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Abstract.— Glaciers and ice sheets are considered a biome with unique organism
assemblages. Tardigrada (water bears) are micrometazoans that play the function of apex
consumers on glaciers. Cryoconite samples with the dark-pigmented tardigrade
Cryoconicus gen. nov. kaczmareki sp. nov. were collected from four locations on
glaciers in China and Kyrgyzstan. The erection of the new genus is based on a unique
combination of morphological traits as well as on phylogenetic analyses. The analysis of
COI sequences in the new species revealed high genetic differentiation with 9 haplotypes
shared among 13 sequenced individuals from three sequenced populations. There was no
apparent geographic structure in COI haplotype diversity, which might indicate effective
dispersal abilities of the new species. A recovery of numerous live individuals from
a sample that was frozen for 11 years suggests high survival rates in the natural
environment. The ability to withstand low temperatures, combined with dark pigmentation
that is hypothesised to protect from intense UV radiation, could explain how the new taxon
is able to dwell in an extreme glacial habitat. We also found that a rare mountain
tardigrade Ramaczzottius cataphractus (Maucei, 1974) is morphologically similar to the
new species, therefore we propose to transfer it to the new genus. Our study indicates that
glacier invertebrate fauna is still poorly known and requires intense research.
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INTRODUCTION

Glaciers and ice sheets constitute ca. 10% of the
land surface and are the reservoirs of ca. 70% of fresh-
water on Earth (e.g. Anesio and Laybourn-Parry 2012).
Despite low temperatures, high doses of UV radiation,
intense melting and water drainage from glacier sur-
face, they are habitats for a number of organisms,
including microinvertebrates (Mueller ef al. 2001,
Takeuchi et al. 2001, Zawierucha et al. 2015, 2016,
2018). Glaciers and ice sheets are currently considered
biomes with distinet biogeographical structuring and
unique organism assemblages adapted to extreme con-
ditions (Anesio and Laybourn-Parry 2012, Boetius et
al. 2015). The surface of glaciers is typically covered
with mineral and organic dust which, together with
microorganisms, form glaciers granules (e.g. McIntyre
1984, Hodson et al. 2008, Cook et al. 2015) termed the
‘cryoconite’. These granules are highly biologically
active consortia of microorganisms that reduce glacier
albedo and influence ice melting and formation of
water reservoirs, ‘cryoconite holes’ (Wharton el al.
1985, Takeuchi et al. 2001, Hodson et al. 2010, Cook et
al. 2015). The ecology and biology of cryo-sphere has
been the subject of intensive studies in recent years
(e.g. Boetius et al. 2015, Cook et al. 2015, Hotaling el
al. 2017). The majority of previous works focused on
microbe diversity (e.g. Grzesiak et al. 2015, Franzetti
et al. 2016), organic matter and carbon budget (Stibal
et al. 2010, 2012, 2015), biocryomor-phology (e.g. Cook
et al. 2016), physiology and meta-bolism of cryoconite
microorganisms (e.g. Gawor et al. 2016), bioalbedo
(e.g. Yallop et al. 2012, Di Mauro et al. 2017), and con-
tamination of supraglacial ecosystems (e.g. Ferrario el
al. 2017). However, despite the first studies on organ-
isms inhabiting glacial ecosystems took place as long
ago as at the end of the 19'" century (e.g. Drygalski
1897), our knowledge of the diversity and ecology of
glacier microinvertebrates, which often are apex con-
sumers in these extreme ecosystems, is far from satis-
factory (Zawierucha et al. 2015, 2018).

One of such poorly studied metazoan groups found
on glaciers are tardigrades. Tardigrada, also known as
water bears, are a cosmopolitan phylum of microinver-
tebrates (ca. 0.5 mm in length) that live in a wide vari-
ety of aquatic and terrestrial environments, from ocean
depths to mountain tops, including harsh ecosystems
such as polar deserts and glaciers (e.g. Nelson et al.
2015, Zawierucha et al. 2015). Although all tardigrades
require a film of liquid water to be active, many lim-
noterrestrial species can withstand unfavourable envi-
ronmental conditions thanks to the ability to enter
cryptobiosis, a latent state under which tardigrade
metabolism is undetectable (e.g. Wright 2001, Jonsson
and Bertolani 2001, Nelson et al. 2015). For example,
thanks to anhydro- and cryobiosis, water bears can

survive periodic drying and freezing, respectively. In
fact, during the cryptobiotic state, tardigrades are even
able to withstand the open space conditions and hence
they are considered to be among the toughest animals
on Earth (Guidetti ef al. 2012). Up to now, more than
1200 tardigrade species have been described through-
out the globe (Guidetti and Bertolani 2005, Degma and
Guidetti 2007, Degma et al. 2009-2016). However, only
several of them have been reported exclusively from
glaciers, specifically from cryoconite holes: Hypsibius
klebelsbergi Mihel¢i¢, 1959 from the Alps, H. jane-
tscheki Ramazzotti, 1968 and H. thaleri Dastych,
2004 from the Himalayas, Hypsibius sp., Isohypsi-
bius sp. and one species of Ramazzottiidae from Sval-
bard archipelago (Dastych et al. 2003, Dastych 2004,
Zawierucha et al. 2015, 2016).

The family Ramazzottiidae (Eutardigrada: Para-
chela) was erected by Sands ef al. (2008) and current-
ly comprises four genera with 37 species, with the most
species rich being the genus Ramazzottius Binda and
Pilato 1986. The family is characterised by asymmetri-
cal double claws elongated external and posterior pri-
mary branches, apophyses for the insertion of stylet
muscles in the form of ‘blunt hooks’, and ornamented
eggs. Whereas the basal claw and both branches are
unified into a single element in internal and anterior
claws, the external claws have the primary branch
joined to the secondary branch and the basal part by
a flexible, sometimes transparent, junction (Marley et
al. 2011). Currently, molecular phylogenetic analyses
within limnoterrestrial Tardigrada are limited to only
a few studies (Sands ef al. 2008, Guil and Giribet, 2012,
Guil et al. 2013, Bertolani et al. 2014), all with frag-
mentary data on Ramazzottiidae. Moreover, molecular
data on glacier dwelling tardigrades are restricted only
to one species, Hypsibius klebelsbergi Mihelcic,
1959, inhabiting Alpine glaciers (Kiehl et al. 2007,
D'Haese et al. 2011, Dabert ef al. 2015). Jorgensen
et al. (2007) showed high mitochondrial diversity in
a species of a terrestrial heterotardigrade. They found
11 COI haplotypes in 14 populations of Eclhiniscus tes-
tudo (Doyere, 1840) collected from three continents,
and they interpreted the wide geographic range of the
species as evidence for high dispersal potential of
FE. testudo (see also Jorgensen et al. 2013 and Gasio-
rek et al. 2017). Moreover, mitochondrial DNA diversi-
ty within glacier invertebrate species has been report-
ed by Hartzell et al. (2005) and Dial ef al. (2012) in
oligochaetes endemic to North America, Mesenchy-
traeus sp. (also known as ice worms), and by Shain et
al. (2016) in Icelandic rotifers. Hartzell ef al. (2005),
using COI, revealed the presence of two geographically
distinct clades of oligochaetes in North America (north-
ern and southern). Dial ef al. (2012) found similar
results and, by sequencing COI and 18S rRNA,
showed restricted active gene flow between glaciers
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throughout evolutionary history of the species (Dial et
al. 2012). A study conducted on Iceland showed that
rotifers collected from three glaciers exhibit high mito-
chondrial diversity that suggesting the persistence of
rotifer lineages during glacial/interglacial cycles
(Shain et al. 2016). The handful of available examples
show that despite an increasing interest in glacier
invertebrates, data on their morphological as well as
molecular diversity are still extremely scarce (Za-
wierucha et al. 2015, 2016).

