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ABSTRACT

Tardigrades constituting the order Parachela are characterised by a generally uniform, worm-like
external morphology. Taxa with larger, well-pronounced dorsal cuticular protuberances, tubercles
and spines are found in seven genera representing various evolutionary lineages within Hypsibioidea
and Isohypsibioidea: Calohypsibius Thulin, 1928 (Calohypsibiidae), Fractonotus Pilato, 1998 (Micro-
hypsibiidae), Ramazzottius Binda & Pilato, 1986 (Ramazzottiidae), Hypsibius Ehrenberg, 1848 and
Pilatobius Bertolani, Guidetti, Marchioro, Altiero, Rebecchi & Cesari, 2014 (Hypsibiidae), and
Doryphoribius Pilato, 1969 and Isohypsibius Thulin, 1928 (Isohypsibiidae). Here, we present the first
integrative analysis of a rare eutardigrade species, Calohypsibius verrucosus (Richters, 1900), classified
until now within the superfamily Hypsibioidea. The species, having a strongly sculptured cuticle,
only superficially resembles Calohypsibius but the modified Isohypsibius-type claws and the morphol-
ogy of the buccal apparatus place it in a different genus, Fractonotus. The genus is currently classified
within the family Microhypsibiidae and superfamily Hypsibioidea, but the first molecular data for
Fracronotus show that it should be transferred to the family Isohypsibiidae within the superfamily
Isohypsibioidea. We also show ontogenetic variability in cuticle morphology, which, together with
the high intraspecific variability of £ verrucosus n. comb., allowed us to designate Calohypsibius placo-
phorus (da Cunha, 1943) as a junior synonym of the former species. Furthermore, an analysis of
type specimens of [sohypsibius gilvus Biserov, 1986 demonstrated its affinity to the revised Fractono-
tus. Finally, the diagnoses for Microhypsibiidae, Calohypsibiidae, Calohypsibius and Fractonotus are
amended and claw morphology is suggested as a key trait for disentangling phyletic affinities within
Isohypsibiidae sensu lato.
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RESUME

Réexamen des Calohypsibiidae ex Microhypsibiidae: Fractonotus Pilato, 1998 et sa position phylogénétique
au sein des Isohypsibiidae (Eutardigrada : Parachela).

Les Tardigrades qui forment lordre des Parachela sont caractérisés par une morphologie externe vermi-
forme, généralement uniforme. Des taxons avec des protubérances cuticulaires dorsales de grande taille
et trés marquées, des tubercules et des épines se trouvent dans sept genres représentant plusieurs lignées
évolutives au sein des Hypsibioidea et des Isohypsibioidea: Calohypsibius Thulin, 1928 (Calohypsibii-
dae), Fractonotus Pilato, 1998 (Microhypsibiidae), Ramazzottius Binda & Pilato, 1986 (Ramazzottiidae),
Hypsibius Ehrenberg, 1848 et Pilatobius Bertolani, Guidetti, Marchioro, Altiero, Rebecchi & Cesari,
2014 (Hypsibiidae), et Doryphoribius Pilato, 1969 et Isohypsibius Thulin, 1928 (Isohypsibiidae). Dans
le présent article, nous présentons la premiere analyse intégrative d’une espéce rare d’eutardigrade,
Calohypsibius verrucosus (Richters, 1900), classée jusqu’a présent dans la superfamille des Hypsibioidea.
Lespéce ne ressemble que superficiellement & Calohypsibius par sa cuticule trés ornée, mais ses griffes
trés modifiées de type Lsohypsibius, et la morphologie de son appareil buccal la placent dans un genre
différent, Fractonotus. Ce genre est actuellement classé dans la famille des Microhypsibiidae et la super-
famille des Hypsibioidea, mais les premiéres données moléculaires obtenues pour Fractonotus montrent
qu'il faudrait le transférer dans la famille des Isohypsibiidae de la superfamille des Isohypsibioidea. Nous
montrons également la variabilité ontogénétique dans la morphologie de la cuticule, ce qui, en plus de
la tres forte variabilité intraspécifique de F verrucosus n. comb., nous permet de désigner Calohypsibius
placophorus (da Cunha, 1943) comme un synonyme plus récent de I'espéce précédente. Par ailleurs,
Panalyse des spécimens types de Isohypsibius gilvus Biserov, 1986 montre sa parenté avec Fractonotus.
Finalement, la diagnose des Microhypsibiidae, des Calohypsibiidae, de Calohypsibius et de Fractonotus
est amendée et nous suggérons que la morphologie des griffes pourrait constituer un caractére clé pour

combinaisons nouvelles.

