supported as a monophyletic clade as Yrocalanus
appeared in a highly supported clade together with all
Spinocalanidae and Arctokonstantinidae (BS: 96/94;
BPP: 0.95/0.95).

Compared to the multiple-gene analyses, the single-
gene analysis of 28S resulted in similar results with
high support of a Ryocalanus clade and one clade com-
prising Spinocalanus, Caudacalanus and Yrocalanus
(results not shown).

DNA SEQUENCE VARIATION

There was a considerable variation in the rate of mo-
lecular evolution between the three gene loci, 18S, 28S
and ITS2, with highest interspecific levels of diver-
gence within ITS2 (0.059-0.539) and lowest levels in
18S (0.001-0.029; Table 6). Uncorrected genetic p-dis-
tances between the genera Yrocalanus and Ryocalanus
within the Ryocalanoidea were found to be higher (18S:
0.016-0.022; 28S: 0.096-0.12; ITS2: 0.462-0.516) than
between the genera Caudacalanus and Spinocalanus
within the Spinocalanoidea (18S: 0.012-0.016; 28S:
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Figure 16. Relationship of the Ryocalanoidea (red) and Spinocalanoidea (green) based on concatenated genes of 18S (1767 bp),
28S (842 bp), ITS2 (266 bp), COI (657 bp) and cytochrome b (327 bp). A, Bayesian Inference with Bayesian posterior prob-
abilities >0.90 are shown. B, Maximum Likelihood analysis with 10000 bootstrap replicates. Bootstrap values >50 are shown.
First numbers without and second number with consideration of codon positions for mitochondrial genes COI and cytochrome
b. The illustrated topology of the tree is from the analysis without consideration of codon positions for COI and cytochrome b.

0.056-0.069; ITS2: 0.339-0.368). Highest distances were
found between Spinocalanus and Yrocalanus for 18S,
Yrocalanus and Ryocalanus for 28S and Spinocalanus
and Yrocalanus for ITS2. Within the ribosomal locus 18S,
sequence distances were low between Caudacalanus and
most Ryocalanus species compared to differences be-
tween species of other genera. Intraspecific genetic diver-
gences for Yrocalanus kurilensis sp. nov. and Ryocalanus
infelix were 0 for 18S and 28S, and 0-0.005 for ITS2.

DISCUSSION

MORPHOLOGICAL EVIDENCE ON THE
VALIDITY OF RYOCALANOIDEA

The new copepod species of Ryocalanus and
Yrocalanus found in the Kurile-Kamchatka trench
can be attributed to the family Ryocalanidae within
the Ryocalanoidea as currently defined based on a
particular suite of characteristics. These are the one-
segmented endopod of leg 1, the armature of the third
expopod segment of leg 1 as I1, I, 4 (2 lateral and 1 ter-
minal spine plus 4 medial setae) in combination with
the armature of the third exopodal segment of leg 2—4
as IT1, I, 5, as well as the right antennule in the males,
which is strongly modified for grasping. However, the
differently formed grasping right antennule in males,

with the main hinges between segments XXII/XXIII
and XXIV in Ryocalanus and between XXII and XXIII/
XXIV in Yrocalanus clearly separates these genera.
This is the first time the close relationship be-
tween Spinocalanoidea and Ryocalanoidea was
revealed based on molecular evidence. A monophyly
of Ryocalanidae was, however, not supported by mo-
lecular multi-gene analyses using different fragment
lengths, different partitions and analyses as well as
single-gene analysis of 28S rDNA. The differences indi-
cated by morphological and molecular results there-
fore support the necessity to discuss the relationships
of ryocalanoidean and spinocalanoidean copepods.
Compared with ryocalanoidean copepods,
Spinocalanoidea are characterized by an armature
of I, I, 4 on the third exopod segment of the first leg.
Morphologically, this armature clearly separates
ryocalanoideans and spinocalanoideans. In a recent
publication, Andronov (2014) points out the close rela-
tionship between Spinocalanoidea and Ryocalanoidea,
based on the structure of the rostrum, the setation of
all oral limbs and the structure and segmentation of
legs 1-4. The latter includes the rudimentary outer
lobe on the leg 1 endopod, the presence of 5 setae at
the inner border of legs 2—4 exopod segment 3 as well
as 6 setae at the endopod segment 3 of legs 3—4, the ab-
sence of leg 5 in females and the very simple structure
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of the male leg 5. Andronov (2014) considered all
these characters to be typical of the representatives
of the Spinocalanidae. Restructuring the classifica-
tion system for calanoid copepods Andronov remarked
that the grasping right antennule in males is the only
character truly distinguishing ryocalanid from spino-
calanid copepods. He proposed to lower the status of
Ryocalanoidea to Ryocalaninae and place them into
the family Spinocalanidae.