With ca. 174000 square kilometres of ice cover,
Asia is the fourth most glaciated region in the world,
surpassed only by the Antarctic, Arctic and South
America (World Glacier Monitoring Service, Narama et
al. 2010, Li et al. 2011, Farinotti et al. 2015). The gla-
cier-covered area in Central Asia has shrunk signi-
ficantly within last fifty years, with the estimated
decrease of ca. 9-35% (Bolch 2007, Narama el al.
2010, Li et al. 2011, Farinotti et al. 2015). Despite the
fact that glaciers are among the most endangered habi-
tats on the planet (Hodson et al. 2008, Anesio and
Laybourn-Parry 2012, Vaughan ef al. 2013), the num-
ber of studies on animals of Asian glaciers is limited to
a few faunistic surveys (Zawierucha et al. 2015). Due
to rapid climate change, studies on the organisms
constituting the glacier biome are an urgent task (Ane-
sio and Laybourn-Parry 2012, Zawierucha et al. 2015).

1340 km

1o AE ARSI

In our study, we have analysed cryoconite samples
collected at 3934-4830 m a.s.l. from glaciers in Tien
Shan (China and Kyrgyzstan) and Qilian Shan (China).
In these samples, we found a new tardigrade genus
that we describe here by means of integrative taxono-
my, Z.e. by combining light and scanning electron mi-
croscopy imaging with sequencing of nuclear and mito-
chondrial DNA fragments, two conservative (18S rRNA,
28S rRNA) and two variable (ITS-2, COI). Moreover, we
investigated the variability of the mitochondrial COI
sequences within and between the populations of the
new taxon, separated by distances from ca. 525 to ca.
1700 km.

MATERIAL AND METHODS

Samples and specimens

Cryoconite samples were collected from four moun-
tain glaciers between 2003 and 2007 (see Table 1 and
Fig. 1 for sampling details and localities, more informa-
tion on the study area can be found in Takeuchi et al.
2005, 2008, Takeuchi and Li 2008). As described in the
previous studies (Takeuchi et al. 2005, 2008, Takeuchi
and Li 2008), the ablation ice surfaces on all of the
four glaciers were densely covered with cryoconite

525 km

1015 km

1700 km

A

Figure 1. Study area with sampled populations of Cryoconicus gen. nov. kaczmareki sp. nov. (see Table 1 for details) and geographic distances

between them. Colour codes for the four sampled populations: red = CN.001 (Quilian Shan, Qiyi Glacier), yellow = CN.002 (Tien Shan, Uriimqi No.1

Glacier), white = CN003 (Tien Shan, Miaoergou Glacier), blue = KG.001 (Tien Shan, Grigoriev Ice Cap). Population colours correspond to colours

in the COI haplotype network (Fig. 11). Colours of the map correspond with topographical features: green = flatlands, brown = mountain
ranges. Map from Apple iPhoto Map.
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Table 1. The list of the eryoconite samples, all collected by Nozomu Takeuchi, containing Cryoconicus gen. nov. kaczmarelki sp. nov. investigated in this study, with collection, analysis and

type designation details. Abbreviations: E — ethanol, F — formaldehyde, I — water ice, QY, UM, MG are slide codes, PCM - phase contrast light microscopy, SEM — scanning electron microscopy,

DNA - DNA sequencing. More details on the study area are available in Takeuchi ef al. (2005), Takeuchi and Li (2008), and Takeuchi et al. (2008).
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ranging from ca. 30 to ca. 1100 g m? (Fig. 2(A-B)). The
samples, each approximately of 15-45 cm?® in volume
(15 em? in area and 1-3 cm in depth, including ca.
36 cm® of cryoconite granules), were collected with
a stainless-steel scoop. The samples were then pre-
served with 1 ml of 70% ethanol, or 1 ml of 36% for-
maldehyde, or frozen (see Table 1 for details). Tardi-
grades were isolated from the samples in May-June
2014 and processed for various analyses, depending on
preservation method. Specifically, all specimens from
formaldehyde and some from ethanol were mounted on
permanent slides for imaging and morphometry in
phase contrast light microscopy (PCM) or fixed for
imaging in scanning electron microscopy (SEM). The
remaining ethanol-preserved individuals were used for
DNA sequencing. Some of animals from the defrosted
samples were alive (35 individuals) and were placed on
culture dishes in an attempt to obtain eggs (of which
none were isolated from the original samples) where-
as dead tardigrades were mounted on microscope
slides. Live animals were cultured according to Stec

Figure 2. The Urumqi No.1 Glacier (site CN.002-003): A — a typical

habitat of Cryoconicus gen. nov. kaczmareki sp. nov., B — A close-up

of the glacier surface with water film, cryoconite granules and

individuals of Cryoconicus gen. nov. kaczmareki sp. nov. (several
are indicated by arrowheads).
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et al. (2015). Additionally, several individuals of five
different Ramazzottius species from various loca-
tions (including a strain of Ramazzottius varie-
ornatus Bertolani and Kinchin, 1993 kindly provided
to us by Daiki Horikawa and Kazuharu Arakawa),
were used to obtain ITS-2, 28S rRNA and COI se-
quences for comparisons with the new genus (details in
Table 2).

Microscopy and imaging

For PCM, specimens were mounted in Hoyer’s
medium prepared according to Morek et al. (2016) and
examined under a Nikon Eclipse 50i associated with
a NVikon Digital Sight DS-L2 digital camera. Tardi-
grades for SEM were processed according to Stec et al.
(2015), i.e. subjected to a water/ethanol and an ethanol/
acetone series, dried in CO, critical point, and sputter-
coated with an ultrathin layer of gold. Bucco-pharyn-
geal apparatuses were extracted following a sodium
hypochlorite (NaClO) protocol by Eibye-Jacobsen
(2001) with modifications described thoroughly in
Gasiorek ef al. (2016). Specimens and buccal appara-
tuses were examined under high vacuum in a Versa 3D
DualBeam SEM at the ATOMIN facility of the Ja-
giellonian University. All figures were assembled in
Corel Photo-Paint X6, ver. 16.4.1.1281. For deep struc-
tures that could not be fully focused in a single photo-
graph, a series of 2-5 images were taken every ca. 0.2
pum and then assembled manually into a single deep-
focus image.

Morphometrics and nomenclature

Sample size for morphometrics was chosen follow-
ing recommendations by Stec ef al. (2016). All meas-
urements are given in micrometres (um) and were per-
formed under PCM with the NVikon Digital Sight DS-
L2 software. Structures were measured only if their
orientations were suitable. Body length was measured
from the anterior to the posterior end of the body,
excluding the hind legs. The pt ratio is the ratio of the
length of a given structure to the length of the buccal
tube, expressed as a percentage (Pilato 1981). The
morphology of the apophyses for the insertion of the
stylet muscles were compared with Pilato (2013). Ma-
croplacoid length sequence is given according to Kacz-
marek et al. (2014a). Terminology for the structures
within the bucco-pharyngeal apparatus and for the claws
follows that of Pilato and Binda (2010) and Gasiorek et
al. (2017). Claws were measured following Beasley et
al. (2008). Morphometric data were handled using the
“Parachela” ver. 1.2 template available from the Tar-
digrada Register (Michalczyk and Kaczmarek 2013).
Tardigrade taxonomy follows Bertolani et al. (2014).

