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Diurodrilus kunii sp. nov. (Annelida: Diurodrilidae) and a
Molecular Phylogeny of the Genus

Hiroshi Kajihara'*, Maho Ikoma?, Hiroshi Yamasaki®, and Shimpei F. Hiruta*

'Faculty of Science, Hokkaido University, Kita-ku N10W8, Sapporo 060-0810, Japan
2Umusa 774, Nago 905-0006, Japan
SMuseum fiir Naturkunde, Leibniz Institute for Evolution and Biodiversity,
InvalidenstraBe 43, D-10115, Berlin, Germany
4Center for Molecular Biodiversity Research, National Museum of
Nature and Science, Tsukuba 305-0005, Japan

A new species of stygobiontic interstitial annelid, Diurodrilus kunii sp. nov., is described based on
material collected from medium sand sediment (p = 1.2-1.7) at groundwater level (40-100 cm in
depth; 5-15 m inland from splash zone) in the intertidal beach slope on Ishikari Beach, facing the
Sea of Japan, Hokkaido, Japan. The new species differs from six known congeners in the arrange-
ment of the anterior-head ventral ciliophores, the degree of development in the primary and sec-
ondary toes, and the shape of the spermatozoa. We inferred the phylogenetic position of the new
species among other congeners for which 18S rRNA, 28S rRNA, and COI gene sequences were
available in public databases. This is the first representative of the genus from the Northwest

Pacific.

Key words: archiannelid, marine invertebrates, mesopsammon, meiofauna, meiobenthos, Polychaeta,

polychaete

INTRODUCTION

Annelids in the genus Diurodrilus Remane, 1925 are
tiny, marine, exclusively mesopsammic worms (250—-500 ym
in body length), lacking fundamental annelid characteristics,
such as chaetae, head appendages, parapodia, nuchal
organs, and obvious segmentation (reviewed by Villora-
Moreno, 1996; Worsaae and Rouse, 2008). They have large,
ventral epidermal cells called ciliophores (Kristensen and
Niilonen, 1982), which are “compound multiciliated cells with
a regular organization of more than ten rows of basal bodies
and cilia with extremely long rootlets that beat in unison”
(Worsaae and Rouse, 2008), found otherwise only in the
micrognathozoan Limnognathia maerski Kristensen and
Funch, 2000 and the annelid Neotenotrocha sterreri Eibye-
Jacobsen and Kristensen, 1994. The simple body plan in
Diurodrilus, along with the unique ciliophores, made its sys-
tematic position quite controversial. Based on some similari-
ties to Micrognathozoa, Worsaae and Rouse (2008) alluded
even to non-annelid affinity, drawing the attention of higher-
level metazoan phylogeneticists (e.g., Jenner and
Littlewood, 2009; Edgecombe et al., 2011). Subsequent
mitogenomic (Golombek et al., 2013) and phylogenomic
(Laumer et al., 2015; Struck et al., 2015) studies, however,
firmly placed Diurodrilus in Annelida, although its within-
phylum phylogenetic position remains uncertain. Diurodrilus
has thus been classified in the monotypic family
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Diurodrilidae in Annelida (Kristensen and Niilonen, 1982;
Read, 2014).

Diurodrilids live in interstices between medium to coarse
sand grains. Most species show strict zonation pattern,
ranging from subtidal (down to 60 m depth; Rieger and
Rieger, 1976) to upper intertidal moist sand substratum.
Some species occur in coastal groundwater or phreatic sys-
tem (Remane, 1934; Delamare-Deboutteville, 1960; Fize,
1963; Schmidt, 1969, 1972). Two different species may
occur in the same beach, segregating their habitats along
the land—marine axis in beach slope, with one species found
in the upper intertidal deep layer while the other inhabits
the sublittoral surface layer (reviewed by Villora-Moreno,
1996). All known Diurodrilus are dioecious. Although no
direct observation has been made, males may transfer
sperm into females’ body via copulation, possibly using a
projection near the anus (called anal cone) or a pair of club-
shaped cuticular structures near genital openings as a penis
function (Kristensen and Eibye-Jacobsen, 1995). Internal
fertilization is likely because clusters of sperm have been
found within females’ bodies (Kristensen and Niilonen, 1982).
Diurodrilids are probably direct developers, as juveniles are
similar to adults in body form and may even be smaller than
large oocytes (Worsaae and Rouse, 2008). The tiny and
simple body structure in Diurodrilus is the result of progen-
esis (e.g., Worsaae and Kristensen, 2005), which has likely
emerged several times independently within the lineage of
Orbiniida, leading to other interstitial representatives such
as Apharyngtus, Dinophilus, Parergodrilus, and Trilobodrilus
(Struck et al., 2015).
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New species of Diurodrilus from Japan 251

Diurodrilus currently comprises six species (Read,
2014). Compared to rich documentation of four species —
viz., D. benazzii Gerlach, 1952; D. dohrni Gerlach, 1953; D.
minimus Remane, 1925; and D. subterraneus Remane,
1934 — that occur in European waters (Remane, 1925,
1934; Gerlach, 1952, 1953; Delamare-Deboutteville, 1953;
Mock, 1981; Villora-Moreno, 1996 [and other references
therein]; Worsaae and Kristensen, 2005; Worsaae and
Rouse, 2008), records from other parts of the world are
scarce and fragmentary. Diurodrilus minimus and D.
benazzii have been recorded from India (Rao, 1969, 1972;
Rao and Ganapati, 1968a, b); D. subterraneus and D.
westheidei Kristensen and Niilonen, 1982 are known from
Greenland (Kristensen and Niilonen, 1982); and D. ankeli
Ax, 1967 from the Pacific coast of USA (Ax, 1967). In addi-
tion, unidentified forms have been reported from the Atlantic
coast of USA (Rieger and Rieger, 1976), the Galapagos
Islands (Schmidt and Westheide, 1977), and Australia
(Paxton, 2000; Worsaae and Rouse, 2008); two undescribed
species are known from New Zealand (Riser, 1984).