INTRODUCTION

Tardigrades, a phylum of microinvertebrates belonging to the
clade Panarthropoda (Campbell ez /. 2011), are widely distrib-
uted in marine, limnic, and terrestrial habitats. Limno-terrestrial
species inhabit rivers, lakes, mosses, liverworts, lichens, algae,
leaf litter, soil and cryoconite (Nelson ez al. 2015; Zawierucha
et al. 2015). Among them, members of the relatively uncom-
mon and poor in species family Calohypsibiidae Pilato, 1969
are found exclusively in mosses and lichens. This group, with
adults rarely exceeding 200 pm, comprises particularly small
eutardigrades. Pilato (1989) distinguished two main phyletic
lineages within the family: one with reduced claws and the other
with small, but not reduced claws. The family has probably the
most interesting history in terms of taxonomic changes among
Eutardigrada. Established in 1969 by Pilato, it comprised four
genera, being the second most genus-rich family after Hyps-
ibiidae (with five genera) at that time, a status it held for only a
short period. Pilato & Beasley (1987) described the fifth genus,
Haplohexapodibius, yet at this time Hypsibiidae Pilato, 1969 had
become a very speciose and genus-rich family, and the family
Macrobiotidae Thulin, 1928 had just started to increase in the
number of genera (see Degma & Guidetti 2007; Degma ez 4.
2009-2017). Problems with classifying calohypsibiid genera,
partly due to the variable degree of claw reduction, reached its
zenith later, when morphological analyses by Guil ez 4/. (2013)
seemed to confirm the monophyly of Calohypsibiidae, whereas
a molecular phylogenetic analysis by Bertolani ez a/. (2014a)
resulted in splitting the family into two distinct lineages: Calo-
hypsibiidae s.s. within Hypsibioidea, and the remaining four
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déméler les parentés phylogénétiques au sein des Isohypsibiidae sensu lato.

genera within Isohypsibioidea. The discrepancy between these
studies was resolved by Cesari ez al. (2016), who, having ascer-
tained the phyletic aflinities of Hexapodibius Pilato, 1969 and
Haplomacrobiotus May, 1948 within Isohypsibioidea, erected
the family Hexapodibiidae.

Thanks to finding abundant populations of Calohypsibius
verrucosus (Richters, 1900), an otherwise extremely rare eutar-
digrade species, we were able to — for the first time — analyse
the fine morphology and obtain molecular data for this species.
Specifically, both phase contrast light microscope (PCM) and
scanning electron microscope (SEM) images of external mor-
phology, as well as of the buccal apparatus are presented and
compared with that of other calohypsibiids sensu stricto. The
18S and 28S rRNA sequences, together with morphological
evidence, unequivocally placed the taxon among Isohyps-
ibiidae sensu lato, and suggested placing both Calohypsibius
verrucosus and Isohypsibius gilvus Biserov, 1986 within the
genus Fractonotus Pilato, 1998. The integrative analyses also
allowed us to confirm that C. verrucosus and C. placophorus
(da Cunha, 1943) are not separate taxa but represent different
ontogenetic stages of a single species. Finally, the transfer of
C. verrucosus to Fractonotus, and of Fractonotus to a different
superfamily makes both Calohypsibiidae and Microhypsibii-
dae monophyletic, explicitly underlying the importance of
SEM and DNA analyses in tardigrade taxonomy, especially
in species with small body size such as calohypsibiids, where
light microscope analyses of phylogenetically important traits,
such as minute claws, may lead to erroneous conclusions. An
integrative approach is, therefore, shown to be a necessary
solution for resolving the systematics of this group.
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MATERIAL AND METHODS