Table 2. The list of Ramazzottius taxa, with their collection details, genotyped for the phylogenetic and genetic distances analysis.

x 2
Q< KS) 5 4 2
o c [o] Q = ©
o o X
= 5 < = o =
O @] o = =
2 o = N @ o
e 9] Y— O T
o ko) N i} © =
w -—
[ o N b= T
< x 4 ©
N
ad —
X
S el < [<o} To)
E=2) < < S S <
S < < ™ < 8
_-c el ~ ~~ Al
) o o o o N
I5) N N N N
2
) ) )
[0} c rs) c c o
S S ° 9 S 2
- n [2) 2] (o]
o c S c c ©
o o ® o o c
IS 1] » » » (]
© Q o Q Q »
o) o £ o] o 7
IS IS 1S o
1S
c c
2| 3
c
: —
) ®
g 2 g
> e Fe [2] Ne @®©
o [§] [} = © -
© ® 7 Q. c -
o £ S n N o
o S >
| o = © o 8_
(%) © Q
2 Q ©
5 g @
X w
>
= ®© c z o c
£ 5 S s 5
S 2] IS 2 © Q
[e] > > o [¢) ©
O < 1) z [aB -
8 | ZuZgZW=Zu=Zuw=|ZzY <
T oNgomm® AT N2 2 Y @
C:EOS"EEDS\I‘“_VS\IN:—:—“FN‘“
T E| S - © ®© o < <t ™ ©
PE S 2o EBQ ERDL ESNE
OmooOoo,\ooG}oowo‘_m
o N ©®N®MGoNFNOF OS2
&) <t v« v |0 «— N~ o« 0 «— <
)
8
AN -~
o 8 o o 9
Q2 S Q Q =) L
[o% = LLl o] i c
= < =) Z o
®©
w
3 0
o 3 2
S IS o
[ [} Iy
Q IS s}
3 ®© k)
0 . . Q =
o ot o o > IS
[5} ) ) 13} %} S
8_ %) » %) %) »
1) S S S e~ =
= = = = =
S 8 8§ 0§ 3
N N N N N
© © © ®© ©
g g g IS IS
] © © © ©
g i'q i'q iq x




184 K. ZawierucHa, D. Stec, D. LacHowska=Cierik, N. Takeuch, Z. Li and t. MicHaLczvk

Genotyping

In total, 17 specimens from three populations were
genotyped (population CN.001: 5 individuals, CN.002: 8
ind. and KG.001: 4 ind.). A Chelex® based DNA extrac-
tion from individual animals, amplification and se-
quencing of the chosen markers followed protocols
described in detail in Stec et al. (2015). Four genomic
fragments were amplified using universal and specific
primers (Table 3): 18S rRNA (nuclear small ribosome
subunit, nDNA), 28S rRNA (nuclear large ribosome
subunit, nDNA), ITS-2 (internal transcribed spacer,
nDNA), and COI (mitochondrial cytochrome ¢ oxidase
subunit I, mtDNA). Universal primers for COI used
widely in tardigrade barcoding, LCO1490 and HCO2198
or HCOoutout (Folmer et al. 1994, Prendini et al.
2005), produced no amplifications for the new genus,
thus we designed a specific forward primer, COI_Ram.
var_F, homologous with LC0O1490, based on a fragment
of the mtDNA genome of R. varieornatus kindly pro-
vided to us by Daiki Horikawa and Kazuharu Arakawa
(Hashimoto ef al. 2016). We also designed a specific
reverse primer, COI Ram.sub_R, homologous with
HCO2198, based on a Ramazzottius subanomalus
(Biserov, 1985) COI sequence obtained with universal
primers. Primer properties were checked with an
online calculator by Kibbe (2007). The primer pairs of
COI_Ram.var_F and HCO2198 or COI_Ram.sub_R gave
satisfactory results and were used to amplify the COI
fragment for all individuals of the new genus. COI se-
quences for Ramazzottius species listed in Table 2
were obtained with universal primers. Reads were
obtained with the ABI 3130zl sequencer at the Molec-
ular Ecology Lab, Institute of Environmental Sciences
of the Jagiellonian University, Krakow, Poland. Se-
quences were processed in BioEdit ver. 7.2.5 (Hall
1999), checked using Basic Local Alignment Search
Tool (BLAST, Altschul et al. 1990) and submitted to
GenBank.

Phylogenetic analyses

To find the phylogenetic position of the new genus
within the superfamily Hypsibioidea, we constructed
a phylogram based on available 18S rRNA sequences
(references to the used sequences are given below) for
the representatives of the Hypsibioidea families. Then,
to strengthen our inference on the new genus hypothe-
sis, we also conducted a phylogenetic analysis based
on concatenated sequences of three molecular markers
28S rRNA, ITS-2 and COL In addition to the sequences
of Ramazzottius spp. obtained by us (Table 2, Gen-
Bank accession numbers in Table S1), we also utilised
published sequences for the superfamily Hypsibioidea
as well as sequences for the outgroups deposited in
GenBank (i.e. Jorgensen and Kristensen 2004, Faurby
et al. 2008, Sands et al. 2008, Welnicz et al. 2011, Guil
and Giribet 2012, Michalezyk et al. 2012, Bertolani ef
al. 2014, Gasiorek et al. 2016, Morek et al. 2016, Stec
et al. 2016, 2017, Gasiorek et al. 2017; all GenBank
accession numbers and relevant references are pre-
sented in Table S1). We aligned all sequences with the
ClustalW Multiple Alignment tool (Thompson ef al.
1994) implemented in BioFdit and trimmed the
aligned fragments to the size of the shortest available
alignment, i.e. 785, 711, 415 and 567 bp for 18S rRNA,
28S rRNA, ITS-2 and COI, respectively. The concate-
nated sequences comprised 28S rRNA, ITS-2 and COI
alignments (734, 451, and 468 bp long, respectively).
For phylogeny reconstruction, we used both Bayesian
inference (BI) and Maximum likelihood (ML). We used
the Akaike Information Criterion (AIC) in MrModeltest
2.3 (Nylander et al. 2004) and in conjunction with
PAUP* (Swofford 2002) to determine the best-fitting
nucleotide substitution model. In the result, we chose
the GTR+I+G model for 18S rRNA (proportion of
invariable sites (I) = 0.4865, gamma distribution shape
parameter (G) = 0.6762), GTR+I+G model for
concatenated data set (proportion of invariable sites

Table 3. Primers used for sequencing of the four DNA fragments (three nuclear and one mitochondrial)
of Cryoconicus gen. nov. kaczmareli sp. nov.