Ishikari Beach is an about 25-km stretch of sandy coast-
line along Ishikari Bay of Hokkaido facing the Sea of Japan,
formed by deposits from the Ishikari River (Fig. 1). Meiofau-
nal studies so far carried out based on material from Ishikari
Beach include I1t6 (1968, 1972) on harpacticoids, Tajika
(1981, 1983) on turbellarians, Tsurusaki (1980) describing a
marine tardigrade, Kajihara et al. (2015) on dinophilid poly-
chaetes, and Yamauchi and Kajihara (2018) about macro-
dasyidans. 1t6 (1984, 1985) examined spatial distribution
patterns and abundance of meiofauna in Ishikari Beach
along a 20-m transect perpendicular to the shoreline with
5-cm depth interval down to the groundwater level with a
focus on selected animal taxa, including nematodes, oligo-
chaetes, the tardigrade Hypsibius itoi Tsurusaki, 1980 (now
Halobiotus itoi), turbellarians, the hesionid polychaete
Hesionides arenaria Friedrich, 1937, and three species of
harpacticoids, Leptastacus japonicus It6, 1968, Arenopontia
ishikariana 1t6, 1968, and Paraleptastacus unisetosus 116,
1972. However, there has been no record of Diurodrilus from
Ishikari Beach prior to the present study.

In this paper, we describe a new species of Diurodrilus
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Fig. 1. Map showing sampling sites around Hokkaido, Japan.
Diurodrilus kuii sp. nov. was found in Ishikari Beach and Otobe.
Diurodrilus was sought, but not found, in another 21 sites indicated
by crosses.
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as the first representative of the genus from the Northwest
Pacific. We also infer the phylogenetic position of the new
species using 18S rRNA, 28S rRNA, and COIl gene
sequences.

MATERIALS AND METHODS

The first specimen of the species dealt with in this study was
brought to us on 29 October 2011 by Mr. Kunihiko Watanabe, who
had conducted a systematic research of dinoflagellates as part of
his Master’s course studies under the supervision of Professor
Takeo Horiguchi (Hokkaido University). It was collected in Ishikari
Beach at about 2 km southwest from the mouth of the Ishikari River
(Fig. 1). The sediment is medium sand (¢ = 1.2—1.7), containing lit-
tle organic debris. In 2012, we surveyed at 23 localities around
Hokkaido (Fig. 1), but Diurodrilus samples were found only at Otobe
apart from Ishikari Beach. The Otobe material, collected on 23
September 2012 at 41°59'7.88”N, 140°07°03.40”E, could not be
studied in detail due to the limited number of specimens obtained.
We conducted monthly sampling from April 2012 to March 2013 in
Ishikari Beach. For sampling, we followed the Horiguchi-Watanabe
method, in which sediment samples were dug with an iron ladle for
Chinese cooking (11 cm in diameter) attached at an end of a bar (we
used the shaft of a broken mop for floor cleaning), atO m, 5 m, 10 m,
and occasionally 15 m inland from the splash zone, about 40 cm to
1 m depth from the ground surface. Samples were collected at the
same level of groundwater, of which temperature and refractive
index (or ‘salinity’) were measured; an IS/Mill-E fractometer (AS
ONE, Japan) was used for the latter. Worms were extracted by
either decantation/sieving method using a mesh size of 63 pm, or
by sea-ice method using 100-pym mesh. Specimens were sorted
under dissecting microscopes (Nikon SMZ10 and SMZ1500) or
inverted microscopes (OLYMPUS CK40 and CKX41). They were
relaxed in a MgCl2 solution isotonic to seawater. More than 100
specimens were observed in life, mounted on glass slides under
coverslips, with a compound microscope OLYMPUS BX51 with
Nomarski differential interference contrast (DIC); 91 specimens
were fixed in either 10% formalin seawater or Bouin’s fluid. For light
microscopy, specimens were embedded in glycerol, mounted on
glass slides or between two coverslips and positioned on an H-S
slide (Westheide and Purschke, 1988; Shirayama et al., 1993), and
sealed with Entellan New (Merck). For electron microscopy, seven
specimens were dehydrated in an ethanol series, dried in a critical-
point drier (Hitachi HCP-2), mounted on stubs, coated with gold in
an ion sputter coater (JEOL JFC-1100), and observed by a scanning
electron microscope (SEM) (Hitachi S-3000N) at 10 KV accelerat-
ing voltage. Type material has been deposited in the Invertebrate
Collection at the Hokkaido University Museum (ICHUM), Sapporo,
Japan.

Total genomic DNA was extracted from three specimens using
DNeasy Blood and Tissue Kit (Qiagen), following the manufactur-
er’s protocol. Amplification of 18S rDNA (18S) was carried out using
three primer sets: 1F/4R (Giribet et al., 1996), 3F/18sbi (Giribet et
al., 1996), and 18Sa2.0/9R (Whiting et al., 1997). The partial 28S
rDNA (28S) fragment was amplified using the primer set LSU5/
LSUS (Littlewood, 1994), 28S-01/28Sr (Kim et al., 2000; Luan et al.,
2005), or 28S-2KF/28jj-3" (Palumbi, 1996; Yamasaki et al., 2013).
The COI and Histone H3 fragments were amplified with the primer
pair LCO1490/HCO2198 (Folmer et al., 1994) and H3aF/H3aR
(Colgan et al., 1998), respectively. PCR reactions were performed
using ExTaq (TaKaRa). Hot-start thermal cycling was initiated with
2 min of denaturation at 94°C followed by 35 cycles of 45 sec at
94°C, 45 sec at 50°C, and 30 sec (COI and Histone H3) or 90 sec
(18S and 28S) at 72°C; the reaction was completed with a final
extension at 72°C at 7 min. The PCR products were visualized in a
1% agarose gel and purified according to Boom et al’s (1990)
method with some modifications (Kobayashi et al., 2009). Cycle
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sequencing was performed with BigDye Terminator v.3.1 (Life Tech-
nologies). The PCR primers were used for sequencing reactions,
together with eight additional 28S primers: a truncated version of
28z (Hillis and Dixon, 1991) by Thollesson and Norenburg (2003),
28SR-01 (Kim et al., 2000), 28Sf (Luan et al., 2005), 28v-5" (Palumbi,
1996), 28S-15R, 28S-n05R, 28S-3KR, and 28S-42F (Yamasaki et
al., 2013). The products were sequenced on ABI 3130 Genetic Ana-
lyzer (Life Technologies) for both strands. Chromatograms were
edited and overlapping sequence fragments were assembled using
ATGC ver. 4.0.6 (GENETYX). Due to poor chromatogram quality,
the 28S region from one of the specimens was incompletely deter-
mined, resulting in two fragments (5’ region, LC342284; 3’ region,
LC342285). The sequences have been deposited in DDBJ/EMBL/
GenBank (Table 1).

