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ABSTRACT

We isolated a species of tardigrade from moss samples collected from Langhovde and Skarvsnes, near Syowa station, East Antarctic,
from which we cultured a parthenogenetic strain in Petri dishes with co-occurring cyanobacteria or green algae. This culture was
maintained at both 4 and 10°C, though the latter proved more suitable for growth. Eggs were laid free, rather than in exuviae. We
isolated the 18S rRNA sequences from this tardigrade, identical to that of Acutuncus antarcticus from King George island, South Shetland
islands. Morphological analyses via both light and scanning electron microscopy also show general agreement with characteristics of
A. antarcticus: dorsal and ventral apophyses for the insertion of stylet muscles and dorsal longitudinal thickening on the anterior part
of buccal tube; presence of pharyngeal apophyses, two macroplacoids and absence of a microplacoid; the surface structure of egg;
and claw shape. Peribuccal lamellae were absent, but six oval swellings surrounded the mouth opening. An additional study of moss

pillars from lake Hotoke-ike, Skarvsnes, proved the existence of the same tardigrade taxon living at the bottom of the lake.
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INTRODUCTION

A number of tardigrades have been described near
Syowa station, the Japanese Antarctic research station
(69°00°S and 39°35°E) on East Ongul island, Lutzow-
Holm bay, East Antarctica. Morikawa (1962) studied
about 100 tardigrade individuals from a pond on the is-
land, including four Diphascon ongulense (Morikawa,
1962) and the remainder described as Hypsibius arcticus
(Murray, 1907) which is now considered as Acutuncus
antarcticus (Richters, 1904) (Dastych, 1991; Pilato and
Binda, 1997). Sudzuki (1964) described six species from
moss samples collected at Langhovde, about 20 km south
of the Ongul islands, including: Hypsibius antarcticus
(Richters, 1904) (now A. antarcticus; Dastych, 1991),
Hypsibius mertoni shimoizumii Sudzuki, 1964 (now con-
sidered as synonym of A. antarcticus; Dastych, 1991),
Diphascon langhovdense (Sudzuki, 1964) Dastych, 2002,
two unidentified hypsibids and Milnesium tardigradum
Doyeére, 1840. Later, Utsugi and Ohyama (1989) reported
that H. arcticus was widely distributed close to Syowa sta-
tion and both H. arcticus and D. ongulense at Langhovde.

The identification problems associated with older
records resulted from limited information are problematic
for modern nomenclature. Moreover, H. arcticus was
often confused with H. antarcticus but the existence of H.
arcticus in the Antarctic region is now thought doubtful
(Dastych, 1991). Furthermore, Pilato and Binda (1997)
erected a new genus Acutuncus with the original Macro-
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biotus antarcticus Richters, 1904 as the type species.
Therefore, all H. arcticus reported from the Syowa station
environs are now recognised as A. antarcticus, one of the
most widespread species in Antarctica (Mclnnes, 1995).
We felt it timely to confirm this assumption by re-exam-
ining the taxa found around Syowa station with modern
molecular methods as well as ultrastructure morphology.
We analysed the genomic sequence, morphology and life-
history of 4. antarcticus, collected from moss near Syowa
station, to discuss the circumstances and problems sur-
rounding previous records of this species.

METHODS

Antarctic moss samples were collected at Skarvsnes
(S69°29.751° E39° 37.818’) and Langhovde (S69° 14.511°
E39° 43.713), Soya coast, East Antarctica (Fig. 1), on 7
and 13 February 2011, respectively, during the 52™ Japan-
ese Antarctic Research Expedition (JARE-52,2010-2012).
The samples were enclosed in plastic bags and stored in a
4°C refrigerator after collection. Living tardigrades were
isolated from the samples and transferred to a plate con-
taining 1.8% agar, 1x Bold Modified Basal Freshwater Nu-
trient Media (BMBFN) (Sigma Aldrich Inc., St Louis, MO,
USA) and 5 ug mL" cholesterol with thin layer of distilled
water (about 5 mL for 10 cm diameter plate). They were
cultivated under dim light for a 12 h photoperiod at 4 or
10°C with about 200 pL of water containing algae, bacteria,
and fungi also extracted from the moss. To establish an iso-
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genic line of this parthenogenetic species, a single young
female tardigrade without mature gonad was picked and
transferred to a new plate for several generations. Each
process was operated in sterile conditions to avoid contam-
ination. The cultures were maintained by transferring 10-
20 tardigrades to a new BMBFN plates with water
containing cyanobacteria and green algae, twice a year.
Small amount of distilled water were supplied to keep thin
layer on the surface of the agar every two months.