DNA fragment Primer name Primer direction Primer sequence (5’-3’) Source

18S rRNA SSUO1_F forward AACCTGGTTGATCCTGCCAGT Sands et al. (2008)
SSU82_R reverse TGATCCTTCTGCAGGTTCACCTAC

28S rRNA 28SF0001 forward ACCCVCYNAATTTAAGCATAT Mironov et al. (2012)
28SR0990 reverse CCTTGGTCCGTGTTTCAAGAC

ITS-2 ITS3 forward GCATCGATGAAGAACGCAGC White et al. (1990)
ITS4 reverse TCCTCCGCTTATTGATATGC
COI_Ram.var_F forward TTTCAACAAACCATAAAGATATCGG this study

COl COI_Ram.sub_R reverse TAAACTTCTGGGTGGCCAAAAAATCA
HCO02198 reverse TAAACTTCAGGGTGACCAAAAAATCA | Folmer et al. 1994
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@) 0.1322, gamma distribution shape parameter
(G) = 0.5138). We ran BI using MrBayes 3.1 (Huelsen-
beck and Ronquist 2001, Huelsenbeck et al. 2001) with
1 cold and 3 heated Markov chains for 10 mil genera-
tions, and trees were sampled every 1000 generation
(we ran each simulation twice). We estimated the con-
vergence of Bayesian analyses using Tracer v. 1.5.0
(Rambaut and Drummond 2009). We discarded the
‘burnt in’ trees, and used the remainder to reconstruct
a 50% majority rule consensus tree. Maximum likeli-
hood (ML) analyses for the concatenated data set were
performed using RAxMLv. 8.1.11 (Stamatakis 2014)
applying a rapid bootstrapping analysis with 1000 boot-
strap pseudoreplicates and a general-timereversible
nucleotide substitution model. Branch support was as-
sessed using 1000 bootstrap replicates. All trees were
visualised with TreeView 1.6.6 (Page 1996). Additional-
ly, uncorrected pairwise distances between the new
genus and Ramazzottius spp. for all available DNA
fragments were calculated using MEGA version 6 (Ta-
mura el al. 2013) and are provided in Table S2. The
median-joining networks (Bandelt et al. 1999) from
COI sequences was generated using PopART ver.
1.7 (http://popart.otago.ac.nz) for each specimen
from all three populations in order to study the rela-
tionships between haplotypes and their geographic dis-
tribution.

Data deposition

Raw data underlying the description of the new tax-
on are deposited in the Tardigrada Register (Mi-
chalezyk and Kaczmarek 2013) under www.tardigrada.
net/register/0047.htm. All new DNA sequences were
submitted to GenBank (www.ncbi.nlm.nih.gov/genbank).
Files with GenBank accesion numbers (S1), list of ha-
plotypes with calculted genetic distances (S2) as well
as raw seqgences of the new species (S3) are additional-
ly provided in the Supplementary Materials deposited
under http://dx.doi.org/10.7910/DVN/FL5T20.

RESULTS

Taxonomic account
Phylum: Tardigrada (Doyere, 1840)
Class: Eutardigrada Richters, 1926
Order: Parachela Schuster, Nelson, Grigarick and
Christenberry, 1980
Superfamily: Hypsibioidea Sands, McInnes, Marley,
Goodall-Copestake, Convey and Linse, 2008

Family: Ramazzottiidae Marley, McInnes and Sands,
2011

Genus: Cryoconicus gen. nov.
(Figs 3-8, 10, Table 4)

Etymology. The name Cryoconicus refers to cry-
oconite granules, among which the new genus was dis-
covered.

Diagnosis. Juveniles light-brown, adults intensely
dark-brown (Fig. 3A). Peribuccal lamellae and papulae
absent. Buccal apparatus of the Ramazzottius type,
with asymmetrical apophyses for the insertion of the
stylet muscles and two macroplacoids; microplacoid
and septulum absent (Fig. 5A-F). Claws of the Rama-
zzottius type, but without accessory points (Fig. 6A
and 7A-F). The posterior primary branch almost uni-
form in diameter from the base to the curving (Fig.
7A-D and 8A-B). Wide, semi-transparent cuticular bars
under claws I-III (Fig. 6A and 8C, arrowheads).

Genus composition (two species)
Cryoconicus cataphractus (Maucci, 1974) comb. nov.

Hypsibius cataphractus: Locus typicus: Austria, vicinity of Gross-
glockner (Maucci 1974), Spitsbergen (Dastych 1985), Greenland
(Maucei 1991).

Ramazzottius cataphractus: Canada (Jorgensen and Kristensen
1991), Greenland (Maucci 1991, Maucci 1996).

Material studied. photomicrographs of paratypes
(courtesy of Roberto Bertolani and the Civic Museum of
Natural History of Verona), and drawings from the
original description of the species by Maucci (1974).

Notes. Given that claw morphology, body pigmenta-
tion, and cuticular sculpturing of R. cataphractus
match those of the new genus, we transfer the species
to Cryoconicus gen. nov. It is also worth noting that
C. cataphractus comb. nov., by inhabiting polar and
montane environments, exhibits thermal preferences
similar to those of the new species. Nevertheless, de-
spite the similarities, the new species can be readily
differentiated from C. cataphractus comb. nov. by the
size of cuticular granulation (ca. 1 um in diameter and
difficult to observe in PCM in C. gen. nov. kaczmareki
Sp. nov. s ca. 2 um in diameter and easily identifiable
in PCM in C. cataphractus comb. nov.) and by the
length of the posterior primary branch (up to 35 um in
C. gen. nov. kaczmareki sp. nov. s up to 45 um in
C. cataphractus comb. nov.).

Cryoconicus kaczmareki sp. nov.
(Figs 3-7, Table 4)

Type depositories. holotype (slide number: UM
10/3) and 39 paratypes (slides: UMS1/2-UMS1/6,
QY29/1-QY29/6, MG53/1-MG53/5, UM10/1-UM10/5) are
deposited in the Department of Animal Taxonomy and
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Ecology at the Adam Mickiewicz University, Poznan,
Poland, further 6 paratypes (slides: CN.002/01-05) are
preserved at the Institute of Zoology and Biomedical
Research of the Jagiellonian University, Krakow,
Poland.

Etymology. We take great pleasure in dedicating
the new species to our friend and a prolific Polish

tardigradologist, dr. Lukasz Kaczmarek of the Adam
Mickiewicz University, Poznan, Poland.

Description. Juveniles light brown, adults brown to
dark brown (Fig. 3A). Eyes absent in all live specimens
(Fig. 3A). Elliptical organs placed dorso-laterally on
the head (Fig. 3C-E). Legs IV with a single small
gibbosity, not always well visible (Fig. 6B-D). A flat

Figure 3. Cryoconicus gen. nov. kaczmareki sp. nov.: A — Dorso-ventral projection, habitus (holotype, PCM), B — Dorsal view (paratype, SEM),
C-E - Cephalic elliptical organs (paratypes, SEM). Scale bars in um.
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Figure 4. Cryoconicus gen. nov. kaczmareli sp. nov.: A — Lateral cuticle separated from internal tissues with clearly visible sculpturing
(paratypes, PCM), B — Sculpture on the lateral cuticle (paratype, PCM), C-D — Cuticular sculpture on the dorsum (paratype, SEM). Scale bars in um.