To address the phylogenetic affinities of the new species, our
analyses included two species of Diurodrilus, and Parergodrilus
heideri Reisinger, 1925 and Stygocapitella subterranea Knéliner,
1934 as outgroups (Table 2). Of the three specimens from which
total DNA was extracted, only one specimen yielded all three gene
markers for the analysis (specimen #2, Table 1). Therefore, these
sequences were included in the analysis (Table 2). Because the
28S sequence from specimen #2 was short, its 3’ region was com-
plemented by a longer sequence from specimen #1. Histone H3
was determined from specimen #1, but was not included in the
analysis as there were no comparable sequences in GenBank. For
18S and 28S, alignment of the sequences was performed by using
MAFFT ver. 7 (Katoh and Standley, 2013), employing the E-INS-i
strategy. For COI, sequences were aligned by MUSCLE (Edgar,
2004) implemented in MEGA ver. 6.0 (Tamura et al., 2013), using
the Align Codons option. Alignment-ambiguous areas were
removed by using Gblocks ver. 0.91b (Castresana, 2000), allowing
smaller final blocks, gap positions within the final blocks, and less
strict flanking positions, but not allowing many contiguous non-
conserved positions. After eliminating ambiguous sites, each data
set was 1772 bp (18S), 2106 bp (28S), and 658 bp (COl) long,
respectively. These were concatenated by using MEGA ver. 6.0
(Tamura et al., 2013). To determine the best partition scheme for
maximum-likelihood (ML) analysis and Bayesian inference (BI),
ParitionFinder ver. 2.1.1 (Lanfear et al., 2017) was used employing
the greedy algorithm. For Bl, the most suitable substitution model
for each partition selected by PartitionFinder ver. 2.1.1 (Lanfear et

Table 1. GenBank accession numbers used for sequences newly
generated in this study for Diurodrilus kunii sp. nov.

Specimen  Collection Histone
number date 188 283 col H3
#1 18 November LC342280 LC342284, - LC342286
201 LC342285

#2 14 April 2012 LC342281 LC342282 LC342279 -
#3 14 April 2012 — LC342283 - -

al., 2017) was K80 + | for 18S, GTR + G for 28S and COI (1st
codon), HKY for COI (3rd codon), and F81 for COI (2nd codon). ML
analysis was performed by using RAXML ver. 8.0.0 (Stamatakis,
2014) with GTR + G model of nucleotide substitution for all parti-
tions consisting of 1000 rapid bootstraps. Bl was carried out using
MrBayes ver. 3.2.3 (Ronquist and Huelsenbeck, 2003; Altekar et
al., 2004) with two independent Metropolis-coupled analyses (four
Markov chains of 10,000,000 generations for each analysis). Trees
were sampled every 100 generations. Values of run convergence
indicated that sufficient amounts of trees and parameters were
sampled (average standard deviation of split frequencies = 0; min-
imum estimated sample size of tree lengths = 171.7236; potential
scale reduction factor of tree lengths = 1.026940). Run conver-
gence was also assessed with Tracer ver. 1.6 (Rambaut et al.,
2014). ML analyses were also performed for individual 18S and 28S
datasets using MEGA ver. 6.0 (Tamura et al., 2013).

Taxonomy

Diurodrilus kunii sp. nov.
(Figs. 2-5)

Material examined. Holotype: ICHUM 5830, mature
female, fixed in 10% formalin—seawater, mounted on glass
slide in glycerol, collected on 14 April 2012 at 43°15’31”N,
141°21’32”E. Paratypes: ICHUM 5831 (four specimens),
mounted on SEM stubs, 18 November 2011, 43°15'29”N,
141°21’30”E; ICHUM 5832 (two specimens), mounted on
SEM stubs, collection data same as the holotype; ICHUM
5833 (1 specimen), mounted on SEM stub, 29 June 2012,
43°15’42”N, 141°21'43”E. Additional materials: more than
100 specimens in life, mounted on glass slide; 90 speci-
mens, fixed in either 10% formalin seawater or Bouin’s fluid,
mounted in glycerol on either glass slide or H-S slide.

Etymology. The species is named after Kunihiko
Watanabe, the first finder of the species during his Master’s
course on interstitial dinoflagellates under Professor Takeo
Horiguchi, Hokkaido University, Japan. The new specific
name is a noun in the genitive case.

Diagnosis. A Diurodrilus with three anterior-most pairs
of ciliophores on anterior head arranged at nodes of opposed
angle brackets < >; protonephridia present in 1st and 3rd
trunk segments; primary and secondary toes unequal in
size; basis of primary toe not widen as in D. dohrni; anal
cone absent; acrosome/middle piece length ratio being
0.35.

Description. General morphology. Body transparent
and colorless, 240—350 pm in length including toe (holotype
305 um, n = 11), comprised of anterior head (prostomium),
posterior head (peristomium or metastomium), six trunk seg-

Table 2. List of annelid taxa used in the molecular analysis with GenBank accession numbers.