SAMPLES AND SPECIMENS

We analysed 40 individuals classified as Calohypsibius placo-
phorus and C. verrucosus, all isolated from three lichen or
mixed moss and lichen samples, collected from rocks in
mainland Scotland by BB, and from the Outer Hebrides
by Shona Morrison in 2014 and 2015 (for exact localities,
please see the Results below), and processed following the
protocol described by Stec ez al. (2015). Of the 40 speci-
mens, 26 were examined under PCM in order to study their
external and internal morphology as well as morphometry.
SEM was used to investigate the fine details of the exter-
nal morphology of a further four animals and the buccal
apparatuses extracted from another five specimens. The
remaining five specimens from all three populations were
first checked under PCM and then used for DNA extraction
(four of these individuals had cuticular plaques — strongly
sclerotised structures resembling pebbles — whereas one was
devoid of these structures, i.e. the specimens corresponded
with original descriptions of C. placophorus and C. verru-
cosus, respectively).

Additionally, several calohypsibiid and microhypsibiid taxa
were analysed using PCM or differential interference contrast
microscope (DIC): a paratype of C. maliki Michalczyk &
Kaczmarek, 2005; specimens of C. ornatus and Fractonotus
caelatus (Marcus, 1928) collected by Paulina Kosztyta in Bois-
le-Roi, France (48°27°45”N, 2°39’36”E; 101 m a.s.l., moss
from stone in a forest) on the 6th February 2016; specimens
of C. schusteri Nelson & McGlothlin, 1996 collected in the
Bieszczady Mis., Poland (see Michalczyk & Kaczmarek 2003
for details); two specimens of C. verrucosus from the Thulin
collection, deposited in the Natural History Museum of
Denmark in Copenhagen, collected in Borgholm, Oland,
Sweden; and a single female of Microhypsibius truncatus Thu-
lin, 1928 from Lese (Kattegat, Denmark), deposited in the
Natural History Museum of Denmark in Copenhagen. Two
Isohypsibius spp. were used for morphological comparisons
(both PCM and SEM): Isohypsibius coulsoni Kaczmarek,
Zawierucha, Smykla & Michalczyk, 2012 from locus typi-
cus, and Lsohypsibius prosostomus Thulin, 1928 collected by
PG in the Tatra Mts., Poland (49°14’49”N, 20°05’42”E;
1037 m a.s.l., moss from tree bark in upper forest zone) on
the 22nd May 2016. Moreover, eight paratypes of Lsohyps-
ibius gilvus, deposited in the Department of Animal Biology
(University of Modena and Reggio Emilia, Modena), were
examined under PCM. Additionally, C. ornatus (Richters,
1900) was analysed by SEM imaging and DNA sequencing,.

MICROSCOPY AND IMAGING

Specimens for light microscopy and morphometry were
mounted on microscope slides in Hoyer’s medium according
to the recipe and mounting protocol in Morek ez al. (2016a),
and then examined under a Nikon Eclipse 50i phase-contrast
microscope fitted with a Nikon Digital Sight DS-L2 digital
camera. Specimens for imaging by SEM were prepared accord-
ing to Stec et al. (2015). Buccal apparatuses were extracted
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following a sodium hypochlorite (NaClO) protocol by Eibye-
Jacobsen (2001) with modifications described thoroughly in
Gasiorek er al. (2016). Both animals and apparatuses were
examined under high vacuum in a Versa 3D DualBeam SEM
at the ATOMIN facility of Jagiellonian University, Krakéw,
Poland. For deep structures that could not be fully focused
in a single photograph, a series of 2-6 images were taken
every ¢. 0.2 pm and then assembled with Core/ into a single
deep-focus image.

MORPHOMETRICS

The sample size for morphometrics was chosen following the
recommendations of Stec ez 2/ (2016). All measurements are
given in micrometres (um). Structures were measured only if
their orientations were suitable. Body length was measured
from the anterior to the posterior end of the body, exclud-
ing the hind legs. Terminology for the structures within the
buccal apparatus and for the claws follows that of Pilato &
Binda (2010) and Gasiorek ez a/. (2017). Gibbosity denota-
tion system by Michalczyk & Kaczmarek (2010) was applied
to the plaque arrangement. Claws were measured following
Beasley ez al. (2008). 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) and is presented here in italics.
Morphometric data were handled using version 1.2 of the
‘Parachela’ template, which is available from the Tardigrada
Register (Michalczyk & Kaczmarek 2013).