Figure 5. Cryoconicus gen. nov. kaczmarelki sp. nov.: A — Buccal apparatus, dorso-ventral projection (paratype, PCM), B — Buccal apparatus,

lateral projection (paratype, PCM), C, D — Buccal crown (paratype, SEM), E — Macroplacoids (paratype, SEM). The flat filled arrowhead indicates

the dorsal AISM, the flat empty arrowhead indicates the constriction in first microplacoid, the indented filled arrowhead indicates teeth in the
oral cavity and indented empty arrowheads indicate porous areas on the lateral sides of the crown. Scale bars in um.
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papilla-like cuticular fold, visible in SEM only, present
on the lateral sides of legs IV (Fig. 6E-F). Dorso-later-
al cuticle covered with densely arranged small (0.8-1.6
nm) and flat polygon-shaped tubercles (visible clearly
in SEM but poorly in PCM, Fig. 4A-D). Mouth antero-
ventral. Peribuccal lamellae and papulae absent. The

oral cavity armature composed of a band of medium-
size conical teeth visible only in SEM (Fig. 5D). Two
distinct porous areas on the lateral sides of the buccal
crown (visible in SEM only, Fig. 5C-D). The apophyses
for the insertion of the stylet muscles asymmetrical,
of the Ramazzottius type (Fig. 5B). Stylet support

Figure 6. Cryoconicus gen. nov. kaczmareki sp. nov.: A — Internal claw II with the wide and semi-transparent cuticular bar below (paratype,

PCM), B - A gibbosity on a hind leg (paratype, PCM), C — Gibbosities on hind legs (paratype, PCM), D — Gibbosities on hind legs (paratype, SEM),

E — Hind leg with the papilla-like cuticular fold (paratype, SEM), I — The papilla-like cuticular fold on a hind leg (paratype, SEM). The flat filled

arrowhead indicates the cuticular bar, indented filled arrowheads show hind leg gibbosities, and the indented empty arrowhead indicates the
papilla-like cuticular fold. Scale bars in wm.
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insertion point in posterior position. Buccal tube nar-
row, with a distinctly thickened wall posterior to the
stylet support insertion point. Bulbus with apophyses
and two macroplacoids, microplacoid and septulum
absent (Fig. 5A-B and E). The first macroplacoid with
a central constriction, second without constrictions.

Macroplacoid length sequence 2<1. Apophyses and the
first macroplacoid as well as the first and the second
macroplacoid clearly separated (Fig. 5A-B and E).
Claws slender, similar to the Ramazzottius type claws
(Fig. 7A-D and 8A-B). The primary branches of exter-
nal and posterior claws very thin, almost filament-like

Figure 7. Cryoconicus gen. nov. kaczmareki sp. nov.: A - Claws III (paratype, PCM), B — Claws IV (paratype, PCM), C — External claw III (paratype,

SEM), D — Claws IV (paratype, SEM), E — The non-sclerotized flexible junction between the secondary and the primary branch of the external claw

II (paratype, SEM), F — The non-sclerotized flexible connector between the secondary and the primary branch of the external claw III (paratype,
SEM). Arrowheads indicate the non-sclerotized flexible connector between the secondary and the primary branches. Scale bars in um.
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Table 4. Measurements [in um] of selected morphological structures of individuals of Cryoconicus gen. nov. kaczmareki sp. nov. from samples
CN.001-3. Specimens mounted in Hoyer’s medium (N — number of specimens/structures measured, RANGE refers to the smallest and the largest
structure among all measured specimens, SD — standard deviation).

Range Mean SD Holotype
Character N
um pt um pt um pt um pt
Body length 24 292-652 981-1470 467 1236 93 150 568 1397
Buccopharyngeal tube
Buccal tube length 24 28.7-40.7 - 35.8 - 4.2 - 40.7 -
Stylet support insertion point | 25 18.1-26.0 60.5-65.1 22.8 62.4 2.1 1.1 25.6 63.0
Buccal tube external width 23 2.1-3.5 7.2-9.5 29 8.1 0.5 0.7 3.2 7.9
Buccal tube internal width 23 1.0-21 3.1-6.0 1.6 4.4 0.4 0.7 1.7 4.1
Placoid lengths
Macroplacoid 1 26 3.8-6.4 12.9-16.5 5.1 14.2 0.7 1.1 6.2 15.3
Macroplacoid 2 26 2.4-46 7.5-12.5 3.7 10.1 1.3 1.2 4.2 10.2
Macroplacoid row 26 7.8-13.3 25.2-34.6 10.5 28.9 3.1 2.4 12.0 29.5
Claw 1 lengths
External base 22 9.2-17.1 28.0-41.9 13.4 35.8 2.7 4.5 15.5 38.0
External primary branch 23 14.2-25.8 45.2-65.9 19.9 54.5 3.3 5.8 22.4 55.0
External secondary branch 20 8.6-21.0 31.1-563.6 14.0 40.4 3.3 7.3 14.6 35.8
Internal base 17 5.8-13.6 17.9-30.4 9.2 23.0 2.3 4.0 9.8 24.2
Internal primary branch 11 7.2-15.5 24.8-38.1 11.6 30.5 5.5 4.0 15.5 38.1
Internal secondary branch 15 6.4-12.9 19.4-35.4 9.9 26.7 2.3 6.1 11.0 27.0
Claw 2 lengths
External base 20 9.6-19.7 31.7-47.1 14.1 38.8 3.0 5.1 15.4 37.8
External primary branch 28 14.2-28.8 51.4-72.5 221 61.6 4.6 6.6 24.9 61.1
External secondary branch 22 8.0-21.6 32.3-61.4 14.7 43.5 4.2 10.2 14.4 35.4
Internal base 21 5.6-11.6 19.7-31.2 9.2 25.3 2.6 3.1 10.2 25.0
Internal primary branch 12 10.6-17.9 28.7-45.8 13.1 35.6 4.8 5.8 13.5 33.1
Internal secondary branch 19 6.4-13.1 19.7-34.1 10.0 27.2 2.4 3.9 11.8 29.1
Claw 3 lengths
External base 23 8.1-19.2 34.2-49.0 14.8 40.7 3.0 4.7 16.0 39.2
External primary branch 26 16.0-30.4 55.4-77.4 23.0 63.6 4.3 7.5 23.6 58.0
External secondary branch 24 6.3-22.1 30.6-66.9 15.1 43.8 4.5 10.2 14.3 35.1
Internal base 22 5.0-11.6 18.1-31.5 8.8 25.0 22 4.1 1.3 27.8
Internal primary branch 10 7.6-15.4 28.8-40.6 121 34.8 25 4.6 12.3 30.3
Internal secondary branch 22 4.8-16.9 18.3-41.5 10.2 27.7 29 5.8 16.9 41.5
Claw 4 lengths
Anterior base 19 7.2-13.2 21.3-35.5 9.5 26.1 6.5 3.9 11.3 27.8
Anterior primary branch 12 10.1-18.2 31.6-45.5 14.3 39.1 2.6 4.7 18.2 44.8
Anterior secondary branch 19 6.8-14.8 21.0-39.9 11.0 30.1 25 5.3 12.6 31.0
Posterior base 14 8.6-20.2 31.6-45.7 13.4 37.5 3.0 3.7 16.3 40.0
Posterior primary branch 20 17.3-35.3 58.3-80.5 24.7 67.0 4.9 7.0 26.1 64.2
Posterior secondary branch 13 10.0-18.9 32.1-53.6 14.7 42.1 3.2 7.7 16.1 39.6

and attached to the secondary branch by a not sclero-
tized, flexible and light-refracting connector (Fig. 7A-F
and 8A-B). The posterior primary branch without the
basal swelling, 7.e. almost uniform in diameter from
the base to the curving. All primary branches with-
out accessory points (Fig. 6A, 7A-D and 8A-B). Claw

lengths increasing slightly from legs I to IV (Table
4). Pseudolunules present on all claws (Fig. 7A-B)
sometimes hardly visible. Wide, semi-transparent
cuticular bars under claws I-III present, but visible
only in lightly pigmented/thoroughly fixed specimens
(Fig. 6A). Eggs unknown.
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Figure 8. Cryoconicus gen. nov. cataphractus comb. nov. (Maucci, 1974): A — External claw I (paratype, DIC), B — External claw IV (paratype,
PCM), C — Wide semi-transparent cuticular bar under claw II (holotype, PCM). Scale bars in um. Photomicrographs courtesy of Roberto Bertolani
and the Civic Museum of Natural History of Verona.