COl References

Species 18S 28S
. . " LC342282
Diurodrilus kunii LC342281 (complemented by LC342285)
Diurodrilus subterraneus ~ KC790349 KC790349
Diurodrilus sp. EF552204 EF552205
Parergodrilus heideri AJ310504 AY366514
Stygocapitella subterranea AF412810 AY366516

LC342279 this study

KC790350 Golombek et al. (2013)
- Worsaae and Rouse (2008)

Rota et al. (2001) for 18S; Joerdens et al.
(unpublished) for 28S

Struck et al. (2002) for 18S;

AY364852 Joerdens et al. (unpublished) for 28S and COI
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Fig. 3. Diurodrilus kunii sp. nov., DIC micrographs taken in life.
hindaut (A) Holotype (ICHUM 5830), female with two oocytes, collected on
indgu 14 April 2012. (B) Male with mature spermatozoans (arrowheads),
collected on 12 November 2011; the specimen was destroyed after
observation.
anus
] ments, and a pair of toes; third trunk segment widest (Figs.
secondary 2, 3A, B). Anterior head three-lobed, divided by non-ciliated
toe indistinct constrictions. Cuticular reinforcements or plates
not found. Toes comprised of primary and secondary toes,
adhesive toe unequally developed (Figs. 2, 3A, 4A). Alimentary canal
gland tubule primary toe divided into pharynx and fore-, mid-, and hindgut (Figs. 2,

3B), each internally densely ciliated. Anus ventrally, without
forming anal cone.

Sensory pattern and ciliophores. Anterior head with two
pairs of long anterolateral compound cilia on first lobe, pair
anterior-head ciliophore ) peri-pharyngeal ciliophore of short compound cilia between first and second lobes, and
pair of compound cilia each on second and third lobe (Figs.
2, 3A). Anterior-head ciliophores in 12 pairs, of which the
anterior-most three were arranged at nodes of opposed

100 ym

% prepharyngeal ciliary field .trunk ciliophore
@ anal ciliary field

Fig. 2. Diurodrilus kunii sp. nov., diagrammatic representation angle brac_kets <> (.Figs. .2, 4C). y
(ventral view) based on DIC microscopy and SEM observation of Posterior head with pair of compound cilia, ventrally pro-
multiple individuals. vided with numerous (~11 pairs) ciliophores (Fig. 2). Pair of
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Fig. 4. Diurodrilus kunii sp. nov., SEM images. (A) Paratype,
ICHUM 5831, whole body, ventral view. (B) Paratype, ICHUM 5833
whole body, lateral view. (C) Paratype, ICHUM 5832, anterior-most
three pairs of anterior-head ciliophores, ventral view.

pre-pharyngeal ciliary fields present just anterior to mouth
opening (Figs. 2, 4A, B).

Each trunk segment possessing small anterolateral
swelling on each side, from which compound cilia project
(Figs. 2, 4A). Ventral ciliophores on trunk segments not
observable with certainty (Fig. 4A, B); 1st trunk segment
seemingly possessing 12 ciliophores, of which anterior four
pairs arranged transversely, followed by a row of 3 cilioph-
ores arranged transversely, then single mid-ventral one; 2nd
to 4th trunk segments each seemingly possessing 3 cilioph-
ores arranged mid-ventrally in longitudinal row; ciliophores
on 5th trunk segment not observable; 6th trunk segment with
pre-anal ciliary field (Figs. 2, 4A).

Excretory system. Pair of protonephridia present on 1st
and 3rd trunk segments (Figs. 2, 4B, 5A).

Reproductive system. Mature female containing one or
two oocytes, up to about 45 x 75 ym in size (Fig. 3A). Sper-
matozoa in body cavity 63.5 pm long: acrosome 3.5 pm
long, 4.0 ym wide, with intra-acrosomal canal; middle piece
10 ym long, 6 pm wide, containing two-partite post-
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Fig. 5. Diurodrilus kunii sp. nov., DIC micrographs taken in life;
specimens were destroyed after observation. (A) Protonephridium
in 1st trunk segment, indicated by arrowhead. (B, C) Fully devel-
oped spermatozoa in body cavity; arrowhead in C indicate flagel-
lum.

Diurodrilus kunii sp. nov. (Japan)
92/0.99
100/1.00 Diurodrilus subterraneus (Germany)
Diurodrilus sp. (Australia)
Parergodrilus heideri
Stygocapitella subterranea
0.05

Fig. 6. Phylogenetic tree resulting from maximum-likelihood anal-
ysis based on combined 18S rRNA, 28S rRNA, and COIl gene
sequences. Numbers near nodes indicate maximum-likelihood
bootstrap support values in percent and posterior probability from
Bayesian inference, respectively.

acrosomal bodies (3.5 pm long); flagellum 50 pm long, 1 pm
wide (Figs. 3B, 5B, C).

Movement. The gliding motion is not continuous, but
rather sporadic, alternating a quick motion and pause (Sup-
plementary Movie).

Phylogeny and genetic distance. The resulting ML
and Bl trees were identical in topology (Fig. 6), with D. kunii
sp. nov. being sister to D. subterraneus, rather than to an
undetermined species of Diurodrilus from Australia. The
individual 18S and 28S trees also showed the same topology
(Supplementary Figures S1, S2). The 658-bp COIl sequence
of D. kunii differed from that of D. subterraneus by 0.407 in
terms of K2P, and 0.261 in terms of uncorrected p-distance.
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Table 3. Summary of the results of monthly samplings from April 2012 to March 2013 at Ishikari Beach. Density data are only available until
21 August 2012. Macrodasyidans were presented by Cephalodasys mahoae and/or Turbanella lobata.