Three tardigrades of the isogenic line were individually
transferred to 20 uL of 0.25 N NaOH in 0.2 mL tubes, and
kept at room temperature for 12 h (Stanton et al., 1998).
This lysate was then heated for 3 min at 95°C, and 4 uL of
1 M HCl and 10 uL of 0.5 M Tris-HCI (pH 8.0) were added
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Fig. 1. The location of Syowa station (box in the upper
left corner) and sampling sites.

to neutralize the base followed by 1 uL of 2% Triton X-
100. The lysate was heated for a further 3 min at 95°C and
stored at -20°C until further processing. Polymerase Chain
Reaction (PCR) amplification was subsequently performed
on genomic 18S rDNA, 28S rDNA loci and mitochondrial
cytochrome oxidase ¢ subunit 1 (COI) locus in a 20 uL re-
action volume, containing 0.5 uL of lysate templates, 2 uLL
of 10x reaction buffer with 2.5 mM MgCl2, dNTP-mix at
200 uM each, 1 uM each primer and a 0.5 unit of ExTaq
polymerase (Takara Bio Inc., Otsu, Japan). The PCR primer
sequences used for 18S rDNA were SSUO4F (GCTT-
GTCTCAAAGATTAAGCC) and SSUSIR (TGATCC-
(A/T)(T/G)C(C/T) GCAGGTTCAC) (Blaxter et al., 1998),
those used for the D2D3 region of 28S rDNA were used
#391 (AGCGGAGGAAAAGAAACT) and D3B (TCG-
GAAGGAACCAGCTACTA) (De Ley et al., 1999), and
for COI were LCO1490 (GGTCAACAAATCATAA-
GATATTGG) and HCO2198 (TAAACTTCAGGGTGAC-
CAAAAAATCA) (Sands et al., 2008). PCR conditions
were: 94°C for 2 min, followed by 40 cycles of 94°C for
10 sec, 52°C for 30 sec, and 72°C for 1 min, for 40 cycles,
and 72°C for 10 min (Kagoshima et al., 2012). PCR prod-
ucts were separated by agarose gel electrophoresis and pu-
rified using QIAquick Gel Extraction kit (Qiagen,
Germantown, MD, USA). Sequencing reactions were per-
formed with Big-Dye terminator cycle sequencing kits, and
run on the ABI 3130x1 analyser (Applied Biosystems, Fos-
ter City, CA, USA). Sequences were assembled and com-
pared with published sequences in GenBank by BLAST
search (Altschul ez al., 1997).

Additional samples were extracted from specimens of an
Antarctic moss pillar collected on January 19, 2000, during
the JARE-42, at lake Hotoke-ike (69°280 S, 39°340 E),
Skarvsnes, about 50 km south of Ongul island. These moss
specimens were stored at -40°C, thawed once for the meta-
genomic analysis by Nakai ef al. (2012), and the remainder
was refrozen and stored at -20°C. We thawed this material
and filtered through 1 mm and 32 wm mesh screens, exam-
ining the 32 wm fraction by stereomicroscope. Genomic
analysis of the tardigrades extracted from the moss pillar
samples was carried out as above.

Specimens for light microscopy were initially fixed for
a few minutes in acetic acid before moving to 10% for-
malin, and mounted on slides with glycerol or Hoyer’s
medium. They were observed with Olympus BX-50 dif-
ferential interference contrast (DIC) microscope equipped
with a digital camera (NEX-5N; Olympus Corporation,
Tokyo, Japan). Measurements were made using the Pho-
toshop (Adobe) digital image measurement tool. The pt
ratio following Pilato (1981) was used for comparison,
i.e. the ratio of the buccal tube length to the length of any
sclerotised parts, which is expressed as a percentage in
brackets (Tab. 1). For scanning electron microscopy
(SEM), fixed specimens were dehydrated in a series of -
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butanol (2-methyl-2-propanol), freeze dried in a JEOL
JFD-320, mounted on aluminium stabs and observed with
JEOL JSM-6510 at 10-15 kV.