Remarks. The morphology of the buccal apparatus
of the new species is typical for a herbivorous, non-
predatory tardigrade (Guidetti et al. 2012, Guil and
Sanchez-Moreno 2013), but the undigested matrix of
the gut suggests that the new genus feeds on cyanobac-
teria or fungi and could be a microbivore (Fig. 10A-B).
Thus, more data are needed to establish the dietary
preferences of the new species. Although eggs were not
found, we should probably expect them to be ornament-
ed and laid freely as the new genus is phylogenetically
embedded among taxa that lay such eggs (see below

for details). Moreover, no exuvia with eggs were found
and these are easier to observe than single eggs that
could be obscured by cryoconite particles and over-
looked.

DNA sequences. We found single haplotypes in the
conservative nuclear regions, 18S rRNA and 28S rRNA
(accession numbers MG432796 and MG432797, respec-
tively), across 17 sequenced individuals from the three
examined populations. In contrast, the two more vari-
able markers, ITS-2 and COI, exhibited multiple haplo-
types. The ITS-2 was represented by three haplotypes

Figure 9. Claws of Ramazzottius species: A — Ramazzottius subanomalus (Biserov, 1985) — claws IV (PCM), B — Ramazzottius sp. (PL.028)

claws IV (PCM), C - Ramazzottius cf. rupeus (Biserov, 1999) claws IV (PCM), D - Ramazzottius subanomalus claws 1 (SEM),

E - Ramazzottius subanomalus claws IV (SEM), F — Ramazzottius bunikowskae Kaczmarek et al. 2006 claws II (SEM). Arrowheads indicate
accessory points on external primary branches. Scale bar in um.
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Fig. 10. Cryoconicus gen. nov. kaczmareki sp. nov.: intestine contents (paratypes, PCM). Scale bar in um.

that differed by two single nucleotide polymorphisms
(SNPs, Table 5, MG432798-800) whereas nine haplo-
types with eighteen variable sites were recovered for
COI (Table 6, MG432801-9). The uncorrected p-dis-
tances between the three I'TS-2 haplotypes varied from
0.3% to 0.6% (0.4% on average) and from 0.2% to 2.1%
(1.1% on average) between the nine COI haplotypes
(see also Supplementary Materials S2 deposited under
http://dx.doi.org/10.7910/DVN/FL5T20). The most abun-
dant ITS-2 haplotype was H1 (15 of 17 specimens, pres-
ent in all three sequenced populations), whereas haplo-
types H2 and H3 were represented only by single indi-
viduals in populations CN.002 and CN.001, respectively.
There was no clear geographic structuring of the COI
haplotypes (Table 6, Fig. 11): seven haplotypes (H1-3
and H6-9) were found only in single populations and
two haplotypes were shared between two populations
(H5 in samples CN.002 and KG.001, ca. 740 km apart,
H4 in samples CN.001 and CN.002, ca. 1015 km apart).
The p-distances between haplotypes within and
between the sampled populations were of a similar
magnitude: 0.2-1.6% and 0.0-2.1%, respectively. The
COI haplotypes formed four haplogroups which were
connected by hypothetical intermediate haplotypes
(Fig. 11). The first haplogroup consisted of haplotypes

H1-4, the second one of only haplotype H5, the third
one of haplotypes H6 and H7, and the fourth one com-
prised haplotypes H8 and H9 (Fig. 11). The sequences
of all haplotypes for all sequenced DNA markers are
given in the Supplementary Materials (S3 deposited
under http:/dx.doi.org/10.7910/DVN/FL5T20).

Differential diagnosis and the phylogenetic
position of the new genus

The new genus belongs to the family Ramazzottidae
Marley et al. 2011, which is defined by the presence of
body pigmentation, two elliptical sensory organs on
head, asymmetrical AISM in the shape of ‘blunt hooks’
(the dorsal being different from the ventral, resulting in
asymmetry with respect to the frontal plane), the pres-
ence of a thin and flexible connector between the basal
claw and the primary branch in the posterior claws,
and by freely laid ornamented eggs (Pilato and Binda
1990, Marley ef al. 2011). Until recently, the family
comprised two genera, Ramazzottius Binda and Pila-
to, 1986 and Hebesuncus Pilato, 1987, but Bertolani et
al. (2014) provisionally broadened the definition by

Table 5. The list of ITS-2 haplotypes and their variable sites detected in the three analysed populations of Cryoconicus gen. nov. kaczmareki sp.
nov. The haplotype 1 is treated as reference and different nucleotide in each loci are bolded. GenBank accession numbers are given in brackets.
See Tab. 2 for collection data.

ey Y EelEtans) Single Nucleotide Polymorphisms (loci)
169 366
1 (MG432798) CN.001-2, KG.001 G T
2 (MG432799) CN.002 C T
3 (MG432800) CN.001 G C
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Table 6. The list of COI haplotypes and their variable sites detected in the three analysed populations of Cryoconicus gen. nov. kaczmareki sp. nov. The haplotype 1 is treated as reference

and different nucleotide in each loci are bolded. GenBank accession numbers are given in brackets. See Table 1 for collection data.

Single Nucleotide Polymorphisms (loci)

98 122 137 140 173 185 221 266 272 320 332 344 371 404 416 458 566

29

T

A

Population(s)

KG.001, CN.002

Haplotype
(accession no.)
1 (MG432801
2 (MG432802
3 (MG432803
4 (MG432804
5 (MG432805
6 (MG432806
7 (MG432807
8 (MG432808
9 (MG432809

~ o~~~ o~~~ o~ o~

restricting the diagnostic criteria to claw morphology.
This resulted in a tentative inclusion of two further
genera, Ramajendas Pilato and Binda, 1990, and
Thalerius Dastych, 2009, in the family. However, the
systematic position of these two taxa is not certain.
Whereas Ramazzottius and Hebesuncus share a
number morphological traits, the similarities with
Ramajendas and Thalerius are limited to claw mor-
phology as other traits are different or not known.
Specifically, Ramajendas lacks body pigmentation
and the cephalic sensory organs, it has the AISM simi-
lar to the Isohypsibius type and deposits smooth eggs
in shed exuviae (e.g. Pilato and Binda 1990, Kacz-
marek el al. 2014b) whereas Thalerius lacks body
colouration and the cephalic sensory organs, but the
AISM shape and egg type are not known (Dastych
2009). However, the lack of body pigmentation, general
appearance of the buccal apparatus and the presence
of non-transparent (opaque) cuticular bars under
claws suggests affinity with the family Isohypsibiidae.
Moreover, the close phylogenetic relationship between
Ramazzottius and Hebesuncus has been confirmed
by molecular studies (e.g. Bertolani et al. 2014) where-
as DNA sequences for Ramajendas and Thalerius,
which would allow an independent verification of the
systematic status of these genera, are not currently
available. It is, therefore, possible that the claw mor-
phology in Ramajendas and Thalerius evolved inde-
pendently and is only superficially similar to that of
Ramaczzottius and Hebesuncus. Thus, taking all this
into consideration, in our opinion, Ramajendas and
Thalerius should be provisionally placed in the family
Isohypsibiidae.