Occurrence of

Air Distance from Water - . . "
. Salinity Groundwater Diurodrilus kunii .
Collection date  temperature the splash  temperature o Co-occurred taxa (not exhaustive)
°C) zone (m) °C) (psu) level (cm) (individuals/
100 mL)
. 5 — 20 38 5.6 Macrodasyida
9 April 2012 —
10 — 15 75 + —
) 5 6 20 65 0.08 —
14 April 2012 8.5
10 2 13 92 0.76 —
5 16 3 60 + —
31 May 2012 16
10 15 5 80 + —
0 22 35 0 — —
29 June 2012 30.5 5 18 2 63 0.11 —
10 19 2 85 0.2 —
5 225 4 60 + —
26 July 2012 22.5
10 22 3 102 5.33 —
5 24 12 60 + —
21 August 2012 31 10 21 9 85 — —
15 21 3 100 0.33 —
28 0 — 34 0 — —
29 5 24 4 60 — —
30 August 2012 ) )
30 10 — 2 80 + Macrodasyida; Platyhelminthes
15 21 — 90 — —
0 — — 0 — —
2.5 22 33 48 — —
31 August 2012 — 5 21 34 54 — Macrodasyida
75 25 33 68 — —
10 26 34 73 + Macrodasyida
5 21 31 52 — —
28 September 2012 215
10 21 10 100 — —
Annelida (Trilobodrilus itoi);
5 12.5 16 42 o Nematoda; Platyhelminthes
29 October 2012 175 10 12 10 60 — Nematoda; Ostracoda
15 12 12 75 + Macrodasyida
5 5.5 23 55 — Macrodasyida
20 November 2012 4 10 6 10 110 . Harpacticoida; Macrodasyida;
Nematoda; Platyhelminthes
0 . 30 0 . Annelida (Oligochaeta; Trilobodri-
lus itoi); Macrodasyida; Nematoda
17 December 2012 0 5 4 30 20 — —
Harpacticoida; Macrodasyida;
10 2 30 55 * Ostracoda; Platyhelminthes
0 — 30 0 — Annelida (Trilobodrilus itoi)
15 January 2013 -4 5 -2 30 40 + Macrodasyida
10 — 5 90 + Macrodasyida
Annelida (Oligochaeta); Nematoda;
0 — 31 0 — )
Platyhelminthes
Annelida (Oligochaeta); Macro-
20 February 2013 -4t0 -7 5 — 31 55 — dasyida; Nematoda; Platyhelmin-
thes
10 . 20 920 . Anne_hd:.:\ (Oligochaeta); Macro-
dasyida; Nematoda
0 — 30 0 — —
2 J— J— J— J—
22 March 2013 2 50
5 — 28 85 — —
10 — 25 137 — —
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Taxonomic remarks. Among the six named species of
Diurodrilus, D. kunii is most similar to D. ankeli and D. dohrni
in having unequally sized primary and secondary toes; it dif-
fers from D. benazzii, which lacks secondary toes; from D.
minimus and D. subterraneus, which have equally sized pri-
mary and secondary toes; and from D. westheidei, which
has unequally sized primary and secondary toes, but their
glandular tubules do not join each other within the 6th trunk
segment (pygidium) before these are connected to the glan-
dular cells. The arrangement of ciliophores on the ventral
side of the anterior head is known for D. ankeli, D. benazzi,
D. subterraneus, and D. westheidei. While the ciliophore
pattern appears to be species-specific, there are always
6-10 small ciliophores comprising an anterior-most group
(‘anterior ciliophore’ in Villora-Moreno, 1996). In D. kunii, this
anterior-most group contains six ciliophores that are
arranged at nodes of opposed angle brackets < > (or dou-
ble V V, each slightly tilted outward) (Figs. 2, 4C). This pat-
tern of ciliophores in D. kunii differs from that in D. ankeli,
which has four pairs of lateral, and single mid-ventral, cilio-
phores. The shape of spermatozoa in D. kunii is also unique
among congeners in that the posterior part of the acrosome
has almost the same width as the succeeding middle piece.
It is thus different from D. dohrni, in which the posterior part
of the acrosome is obviously narrower than the middle piece.

Ecological remarks. The micro-distribution of D. kunii
appears to be patchy in Ishikari Beach. They can be locally
abundant, up to nine individuals per 100 mL of sand col-
lected on 23 November 2011 (HK pers. obs). The number of
individuals of other taxa from the same sample were: 56
nematodes, nine harpacticoids (mostly Arenopontia
ishikariana), six turbellarians (acoels, kalyptorhynchs, and
proseriates), five macrodasyidans (Turbanella Ilobata
Yamauchi and Kajihara, 2018), one oligochaete, and one
ostracod. Other meiofauna that co-occurred with D. kunii in
different places and occasions were rhombognathid mites
and the macrodasyidan Cephalodasys mahoae Yamauchi
and Kajihara, 2018. Diurodrilus kunii occurs throughout the
year in Ishikari Beach. In our monthly samplings from April
2012 to March 2013, specimens were collected except in
February, March, September, and November (Table 3). This
is likely due to the patchy distribution, rather than reflecting
actual phenology. Whenever they occurred, sexually mature
specimens were almost always found (HK and MI pers.
obs.). In life, individuals of D. kunii are highly contractile and
can speedily slide among sand particles by using the ventral
ciliophores (Supplementary Movie), although their nimble-
ness is the same as or slightly greater than that of the
co-occurring Turbanella lobata, but less than that of harpac-
ticoids. During the sampling period, the salinity ranged 2—-34
psu. We collected sediment material at a 5-m interval from
the splash zone. In some cases, D. kunii was more abun-
dant at the 10-m site where the salinity was lower than the
5-m site; it was never found at 0-m site (splash zone). There-
fore, they seem to prefer lower salinity, while they are truly
euryhaline.