RESULTS
Culture

Tardigrades were extracted from moss colonies [Bryum
pseudotriquetrum (Hedw.) G. Gaertn., B. Mey. & Scherb.,
Bryum argenteum Hedw. and Ceratodon purpureus
(Hedw. (Brid.)] collected from the two sites, Skarvsnes
and Langhovde, Soya coast, East Antarctica. Although we
cannot certify the original locality of the cultured tardi-
grades, each sample site produced the same tardigrade
species. The tardigrades from the moss samples were first
isolated and put on an agar plate on 8 June 2011 under a

dim light at 10 and 4°C. After two months, we found a
number of tardigrades feeding on cyanobacteria or green
algae isolated from the moss samples. On 25 August 2011
six individual tardigrades were isolated with cyanobacte-
ria and green algae and transferred to separate plates,
which were maintained at 4 or 10°C. After three months,
tardigrades were observed in all six dishes, but more an-
imals had reproduced at 10 than 4°C. An isogenic line was
chosen and it has, to date, been maintained for 17 months.

Tardigrades were observed walking slowly on the agar
and apparently feeding on either cyanobacteria or green
algae. In life, the body appeared transparent or white
under dark field illumination as a result of the storage cells
that fill all the post-head body (Fig. 2a). Large eyes were
always present and the intestine was usually green but
sometimes grey-green while faeces were often a much

Tab. 1. Measurements in um and [pf ratio] of a Hoyer specimen and three glycerol specimens of adults.

Hoyer Glycerol 1 Glycerol 2 Glycerol 3
Body length 452.9 403.2 410.4 373.8
Buccal tube length 42.5[100.0] 40.6 [100.0] 42.0[100.0] 35.3[100.0]
Buccal tube width 4.5[10.6] 4.210.3] 4.5[10.7] 4.1[11.6]
Stylet support insertion 27.5[64.7] 26.9 [66.3] 28.6 [68.1] 23.0 [65.2]
1** Macroplacoid 6.3 [14.8] 6.8 [16.7] 6.9[16.4] 5.7[16.1]
2" Macroplacoid 5.5[12.9] 5.8[14.3] 6.0 [14.3] 5.1[14.4]
Placoid row length 14.3 [52.0] 14.6 [54.3] 14.9 [52.1] 12.7 [55.2]
Pharynx length 37.7 [88.7] 43.1[106.2] 42.0[100.0] 35.6 [100.8]
Internal claw, 1* leg 17.7 [41.6] 16.2 [39.9] 18.0 [42.9] n.d.
External claw, 1%'leg 25.2 [59.3] 22.9[56.4] 22.2[52.9] 23.3[66.0]
Anterior claw, 4™ leg 16.9 [39.8] 18.0 [44.3] n.d. 15.4 [43.6]
Posterior claw, 4" leg 27.3 [64.2] 31.2[76.8] n.d. 26.3 [74.5]

n.d., not determined.

Fig. 2. The live images of cultured tardigrade (using a differential interference contrast microscope). a) Anterior profile;
b) egg. The bucco-pharyngeal apparatus of the embryo is seen in it. Many algal cells are attached to the egg-shell surface.
Scale bars of a) and b)=50 um.
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brighter green than the environmental algae. Eggs are
mostly laid freely, i.e. not in the exuvia. The sticky sur-
faces are often covered with algae and other detritus par-
ticles. Bucco-pharyngeal apparatus of the embryo often
visible in the egg (Fig. 2b). Most exuviae were found
without eggs, though there were a few, rare occasions
when eggs were seen in the old skins. Although the natu-
ral shape of the exuviae was not fully extended, rounded
slightly, their length should represent their development
profile. Therefore, we provide a histogram of the length

of seventy-eight exuviae measured from their natural im-
ages under stereomicroscope (Fig. 3).

Morphology

Morphological characters of cultured tardigrades were ob-
served on one adult specimen mounted in Hoyer’s medium
and three mounted in glycerol (Figs. 4 and 5; Tab. 1). Sur-
face ultrastructures were observed with SEM specimens
(Figs. 6a-d). Body length, 373.8-452.9 wm; cuticle smooth;
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Fig. 3. Exuviae of cultured tardigrades. Stereomicroscope image (top) and the histogram of the length of seventy-eight

exuviae (bottom). Scale bar=500 um.
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mouth situated antero-ventrally. Buccal apparatus Acutun-
cus-type; buccal tube 35.3-42.5 um long and 4.1-4.5 um [pt
10.3-11.6] wide. The stylet support inserted at 23.0-28.6 wm
[pt 64.7-68.1]. Dorsal and ventral apophyses for the stylet
muscles of buccal tube, in lateral view, with dorsal longitu-
dinal thickening behind the apophysis (Fig. 5a). The phar-
ynx nearly spherical with apophyses and two macroplacoids
(Fig. 5b), first macroplacoid 5.7-6.9 um [pz 14.8-16.7] long
and slightly constricted in the middle (Fig. 5b); second
macroplacoid 5.1-6.0 um [pt 12.9-14.4] long. First/second
macroplacoid ratio 1.1-1.2. Microplacoid absent (Fig. 5b).
Placoid row 12.7-14.9 um [pt 52.0-55.2]. Peribuccal lamina
or papilla absent but the SEM image shows six oval struc-
tures surrounding the mouth opening (Fig. 6¢).