In contrast to Ramajendas and Thalerius, the
new genus exhibits all key animal traits that allow to
confidently place it in the family Ramazzottiidae, 7.e.
cephalic sensory organs as well as the Ramazzottius
type claw and AISM morphology. Moreover, the sys-
tematic position of the new genus inferred from mor-
phology is congruent with that based on DNA se-
quences (see below for details). Given the controver-
sies regarding the composition of the Ramazzottiidae,
we differentiate the new genus only from Ramazzot-
tius and Hebesuncus, the genera that undoubtedly
belong to the family.

Cryoconicus gen. nov., differs from Ramazzottius
and Hebesuncus by a number of traits, specifically by
body pigmentation (dark brown in Cryoconicus gen.
nov. vs colouring from pink, violet, orange to red and
light brown in the two other genera), the shape of the
posterior primary branch (almost uniform in diameter
from the base to the curving in Cryoconicus gen. nov.
vs clearly thicker at base, forming a basal club-like
swelling and thinner towards the curving in the two
other genera, Fig. 9A-F), the lack of the accessory
points (accessory points are present on all primary
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Figure 11. Haplotype Median Joining network for the mitochondrial DNA haplotypes of Cryoconicus gen. nov. kaczmareki sp. nov. Haplotypes

are represented by coloured circles, the surface area of which is proportional to the number of individuals exhibiting a particular haplotype

(population and specimen codes are listed next to the circles, colours correspond with those in Fig. 1, i.e. red — CN.001, yellow — CN.002, blue —

KG.001). Haplotypes are named from H1-H9. Grey circles indicate hypothetical intermediate haplotypes that were not found, but are necessary to
link the observed haplotypes. Hatch marks in the network represent single mutations.

branches in the two other genera (for Ramazzottius
see Fig. 9A-F), and by the presence of wide semi-trans-
parent cuticular bars under claws I-III (although these
are visible only in mounted individuals in which the pig-
ment has faded). In contrast to Hebesuncus, in which
external claws are similar to the Hypsibius claw type,
with only the posterior claws being of the Ramazzot-
tius type, Cryoconicus gen. nov. and Ramazzottius
share a similar morphology of both external and poste-
rior claws but, as mentioned above, the two genera
differ in the shape of the primary branches and in the
presence/absence of the accessory points.

The uncorrected p-distances between Cryoco-
nicus gen. nov. and sequenced Ramazzottius spe-
cies were as follows (full distance matrices are provid-
ed in supplementary materials S3 deposited under
http://dx.doi.org/10.7910/DVN/FL5T20):

e 18S rRNA: from 1.1% (Ramazzottius oberhaeu-
seri (Doyere, 1840) from Spain, FJ435728) to 2.1%
(Ramaczzottius sp. from moss/lichen sample, Dis-
ko Island, West Greenland (S. McInnes pers. comm.),
EU266959), with the average p-distance of 1.4%;

e 28S rRNA: from 4.7% (Ramazzottius subanom-
alus (Biserov, 1985) from Poland, MF001998) to
7.0% (Ramazzottius wvarieornatus Bertolani

and Kinchin, 1993 from Japan, MG432818), with
the average p-distance of 5.9%;

e ITS-2: from 10.6% (R. varieornatus from Japan,
MG432816) to 13.6% (R. subanomalus from
Poland, MG432819), with the average p-distance of
11.8%;

e COL from 17.8% (“Ramazzottius oberhacuser:”
from Spain, FJ43579) to 21.2% (R. varieornatus
from Japan, MG432813), with the average p-dis-
tance of 19.6%.

Thus, all sequences for the new genus are clearly
different from sequences deposited in the GenBank. All
phylogenetic analyses, i.e. both trees based on the con-
servative marker (18S rRNA) and on the concatenated
sequences (28S rRNA+ITS-24+COI) as well as both
trees generated by Bayesian Interference (BI) and
Maximum Likelihood (ML), supported the erection of
the new genus (Fig. 12). All but one analysis returned
the phylograms with highly supported nodes and Cry-
oconicus gen. nov. as the sister group to other Rama-
zzottius taxa (Fig. 12). Only in the case, in the ML
analysis of the 18S rRNA fragment (Fig. 12B), a single
Ramazzottius sp. from Greenland (EU266959) was an
outgroup to the Cryoconicus gen. nov. + Ramazzot-
tius clade. Importantly, however, this identification



195

NEW TARDIGRADE GENUS FROM MOUNTAIN GLACIERS

‘uonisod J1ad suonmyrisqns juasaldad saeq a1eog “AfpAndadsal ‘sanfea poddns derisjooq 1o saniqeqodd Jor1aisod uvisoAed 9)eoIpul SOpou B stoquiny ‘(1S 99s) VNI
Q8% PUe Z-SII ‘00 :SIOIRUW JB[NIJ[OW JAIY) 9] JO $99UaNbHas 9prosNu pojeuslBotod WO PIIINIISU0D 99.4) BOPIOIqISAAY] ([OPOW J[QISIOADY] SUIL], [BIOUAL) 9] UO POSB]) POOYI[ONIT WNWIXB]\
- (@ ‘(TS 998) VNI S8 PUR Z-SIT ‘0D :SIOILW JLNIS[OUW 9IY) dY) JO $99UONDHIS 9ProdoNt poajeuoIeotod WO PIIINIISU0d 994) BOPIOIqIsdA]] uersokeq - ) (TS 99s) soouanbas oprjoopdnu
VNI S8T BopIolqisdAL] 9[qe[IRAR WOI] PAIONIISU0D 991} BIPIOIQISAAL] ([opowl J9jouresed-g RINWIY ) U0 PAse(q) POOYIdYIT WNWIXe - g (1S 99s) soouanbas aprjodonu YN S]T BaproiqisdA
9[RB[[BAR WOJ] PIJONIISU0D 991} BIPIOIqISAA]] ueISoARg - Y :BopIolqISAAH o) uryim (o[due}oad A9ig) Aou “dS 1ya.nwizony "AoU "UdS s$nI090fiy) Jo uonisod onpuagdolAyd oy, g oIngL

(200 A@) *ds smo2zvuny 70 (2001 Q) "ds snpo2zvuny <00
66
(100°d ) SMIDUI02LIDA SHIPO22DUDY 6 (100°d[) STIPUI0ILIDA SHIIO22ZDUIDY %
w
(610°71d) Snjpuwoungns SmpoOzzDUNY 08 (610°1d) Snpuounqns Sno2zv Y -
|_8._ X
Z
9 12D uZIY SNIIU0I0L,
DY2IDWZODY SNI1U0I041) = 1y 3y SN 1) vco‘; — >
+
nupavfnp smqisddy nugpavfnp smqisddy —
%
S15123.12GZ]1dS DISLIDOSIPN S1SU23.429Z11dS D]S1ID0SIP 1
001 | 44 N
DID]2A2.1 DISIIDOSIPN DID]2424 DISID0SIJ +
36 )
wnpo14pa Wnisaujy wWnpiYa1a WISIUN D
(0S65090H) SMIDUIOLIDA SNINIOZZDUIDY
% <00 (0S65090H) SNIDUI0LIDA SNIIOZZDUIDY %
(TTIT8SAV) L2SNIDY.12qO SNIIIOZZDUDY 0
(TTIT8S AY) 1OSNaDYI2GO SNIIJOZZDUIDY
(610" 1d $L66L00AIN) SHputoungns Smpo2zouny
68
(LTLSEPI) 12sN2aDY.10GO SHIIIOZZDUDY 06 (610"1d L66L00AIN) Snpuounqgns Smpyo22puny
06
(96LTEPDIN) 12011220y SNI1U0I041) (LTLSEPIA) Masnavy.12qo snjozzouny
EEN
656997Nd “ds sn1 A 66 656997Nd "ds snupozzvumy %
“ds snounsaqo, . =
seoovend o (96LTEYDIN) 1y240u200Y SN210041) 30 P
96699 NH 1Updt snounsaqapy zZ
8669921 “ds snounsaqay — — >
._ 80
sonprurey 9S6997 N 1UDAt SnoUnsaqagy
eaprolqisdAH 1oypo ) sorIwey
eaproiqisdAH 1ot10
(F99TS6.L) tunpiyoriva wnisaujijy (P99 1S6LY) wunpyoriva unisoujipy