DISCUSSION

One of the unanswered questions about Diurodrilus
evolution is whether adaptation to subterranean environ-
ment occurred only once or multiple times independently.
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This question has been deepened by the discovery of D.
kunii, which is the third representative of stygobiontic conge-
ners along with D. benazzi and D. subterraneus. Dispersal
potential in diurodrilids is expected to be low, given their
assumed direct manner of development. This implies paral-
lel evolution of adaptation to subterranean habitat is likely to
have happened in lineages leading to those ‘landlocked’
stygobionts, resulting in non-monophyletic assemblage of
stygobiontic/phreatic species. On the other hand, our molec-
ular phylogeny shows the two stygobiontic species (D. kunii
and D. subterraneus) form a clade that is sister to a non-
stygobiontic, surface-layer dweller (Diurodrilus sp., subtidal,
1-2 m depth; Worsaae and Rouse, 2008). However, these
‘landlocked’ species would have become non-monophyletic
if other surface-layer dwelling species were included in the
analysis.

Villora-Moreno (1996) argued that the reduced toes in
the stygobiontic D. benazzi and D. subterraneus might be
the result of adaptation to less disturbing environment in
subterranean habitat, because toes are associated with
adhesion to substrates. However, the shape of the toes in D.
kunii is rather similar to that in D. ankeli from San Juan
Island, WA, USA, which is not a stygobiont (Ax, 1967). While
the degree of toe development is difficult to measure quanti-
tatively, it may not be as relevant to adhesive function as
Villora-Moreno (1996) supposed.

The microhabitat of D. kunii appears to be segregated
from that of the dinophilid Trilobodrilus itoi Kajihara et al.,
2015. Ax (1967) observed an undescribed species of
Trilobodrilus along with D. ankeli in the intertidal zone in San
Juan Island. Whether or not Trilobodrilus sp. and D. ankeli
shared exactly the same microhabitat is not apparent from
Ax’s (1967) description, while D. kunii and T. itoi are almost
never found simultaneously in the same one-scoop-sand
sample. Diurodrilus kunii is always found in the groundwater
level (40—100 cm in depth) at places 5—-15 m inland from
splash zone on the intertidal beach slope, whereas T. itoi
occurs almost exclusively in the surface layer of the splash
zone (except in one occasion, in which T. jtoi was collected
from underground water 5 m inland from the splash zone on
29 October 2012). Similar niche separation of Diurodrilus
species has been reported, where one species occupies
upper to middle intertidal stygobiontic environment whereas
the other occurs in lower intertidal to sublittoral surface layer
in the same beach (Rao and Ganapati, 1968a; Schmidt,
1969; Westheide, 1972; Wolff et al., 1980). Because we have
not paid much sampling effort in the subtidal zone in Ishikari
Bay, the existence of a sublittoral congeneric counterpart of
D. kunii cannot be ruled out.

ACKNOWLEDGMENTS

We are grateful to Kunihiko Watanabe for making us aware of
the species; to Professor Takeo Horiguchi for the laboratory facili-
ties; and to Takumi Ohnishi and Shohei Yamauchi for help in field
sampling. This study was financially supported by JSSPS KAKENHI
25650133 and 23370038 for HK.

COMPETING INTERESTS

The authors have no competing interests to declare.

Access provided by Zoological Society of Japan



New species of Diurodrilus from Japan 257

AUTHOR CONTRIBUTIONS

HK conceived and designed the study. HK, MI, HY collected
specimens. HK, MI, HY, SFH analyzed the data. HK, MI, HY, SFH
prepare the figures and tables. HK wrote the manuscript.

SUPPLEMENTARY MATERIALS

Supplementary materials for this article are available online.
(URL:  https://bioone.org/journals/supplementalcontent/10.2108/
zs180197/10.2108.zs).36.250.s1.pdf,  https://bioone.org/journals/
supplementalcontent/10.2108/zs180197/10.2108.zsj.36.250.s1.
wmv)

Supplementary Figure S1. Maximum-likelihood tree based
on 18S dataset.

Supplementary Figure S2. Maximum-likelihood tree based
on 28S dataset.

Supplementary Movie. Video footage of a living individual of
Diurodrilus kunii taken under a binocular lens.

REFERENCES

Altekar G, Dwarkadas S, Huelsenbeck JP, Ronquist F (2004) Paral-
lel metropolis-coupled Markov chain Monte Carlo for Bayesian
phylogenetic inference. Bioinformatics 20: 407-415

Ax P (1967) Diurodrilus ankeli nov.spec. (Archiannelida) von der
Nordamerikanischen Pazifikkiiste. Z Morphol Okol Tiere 60:
5-16

Boom R, Sol CJA, Salimans MMM, Jansen CL, Wertheim-Van
Dillen PME, Van der Noordaa J (1990) Rapid and simple
method for purification of nucleic acids. J Clin Microbiol 28:
495-503

Castresana J (2000) Selection of conserved blocks from multiple
alignments for their use in phylogenetic analysis. Mol Biol Evol
17: 540-552

Colgan DJ, McLauchlan A, Wilson GDF, Livingston SP, Edgecombe
GD, Macaranas J, et al. (1998) Histone H3 and U2 snRNA DNA
sequences and arthropod molecular evolution. Aust J Zool 46:
419-437

Delamare-Deboutteville C (1953) Diurodrilus benazzii Gerlach dan
les eaux souterraines littorales de Canet-Plage. Vie Milieu 4:
747

Delamare-Deboutteville C (1960) Biologie des eaux souterraines
littorales et continentales. Hermann, Paris

Edgar RC (2004) MUSCLE: a multiple sequence alignment method
with reduced time and space complexity. BMC Bioinformatics
5:113

Edgecombe GD, Giribet G, Dunn CW, Hejnol A, Kristensen RM,
Neves RC, et al. (2011) Higher-level metazoan relationships:
recent progress and remaining questions. Org Divers Evol 11:
151-172

Fize A (1963) Contribution a I'étude de la microfaune des sables
littoraux du golfe d’Aigues Mortes. Vie Milieu 14: 669-774

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek RC (1994) DNA
primers for amplification of mitochondrial cytochrome c oxi-
dase subunit | from diverse metazoan invertebrates. Mol Mar
Biol Biotechnol 3: 294-299