GENOTYPING

DNA was extracted from individual animals using Chelex”
100 resin (Casquet ez al. 2012; Stec ez al. 2015). We sequenced
three DNA fragments that differed in their effective mutation
rates: a small ribosome subunit (18S rRNA), a large ribosome
subunit (28S rRNA), and internal transcribed spacer (ITS-2).
We also attempted to sequence DNA for the cytochrome ¢
oxidase subunit I (COI) but we failed to obtain informative
sequences despite trying different primers and their com-
binations. The three nuclear fragments were amplified and
sequenced according to the protocols described by Stec ez 4.
(2015); primers and original references for specific PCR
programs are listed in Table 1. Sequencing products were
read with the ABI 3130xl sequencer at the Molecular Ecol-
ogy Laboratory of the Institute of Environmental Sciences
at Jagiellonian University. Sequences were processed using
version 7.2.6.1 of BioEdit (Hall 1999).

PHYLOGENETIC ANALYSES

We aligned all available isohypsibioid, hypsibioid, and two
Milnesium spp. (outgroup) 18S rRNA sequences (see Table 2)
using the default settings of MAFFT version 7 (Katoh ez 4.
2002; Katoh & Toh 2008). The obtained alignment was ed-
ited and checked manually in BioEdit and then trimmed to
782 bp. Using PartitionFinder version 2.1.1 (Lanfear ez al.
2016) under the Bayesian Information Criterion (BIC), the
best substitution model was chosen for posterior phylogenetic
analysis. First we ran the analysis to test all possible models
implemented in the program and the best fit-model was:
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TaBLE 1. — Primers and references for specific protocols for amplification of the three DNA fragments sequenced in the study.

Primer
DNA fragment Primer name direction Primer sequence (5’-3’) Primer source PCR program
18S rRNA SSUO01_F forward AACCTGGTTGATCCTGCCAGT Sands et al. (2008)  Zeller (2010)
SSU82_R reverse TGATCCTTCTGCAGGTTCACCTAC
28S rRNA 28S_Eutar_F forward ACCCGCTGAACTTAAGCATAT Gasiorek et al. (2018) Mironov et al. (2012)
28SR0990 reverse CCTTGGTCCGTGTTTCAAGAC Mironov et al. (2012)
ITS-2 ITS2_Eutar_Ff forward CGTAACGTGAATTGCAGGAC Stec et al. (2018) Stec et al. (2018)

ITS2_Eutar_Rr

reverse

TGATATGCTTAAGTTCAGCGG

TaBLE 2. — List of the GenBank accession numbers for isohypsibioid, hypsibioid and outgroup DNA sequences used for phylogenetic analyses in the present

study (new sequences are marked in bold).

Taxon 18S rRNA Reference Taxon 18S rRNA Reference
Isohypsibioidea Calohypsibius ornatus MH279652 present study
Apodibius confusus Dastych, KC582830 Dabert et al. (2014) (Richters, 1900) _
1983 Diphascon higginsi Binda, 1971 HQ604932 Bertolani et al. (2014a)
Fractonotus verrucosus MGB800855 present study Diphascon pingue (Marcus, FJ435736, Guil & Giribet (2012),
(Richters, 1900) n. comb. 1936) HQ604937  Bertolani et al. (2014a)

Doryphoribius flavus (Iharos, 1966)HQ604940
Doryphoribius macrodon Binda, HQ604942
Pilato & Dastych, 1980

Eremobiotus alicatai (Binda, HQ604951
1969)

Halobiotus crispae Kristensen, AY582121,
1982 EF620402

Haplomacrobiotus utahensis ~ KT778600

Pilato & Beasley, 2005
Hexapodibius micronyx Pilato,
1969

Isohypsibius arbiter Binda, 1980 KT778602

Isohypsibius dastychi Pilato, HQ604954
Bertolani & Binda, 1982

Isohypsibius granulifer Thulin, KT778603
1928

Isohypsibius papillifer (Murray, EU266925
1905)

Isohypsibius prosostomus EF620404
prosostomus Thulin, 1928

Isohypsibius prosostomus AM500652

cambrensis (Morgan, 1976)
Pseudobiotus kathmanae Nelson, HQ604957
Marley & Bertolani, 1999
Pseudobiotus megalonyx
(Thulin, 1928)
Thulinius augusti (Murray, 1907) KF360230
Thulinius stephaniae (Pilato, 1974) GQ92570