While the new hypothesis by Andronov (2014) has
not been discussed in the recent literature so far, some
other morphological evidence supports a close relation-
ship between ryocalanid and spinocalanid individuals.
In at least two members of the family Ryocalanidae
(Y. asymmetricus and Y. bicornis) that were re-exam-
ined for this study, the armature of the third exopod
of the first leg was found to be I, I, 4, as described by
Markhaseva & Ferrari (1996). Additionally, while spi-
nocalanoidean copepods are considered to lack any
geniculation or hinges of the male right antennule,
the males of many spinocalanoidean species have an
asymmetrical antennule with fusions, e.g. between seg-
ments XXII-XXIII on the right side, and differences in
the form of the segments (e.g. Bradford, 1994; Boxshall
& Halsey 2004; Ivanenko et al., 2007). However, this
fusion of segments was only observed in Ryocalanus.

PHYLOGENETIC POSITION OF THE RYOCALANIDAE AND
RYOCALANOIDEA IN THE ORDER CALANOIDA

Molecular approaches are suitable for species assign-
ment and species descriptions but also help to gain
insights into the evolutionary history of calanoids,
when nuclear 18S rDNA, 28S rDNA and internal
transcribed spacer 2 (ITS2) are considered (e.g. Braga
et al., 1999; Bucklin et al., 2003), because these mark-
ers are more informative for phylogenetic analyses at
intergeneric and higher taxonomic levels.

Among the Ryocalanoidea, Ryocalanus squama-
tus sp. nov. was separated from a clade containing all
other Ryocalanus species. From a morphological per-
spective, R. squamatus sp. nov. differed from all other
Ryocalanus species by the form of the rostrum, an only
slightly asymmetrical genital somite, the spinulation
of pedigers 2-5, as well as the anterior part of swim-
ming legs, the lack of strong spines on the coxa of P4,
the antennule, being covered by scale-like structures,
as well as the morphology and setation of some oral
limbs. Together with the molecular evidence, some
of these differences in setation and habitus charac-
teristics might point towards a new genus of ryoca-
lanid copepods related to Ryocalanus. Furthermore,
our molecular analyses confirmed the status of the
Ryocalanus infelix female, which was so far unknown.

Within the Spinocalanoidea, the family
Spinocalanidae was supported in a clade that was

separated from Yrocalanus and species belonging
to the Arctokonstantinidae. The latter family was
established by Markhaseva & Kosobokova (2001)
and later treated as a synonym for Spinocalanidae
by Boxshall & Halsey (2004). Markhaseva (2008) and
Markhaseva & Schulz (2008) gave a detailed analysis
of the Arctokonstantinidae, concluding that, based on
several apomorphies, this family represents a mono-
phyletic group. The multi-gene analyses presented
here did, however, not support a clade comprising
Caudacalanus and Foxtonia. While Foxtonia is a pe-
lagic deep-water inhabitant, species of Caudacalanus
are exclusively found in benthopelagic waters and both
genera are so far only known from few female individ-
uals. The discovery of males will, therefore, be crucial
to clarify the relationship between these genera.

Our multi-gene analysis was based on the dataset
for calanoid superfamilies compiled by Bradford-
Grieve et al. (2014) and Blanco-Bercial et al. (2011).
Addition of the previously missing Ryocalanoidea
and extra members of the Spinocalanoidea expanded
the dataset used by these authors and enabled us to
focus our investigations on relationships among the
youngest lineages within the Calanoida. Sequences
of the nuclear I'TS2, a region between the 5.8S and
28S nuclear rDNA, were added. This region is known
to show higher resolution below subfamily level in
Veneridae (Bivalvia; Salvi & Mariottini, 2012), is
generally more conserved than COI and likely to be
subject to different selective pressures (Marinucci
et al., 1999).