Gerlach SA (1952) Diurodrilus benazzii, ein neuer Archiannelide
aus dem Kustengrundwasser des Mittelmeeres. Zool Anz 149:
185-188

Gerlach SA (1953) Zur Kenntnis der Archianneliden des Mittel-
meeres. Kieler Meeresf 9: 248-251

Giribet G, Carranza S, Baguia J, Riutort M, Ribera C (1996) First
molecular evidence for the existence of a Tardigrada +
Arthropoda clade. Mol Biol Evol 13: 76—84

Golombek A, Tobergte S, Nesnidal MP, Purschke G, Struck TH
(2013) Mitochondrial genomes to the rescue — Diurodrilidae in
the myzostomid trap. Mol Phylogenet Evol 68: 312-326

Downloaded From: https://bioone.org/journals/Zoological-Science on 16 Jun 2019
Terms of Use: https://bioone.org/terms-of-use

Hillis DM, Dixon MT (1991) Ribosomal DNA: molecular evolution
and phylogenetic inference. Q Rev Biol 66: 411-453

1t6 T (1968) Descriptions and records of marine harpacticoid cope-
pods from Hokkaido, I. J Fac Sci Hokkaido Univ Ser 6 Zoology
16: 369—-381

1t6 T (1972) Descriptions and records of marine harpacticoid cope-
pods from Hokkaido, IV. J Fac Sci Hokkaido Univ Ser Zoology
18: 305-336

1td T (1984) Studies on the interstitial animals in the Ishikari beach,
Hokkaido, northern Japan — a preliminary report. Benthos
Res 26: 1-14 [in Japanese with English abstract]

1t6 T (1985) Organisms in Sand Interstices. Kaimeisha, Tokyo [in
Japanese]

Jenner RA, Littlewood DTJ (2009) Invertebrate problematica: kinds,
causes, and solutions. In “Animal Evolution — Genomes, Fos-
sils, and Trees” Ed by MJ Telford, DTJ Littlewood, Oxford Uni-
versity Press, Oxford, pp 107-126

Kajihara H, lkoma M, Yamasaki H, Hiruta SF (2015) Trilobodrilus itoi
sp. nov., with a re-description of T. nipponicus (Annelida: Dino-
philidae) and a molecular phylogeny of the genus. Zool Sci 32:
405-417

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: improvements in performance and usabil-
ity. Mol Biol Evol 30: 772-780

Kim CG, Zhou HZ, Imura Y, Tominaga O, Su ZH, Osawa S (2000)
Pattern of morphological diversification in the Leptocarabus
ground beetles (Coleoptera: Carabidae) as deduced from mito-
chondrial ND5 gene and nuclear 28S rRNA sequences. Mol
Biol Evol 17: 137145

Kobayashi N, Ohta Y, Katoh T, Kahono S, Hartini S, Katakura H
(2009) Molecular phylogenetic analysis of three groups of
Asian epilachnine ladybird beetles recognized by the female
internal reproductive organs and modes of sperm transfer. J
Nat Hist 43: 1637-1649

Kristensen RM, Eibye-Jacobsen D (1995) Ultrastructure of sper-
miogenesis and spermatozoa in Diurodrilus subterraneus
(Polychaeta, Diurodrilidae). Zoomorphology 115: 117-132

Kristensen RM, Niilonen T (1982) Structural studies on Diurodrilus
Remane (Diurodrilidae fam.n.), with description of Diurodrilus
westheidei sp.n. from the arctic interstitial meiobenthos, W.
Greenland. Zool Scr 11: 1-12

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B (2017)
PartitionFinder2: new methods for selecting partitioned models
of evolution for molecular and morphological phylogenetic
analyses. Mol Biol Evol 34: 772-773

Laumer CE, Bekkouche N, Kerbl A, Goetz F, Neves RC, Sgrensen
MV, et al. (2015) Spiralian phylogeny informs the evolution of
microscopic lineages. Curr Biol 25: 2000-2006

Littlewood DTJ (1994) Molecular phylogenetics of cupped oysters
based on partial 28S rRNA gene sequences. Mol Phylogenet
Evol 3: 221-229

Luan Y, Mallatt JM, Xie R, Yang Y, Yin W (2005) The phylogenetic
positions of three basal-hexapod group (Protura, Diplura, and
Collembola) based on ribosomal RNA gene sequences. Mol
Biol Evol 22: 1579-1592

Mock H (1981) Zur Kenntnis von Diurodrilus subterraneus (Poly-
chaeta, Dinophilidae) aus dem Sandhang der Nordseeinsel
Sylt. Helgol Meeresu 34: 329-335

Palumbi SR (1996) Nucleic acids Il: The polymerase chain reaction.
In “Molecular Systematics, second ed.” Ed by DM Hills, C Moritz,
BK Mable, Sinauer Associates, Sunderland, Massachusetts, pp
205-247

Paxton H (2000) Family Diurodrilidae. In “Polychaetes and Allies:
The Southern Synthesis. Fauna of Australia. Polychaeta,
Myzostomida, Pogonophora, Echiura, Sipuncula, Vol. 4A” Ed
by PL Beesley, GJB Ross, CJ Glasby, CSIRO Publishing,
Melbourne, pp 104-105

Access provided by Zoological Society of Japan



258 H. Kajihara et al.

Rambaut A, Suchard MA, Xie D, Drummond AJ (2014) Tracer ver.
1.6. Available from http://beast.bio.ed.ac.uk/Tracer

Rao GC (1969) The marine interstitial fauna inhabiting the beach
sands of Orissa coast. J Zool Soc India 21: 89—103

Rao GC (1972) On the geographical distribution of interstitial fauna
of marine beach sand. Proc Natl Inst Sci India 38(B): 164-178

Rao GC, Ganapati PN (1968a) The interstitial fauna inhabiting the
beach sands of Waltair Coast. Proc Natl Inst Sci India 31(B2):
82-122