Claws asymmetric, external claw longer than the internal
on legs I-111 (leg I, 16.2-18.0 um and 22.2-25.2 wm, respec-
tively) and posterior claw longer than the anterior of leg [V
(15.4-18.0 wm and 26.3-31.2 wm, respectively) (Fig. 6b).

Eggshell consists of numerous spine or rod-like
processes and outer transparent sheath (Fig. 6d). Dimen-
sions of live eggs (n=18) including eggshell in the long
and short diameter are 80.9 um (SD=6.0) and 75.2 um
(SD=4.2), respectively. The mean thickness of the
eggshell is 2.4 wm (SD=0.2). Egg processes have variable
length and shape (Fig. 6d).

Sequence analyses

DNA amplification and sequencing of three individuals
was successful for 18S ribosomal RNA (rRNA) sequences,
a highly variable region (D2-D3 region) of 28S rDNA se-
quences, and cytochrome oxidase subunit I (COI) gene in
mitochondrial DNA (accession no. AB753790 for 18S
rRNA, AB753791 for 28S rRNA, and AB753792 for COI
in DNA data bank of Japan (DDBJ)). The sequence read of
18S rRNA was a perfect match to A. antarcticus previously
reported from King George island (GenBank accession no.
EU266943). No live tardigrades were recovered from a
lake Hotoke-ike moss pillar sample, though eight individ-
uals were extracted and analysed for 18S rRNA sequences.
Seven samples were too decomposed and yielded only fun-
gal sequences, but one sample provided the sequence (ac-
cession no. AB753858), which was identical to the
tardigrade cultured from our terrestrial mosses.

DISCUSSION

A complicated situation had arisen around the identifi-
cation of Acutuncus antarcticus until the re-discovery and
the re-description of Richters (1904) type material by
Dastych (1991) and the subsequent erection of new genus
by Pilato and Binda (1997). The difficulty surrounding

Fig. 4. Tardigrade specimens from the culture (using a differential interference contrast microscope). a) Mounted in glyc-
erol; b) mounted in Hoyer’s medium. Scale bars of a) and b)=100 um.
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the problematic Hypsibius arcticus has yet to be eluci-
dated, which has neither type specimen nor sufficient
original description.

The tardigrade cultured in the present study had identical
DNA sequences to A. antarcticus from King George island,
South Shetland islands, Maritime Antarctica (accession no.
EU266943). Sands et al. (2008) mentioned the difficulty of
identification prior to the molecular analysis; the voucher
specimens of the registered sequence of 4. antarcticus
proved to be a mix of A. antarcticus with Hypsibius dujar-
dini type and H. pallidus type. The latter two species, as is
the norm for Hypsibius taxa, oviposit in exuviae. Therefore,
even though these tardigrades are very difficult to distin-
guish, especially under a low magnification stereomicro-
scope, in live culture the usual mode of free oviposition of
A. antarcticus may be a useful method to distinguish it from
hypsibid tardigrades, which lay eggs in exuviae. Our cul-
tured tardigrades usually produced free laid eggs, and the

egg morphology, as well as other characteristics, showed
good agreement with the re-described characters of H.
antarcticus (Dastych, 1991). The detailed structures of the
egg processes and the outer sheath were also confirmed by
SEM in this study; however, the twelve peribuccal papulae
described by Pilato and Binda (1997), and which was also
adopted as a key character of the genus Acutuncus (Pilato
and Binda, 2010), were not found in the present specimens,
although six oval swellings were observed surrounding the
mouth opening. The oval swellings could be the same struc-
tures described as peribuccal lobe (Schuster et al., 1980).
Another key character, the dorsal and ventral apophyses for
the stylet muscles agreed with the accentuated hooks dia-
gram of Acutuncus type (Marley et al., 2011).