pooyI[axI Wnwixey @oualaju| ueisafeg



196 K. ZawierucHa, D. Stec, D. LacHowska-Cierik, N. Takeuch, Z. Li and t. MicHaLczvk

(Sands et al. 2008) is uncertain and the exceptionally
long branch for this taxon suggests this sequence could
represent another new ramazzottiid genus rather than
a Ramazzottius species. It needs to be noted, howev-
er, that the number of published ramazzottiid sequenc-
es is low and effort should be made to improve sam-
pling in the future, including Hebesuncus, for which
ITS-2 and COI sequences are currently unavailable.

To conclude, both morphological and molecular
traits congruently support the erection of Cryoconi-
cus gen. nov. and suggest Ramazzottius as its closest
affinity. Although C. cataphractus comb. nov. was de-
scribed earlier than C. kaczmareki sp. nov., the latter
taxon is described in much more detail, thus we desig-
nate it as the nominal species for the genus.

DISCUSSION

In this study, we showed high diversity of a mito-
chondrial DNA marker in a species representing a new
tardigrade genus discovered in mountain glaciers in
central Asia. The identification of as many as nine COI
haplotypes from only 13 individuals suggests that the
genetic diversity within the species might be consider-
able. Moreover, there seem to be no differences in the
intra- and inter-population variability in COI sequen-
ces, regardless of the geographic distance dividing the
populations. Also, identical haplotypes were found in
populations separated by up to ca. 1000 km and, at the
same time, within a single population haplotypes sepa-
rated by a considerable p-distance of 1.6% were identi-
fied. Although the sample size of 17 sequenced individ-
uals is relatively low, the observed patterns may allow
some tentative inference on the biology of the new
species. Specifically, high COI diversity suggests that
(1) the investigated populations have been inhabiting
the glaciers for a considerable time. This, in turn, im-
plies (2) successful adaptations to the harsh conditions
of mountain glaciers that include low temperatures
and extensive UV exposition. Moreover, haplotypes
shared between distant populations may be interpret-
ed as evidence for (3) good dispersal abilities.

Although glaciers are considered to be one of the
harshest environments on Earth, they harbour their
own persistent ecosystems (e.g., Hodson et al. 2008,
Cook et al. 2015). For example, a recent study on
rotifers inhabiting Icelandic glaciers showed that the
animals endured in the environment over glacial/inter-
glacial cycles throughout the Pleistocene (Shain ef al.
2016). Such persistence is also likely in tardigrades
since they can survive under cryptobiosis through
unfavourable conditions such as high and low temper-
atures, drought as well as high doses of irradiation
(e.g. Guidetti et al. 2012). An example of an Antarctic
tardigrade, Acutuncus antarcticus (Richters, 1904),

shows that tardigrades can recover and reproduce
after being frozen for thirty years (Tsujimoto ef al.
2015). Similarly, in the present study numerous indi-
viduals of Cryoconicus gen. nov. were recovered
after eleven years of being frozen, which suggests high
survival rates in the natural environment of the new
species.

Another factor that may limit survival on high alti-
tude glaciers is the ultraviolet radiation (e.g. Som-
maruga 2001), the intensity of which increases by ca.
8% and up to ca. 24% per 1000 meters with solar expo-
sition of 60° and 20°, respectively (Blumthaler ef al.
1997). Interestingly, numerous high mountains ani-
mals, such as collembolans, enchytraeids or tardi-
grades, contain dark pigment granules in the epider-
mis. Such an apparent convergence strongly suggests a
high adaptive advantage of dark pigmentation, which
may both protect from UV radiation (e.g. Shain et al.
2000, Potapow 2001, Greven et al. 2005, Makowska et
al. 2016), and possibly also help to absorb heat from
sunlight. Apart from C. kaczmareki sp. nov., the only
three tardigrades found so far in high mountain cry-
oconite holes, Hypsibius janetscheki Ramazzotti,
1968 and Hypsibius thaleri Dastych, 2004 from the
Himalayas and Hypsibius klebelsbergi Mihelcic, 1959
from Alps (Mihelci¢ 1959, Ramazzotti 1968, Dastych
2004), are all dark-pigmented. Tardigrades in high
alpine glaciers were previously found at ca. 2660 m asl
(Dabert et al. 2015), thus, in places with at least twice
as the amount of irradiation as in lowlands (Blum-
thaler et al. 1997).

There is not much data on tardigrade dispersal, but
three available molecular studies suggest that tardi-
grades can disperse across vast areas. Specifically,
sampling in Europe, north Africa and south Greenland
revealed multiple populations of a single species,
FEchiniscus testudo Doyere, 1840 (Jorgensen el al.
2007, see also Gasiorek et al. 2017). In a more recent
study Dabert et al. (2015) showed that two H. klebels-
bergi populations found in cryoconite holes in glaciers
in the Otztal Alps, separated by a geographic barrier (a
mountain ridge) shared identical 18S rRNA, 28S rRNA
and COI haplotypes. Moreover, Cesari et al. (2016) de-
monstrated that multiple populations of common Ant-
arctic tardigrade Acutuncus antarcticus (Richters,
1904) share identical 18S rRNA, but exhibit various
COI haplotypes. Our study is, therefore, in accordance
with previous findings and it adds to the poor knowl-
edge on tardigrade zoogeographic distributions.

Although previously tardigrades were found in the
Arctic, Antarctic, Alpine and Himalayan cryoconite
holes (Zawierucha et al. 2015, 2016, 2018), they have
never been reported in cryoconite granules on glacier
surfaces. The description of a new genus from glaciers
may not be surprising as with over 1200 tardigrade
species known worldwide, only 20 tardigrade taxa have
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been reported from glaciers and as few as 12 of them
were identified to the species level (Zawierucha et al.
2015, 2016). Taking into consideration that glaciers
constitute ca. 10% of the Earth’s surface, they are
a grossly underexplored environment in terms of stud-
ies on tardigrade ecology and diversity.

SUMMARY AND CONCLUSION

e By the implementation of the integrative taxono-
my, we were able to erect the new genus and spe-
cies Cryoconicus gen. nov. kaczmareki sp. nov.
from Asian glaciers;

e We detected a high intraspecific variation in the
COI sequence, which suggests that the investigat-
ed populations have been inhabiting the glaciers
for a considerable time;

e (ryoconicus gen. nov. kaczmareki sp. nov. re-
covered after eleven years of being frozen, which
suggests high survival rates in the natural envi-
ronment of the new species;

e An ability to withstand low temperatures, com-
bined with dark pigmentation that is hypothesised
to protect from intense UV radiation, could ex-
plain how the new taxon is able to dwell in high
mountain glaciers;

e Taking in to consideration that glaciers constitute
ca. 10% of the Earth’s surface, they are a grossly
underexplored environment for studies on tardi-
grade ecology and diversity.
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