Rao GC, Ganapati PN (1968b) On some archiannelids from the
beach sands of Waltair coast. Proc Indian Acad Sci 67(1B):
24-30

Read G (2014) Diurodrilidae Kristensen & Niilonen, 1982. In “World
Polychaeta Database” Ed by G Read, K Fauchald (2017).
Accessed through: World Register of Marine Species at http://
www.marinespecies.org/aphia.php?p =taxdetails&id=18912
on 18 November 2017

Remane A (1925) Diagnosen neuer Archianneliden. Zool Anz 65:
15-17

Remane A (1934) Diurodrilus subterraneus nov. spec., ein Archian-
nelide aus dem Kustengrundwasser. Schr Naturwiss V
Schleswig-Holstein 20: 479

Rieger RM, Rieger GE (1976) Fine structure of the archiannelid
cuticle and remarks on the evolution of the cuticle within the
Spiralia. Acta Zool 57: 53—-68

Riser NW (1984) General observations on the intertidal interstitial
fauna of New Zealand. Tane 30: 239-250

Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phyloge-
netic inference under mixed models. Bioinformatics 19: 1572—
1574

Rota E, Martin P, Erséus C (2001) Soil-dwelling polychaetes: enig-
matic as ever? Some hints on their phylogenetic relationships
as suggested by a maximum parsimony analysis of 18S rRNA
gene sequences. Contrib Zool 70: 127-138

Schmidt P (1969) Die quantitative Verteilung und Populationsdy-
namik des Mesopsammons am Gezeiten-Sandstrand der
Nordsee-Insel Sylt. Il. Quantitative Verteilung und Population-
sdynamik einzelner Arten. Int Rev ges Hydrobiol 54: 95-174

Schmidt P (1972) Zonierung und jahreszeitliche Fluktuationen des
Mesopsammons im Strand von Schilksee (Kieler Bucht). Mik-
rof Meeresb 10: 353-410

Schmidt P, Westheide W (1977) Interstitielle Fauna von Galapagos.
XVII. Polygordiidae, Saccocirridae, Protodrilidae, Nerillidae,
Dinophilidae (Polychaeta). Mikrof Meeresb 62: 1-38

Shirayama Y, Kaku T, Higgins RP (1993) Double-sided microscopic
observation of meiofauna using an HS-Slide. Benthos Res 44:
41-44

Stamatakis A (2014) RAXML version 8: a tool for phylogenetic anal-
ysis and post-analysis of large phylogenies. Bioinformatics 30:
1312-1313

Struck T, Hessling R, Purschke G (2002) The phylogenetic position

Downloaded From: https://bioone.org/journals/Zoological-Science on 16 Jun 2019
Terms of Use: https://bioone.org/terms-of-use

of the Aeolosomatidae and Parergodrilidae, two enigmatic oli-
gochaete-like taxa of the ‘Polychaeta’, based on molecular
data from 18S rDNA sequences. J Zool Sys Evol Res 40: 155—
163

Struck TH, Golombek A, Weigert A, Franke FA, Westheide W,
Purschke G, et al. (2015) The evolution of annelids reveals two
adaptive routes to the interstitial realm. Curr Biol 25: 1993—
1999

Tajika K (1981) Marine Turbellarien aus Hokkaido, Japan. V.
Coelogynoporidae (Proseriata). J Fac Sci Hokkaido Univ Ser 6
Zool 22: 451-473

Tajika K (1983) Zwei neue interstitielle Turbellarien der Gattung
Archotoplana (Proseriata, Otoplanidae) aus Hokkaido, Japan.
J Fac Sci Hokkaido Univ Ser 6 Zool 23: 1779-194

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013)
MEGAG6: Molecular Evolutionary Genetics Analysis version 6.0.
Mol Biol Evol 30: 2725-2729

Thollesson M, Norenburg JL (2003) Ribbon worm relationships: a
phylogeny of the phylum Nemertea. Proc R Soc Lond B 270:
407-415

Tsurusaki N (1980) A new species of marine interstitial Tardigrada
of the genus Hypsibius from Hokkaido, northern Japan. Annot
Zool Jap 53: 280-284

Villora-Moreno S (1996) Ecology and distribution of the Diurodrili-
dae (Polychaeta), with redescription of Diurodrilus benazzii.
Cah Biol Mar 37: 99-108

Westheide W (1972) La faune des polychétes et des archiannélides
dans les plages sableuses a ressac de la cote Mediterranéene
de la Tunisie. Bull Inst Natl Sci Tech Océanogr Péche
Salammbd 2: 449-468

Westheide W, Purschke G (1988) Organism processing. In “Intro-
duction to the Study of Meiofauna” Ed by RP Higgins, H Thiel,
Smithsonian Institution Press, Washington D.C., pp 146-160

Whiting MF, Carpenter JM, Wheeler QD, Wheeler WC (1997) The
Strepsiptera problem: phylogeny of the holometabolous insect
orders inferred from 18S and 28S ribosomal DNA sequences
and morphology. Syst Biol 46: 1-68

Wolff JW, Sandee AJJ, Stegenga H (1980) The Archiannelida of the
estuarine area of the rivers Rhine, Meuse and Scheldt, with
some remarks on their ecology. Netherl J Sea Res 14: 94—101

Worsaae K, Kristensen RM (2005) Evolution of interstitial Poly-
chaeta (Annelida). Hydrobiologia 535/536: 319-340

Worsaae K, Rouse GW (2008) Is Diurodrilus an annelid? J Morphol
269: 14261455

Yamasaki H, Hiruta SF, Kajihara H (2013) Molecular phylogeny of
kinorhynchs. Mol Phylogenet Evol 67: 303-310

Yamauchi S, Kajihara H (2018) Marine Macrodasyida (Gastrotricha)
from Hokkaido, northern Japan. Spec Divers 23: 183-192

(Received December 24, 2017 / Accepted December 25, 2018)

Access provided by Zoological Society of Japan