In the first record of tardigrades around Syowa station,
Morikawa (1962) found H. arcticus in a small (about 2 mL)
clump of the blue-green algae and diatoms collected from a
pond on Ongul island. Although the egg structure was sim-

Fig. 5. The bucco-pharyngeal apparatus (using a differential interference contrast microscope). a) Lateral view of buccal
tube; b) pharynx. Bt=buccal tube, da=dorsal apophysis for the insertion for stylet muscles, dlt=dorsal longitudinal thick-
ening, mal=1% macroplacoid, ma2=2" macroplacoid, pa=pharyngeal apophysis, pb=pharyngeal bulb. Scale bars of a) and

b)=10 wm.
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ilar to that of A. antarcticus in respect to the egg shell with
many protrusion and outer sheath, this tardigrade laid eggs
in the exuvia. There is, therefore, the possibility that this H.
arcticus was something other than 4. antarcticus.

Sudzuki (1964) described a new subspecies H. mertoni
shimoizumii, which was subsequently recognized as
species H. shimoizumii by Ramazzotti and Maucci (1983),
but now interpreted as a junior synonym of H. antarcticus
(Dastych, 1991). There was no information about H. shi-
moizumii eggs (Sudzuki, 1964). Confusingly, Sudzuki
(1964) also distinguish H. antarcticus with a smooth
eggshell. None of these specimens have been preserved
(Dastych, 1991) and, in this circumstance, we could de-
rive no definitive information from this report.

Utsugi and Ohyama (1989) reported that H. arcticus
was widespread in the area close to Syowa station. The
egg morphology coincided well with 4. antarcticus, but
they described the eggs laid separately or in moulted cu-

ticle (Utsugi and Ohyama, 1989). McInnes (1995) also
described that the eggs of H. antarcticus (=A. antarcticus)
had been found both free and in exuvia. We suggest there
might be two different species or a different strain, one
with in exuvia mode of oviposition as described in H.
arcticus. Alternatively, there might be two egg-laying
strategies in the same parthenogenetic strain of A.
antarcticus that are controlled by factors as yet not under-
stood. In our cultured tardigrades, although oviposition in
exuviae was actually observed, it occurred at a very low
frequency. Therefore, another option is that the timing of
egg-laying, i.e. before or after shedding exuvia, should be
strictly kept in bisexual reproduction but may be loosely
regulated in the parthenogenetic strain.

Dougherty (1964) reported on the cultivation of H. arcti-
cus from freshwater algae at Ross island. His first trial with
live tardigrades from a pond, was not successful, however,
the culture succeeded with individuals from dried algal mat,

Fig. 6. Scanning electron microscopy-micrograph of the cultured tardigrade. a) Habitus. An egg is accidentally attached
on the ventral side of this specimen at the third pair of the legs; b) claws of the 4th pair of leg; c) rostral part or the tardi-
grade. Six oval swellings surround the mouth opening; d) egg. Outer sheath, mostly broken in this photograph, comprises
a mesh-like structure. Scale bars of a)=50 um, of b-d)=10 um.
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which demonstrated that this tardigrade was a freshwater
species with the capacity for anhydrobiosis. Everit (1981)
showed very high density (maximum 470 individuals/g wet
weight algal mat) of H. arcticus (=A. antarcticus) in deep
lake Tarn, Vestfold hills. In King George island, H. arcticus
(=A. antarcticus) dominated among most environments of
ponds, streams and moss banks (Janiec, 1996). Nakai ef al.
(2012) found tardigrade gene sequences from the moss pillar
at lake Hotoke-ike, Skarvsnes, which is a tower-like struc-
ture comprising mainly 243 algae and mosses (Imura ef al.,
1999). Their meta-genomic analysis revealed that the outer
layer of the moss pillar was a good habitat for freshwater
tardigrades (Nakai et al., 2012), showing the sub-dominant
existence of two tardigrades showing high homology with
18S rRNA gene sequence of Diphascon pingue type and A.
antarcticus. We confirmed the existence of tardigrades from
the moss pillar, with one of these individuals exhibiting an
identical 18S rRNA gene sequence with that of our cultured
tardigrade. It is certain that A. antarcticus is widely distrib-
uted in Antarctica, including terrestrial moss, which is ex-
posed to freezing and drying, and in the depths of the
shallow lakes that do not freeze even in winter. An interest-
ing question to ask is whether any genetic differences are
found between the individuals living these two very differ-
ent environments. Our cultured strain must therefore be a
useful control or indicator for future research.

CONCLUSIONS

We succeeded in establishing a tardigrade culture from
moss sampled near Syowa station, East Antarctica which
feeds on cyanobacteria or green algae. 18S rRNA se-
quence confirmed its identity with Acutuncus antarcticus
from South Shetland islands. Free laid eggs and morpho-
logical characters also agreed with the re-description of
this species.
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