The retrieval of most superfamilies in the previous
molecular multi-gene analyses by Blanco-Bercial et al.
(2011) and Bradford-Grieve et al. (2014) served as a
solid database that is, with few exceptions, largely
in accordance with earlier morphological analysis of
calanoids (Andronov, 1974; Park, 1986; Boxshall &
Halsey, 2004) and, most recently, a cladistic analysis
by Bradford-Grieve et al. (2010). Here, we accept the
modified system as presented in Bradford-Grieve et al.
(2014). The inclusion of Ryocalanus, Yrocalanus and
typical benthopelagic Spinocalanoidea (Caudacalanus)
in the dataset did not change the topology of the tree,
whether each family was represented by a single in-
dividual, as in previous analyses (results not shown),
or whether families were represented by all species
analysed here.

Earlier molecular multi-gene analyses (Blanco-
Bercial et al., 2011; Bradford-Grieve et al., 2014) al-
ready pointed out the close relationship between
Spinocalanoidea and Clausocalanoidea. Molecular
multi-gene analyses now revealed the close re-
lationship between the youngest calanoid super-
families Clausocalanoidea, Spinocalanoidea and
Ryocalanoidea, with the latter two forming a highly
supported clade reflecting their close relationship.
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However, the analyses did not result in support for
the monophyly of Ryocalanoidea. Yrocalanus (here
represented by three individuals from Y. kurilensis sp.
nov.) showed a closer relationship to spinocalanoid-
ean species (Spinocalanus and Caudacalanus) than to
Ryocalanus, as indicated by a highly supported clade.
These results contrast with the close relationship of
Ryocalanoidea based on morphological data. While
the results based on molecular data might indicate a
close connection between ryocalanoidean and spino-
calanoidean taxa, some methodological reasons could
also cause the lacking retrieval of the monophyletic re-
lationship. Since Ryocalanoidea and Spinocalanoidea
are the evolutionary most recently diverged lineages
together with Clausocalanoidea (Park, 1986), the
selected genes may not be able to resolve their phyl-
ogeny. Independently evolving morphological and mo-
lecular characters (e.g. Bucklin & Frost, 2009; Thum
& Harrison, 2009) were earlier pointed out to be one
reason for differences in phylogenetic analysis based
on molecular and morphological data. Furthermore,
molecular multi-gene analyses, including four differ-
ent genes, are currently only available for one genus
of Spinocalanidae (Spinocalanus). The polyphyletic
relationship found in a study based on COI and 18S
for Spinocalanidae by Bode et al. (2017) was, among
other factors, attributed to the lack of a wide coverage
of genera within the analysis, as it differed from the
phylogenetic hypotheses of the Spinocalanidae based
on morphological characters (Fleminger, 1983; Schulz,
1989).

Interspecific sequence divergences were in the range
of divergences observed within other taxa of Calanoida
for the more conserved regions 18S (Bucklin et al.,
2003; Blanco-Bercial et al., 2011; Bode et al., 2017)
and 28S (Blanco-Bercial et al., 2011). However, they
were high for the less conserved region ITS2 compared
to differences within, e.g. Clausocalanus Giesbrecht,
1888 (Bucklin & Frost, 2009). We speculate that a fast,
adaptive radiation into the benthopelagic environ-
ment has occurred, which shows high calanoid diver-
sity comparable to several other pelagic habitats (Renz
& Markhaseva, 2015) and probably supports speci-
ation by providing a high degree of niche availability,
as also suggested for deep sea amphipods (Corrigan
et al.,2013). The resulting large molecular divergences
between closely related taxa could be the reason for
the failure to resolve the true relationship between
and within Spinocalanoidea and Ryocalanoidea.

We conclude that an unambiguous interpretation
of the status of Ryocalanoidea within the Calanoida
is currently not possible and the morphological and
molecular taxonomic approaches lead to different
results. Multi-gene analyses do not resolve and sup-
port the monophyly of each of the two superfamilies
Ryocalanoidea and Spinocalanoidea. This might either

be caused by a previously unrecognized close morpho-
logical relationship between these taxa or by methodo-
logical impediments in our molecular analysis. From
the currently known 14 spinocalanoidean genera,
only seven are known from females and males, while
males for seven genera have yet to be discovered. The
morphology of the male antennule seems to be very
important for any interpretation of relationships be-
tween different genera within the currently accepted
ryocalanoidean and spinocalanoidean calanoids.
Despite the ambiguous results, we therefore propose to
keep the currently accepted system until further data
on the male antennule morphology and molecular data
of more genera are available.
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