HQ604959

Bertolani et al. (2014a)
Bertolani et al. (2014a)

Bertolani et al. (2014a)

Jorgensen &
Kristensen (2004),
Meabjerg et al. (2007)

Cesari et al. (2016)

HQ604915-6Bertolani et al. (2014a)

Cesari et al. (2016)
Bertolani et al. (2014a)

Cesari et al. (2016)
Sands et al. (2008)
Magbijerg et al. (2007)
Kiehl et al. (2007)
Bertolani et al. (2014a)
Bertolani et al. (2014a)

Bertolani et al. (2014b)
unpublished

Hypsibioidea
Acutuncus antarcticus

(Richters, 1904)
Adropion belgicae (Richters, 1911)HQ604925
Adropion scoticum (Murray,

EU266943

1905) HQ604927
Astatumen trinacriae FJ4357383,
(Arcidiacono, 1962) HQ604922

Borealibius zetlandicus (Murray, HQ604924
1907)

Sands et al. (2008)
Bertolani et al. (2014a)

Bertolani et al. (2014a)

Guil & Giribet (2012),
Bertolani et al. (2014a)

Bertolani et al. (2014a)

SYM +1+G. Since RAXML (Stamatakis 2014) allows for only
a single model of rate heterogeneity (from the GTR family)
in partitioned analyses, using PartitionFinder we additionally
tested GTR, GTR+I, GTR+G and GTR+1+G. The best
fit-model in this analysis was GTR+1+G.
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Diphascon puniceum (Jennings, EU266949
1976)

Hebesuncus conjungens AM500646
(Thulin, 1911)

Hebesuncus ryani Dastych &  EU266956
Harris, 1994

Hypsibius convergens FJ435726
(Urbanowicz, 1925)

Hypsibius klebelsbergi KT901827
Mihelgi¢, 1959

Hypsibius pallidus Thulin, 1911 HQ604945

Hypsibius scabropygus Cuénot, AM500649
1929

Mesocrista revelata Gasiorek,
Stec, Morek, Zawierucha,
Kaczmarek, Lachowska-
Cierlik & Michalczyk, 2016

KU528627

Mesocrista spitzbergensis KX347532
(Richters, 1903)
Microhypsibius bertolanii HQ604992

Kristensen, 1982
Mixibius saracenus (Pilato, 1973)HQ604955
Pilatobius nodulosus HQ604934
(Ramazzotti, 1957)

Sands et al. (2008)
Kiehl et al. (2007)
Sands et al. (2008)
Guil & Giribet (2012)
Dabert et al. (2015)

Bertolani et al. (2014a)
Dabert et al. (2014)

Gasiorek et al. (2016)

Gasiorek et al. (2016)
Bertolani et al. (2014a)

Bertolani et al. (2014a)
Bertolani et al. (2014a)

Pilatobius patanei (Binda & HQ604935 Bertolani et al. (2014a)
Pilato, 1971)

Pilatobius ramazzottii (Robotti, HQ604939 Bertolani et al. (2014a)
1970)

Platicrista angustata (Murray, =~ HQ604948 Bertolani et al. (2014a)
1905)

Ramazzottius oberhaeuseri AY582122 Jergensen &
(Doyere, 1840) Kristensen (2004)

Apochela (outgroup)

Milnesium berladnicorum KT951660 Morek et al. (2016b)

Ciobanu, Zawierucha, Moglan
& Kaczmarek, 2014

Milnesium tardigradum Doyére, MG912554
1840

Morek et al. (2019)

Maximum-likelihood (ML) topologies were constructed us-
ing RAXML v8.0.19 (Stamatakis 2014). Strength of support
for internal nodes of ML construction was measured using
1000 rapid bootstrap replicates. Bootstrap (BS) support values
>70% on the final tree were regarded as significant statistical
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https://www.ncbi.nlm.nih.gov/nuccore/AY582122
https://www.ncbi.nlm.nih.gov/nuccore/KT951660
https://www.ncbi.nlm.nih.gov/nuccore/MG912554

Fractonotus revisited 4

Fic. 1. — Fractonotus verrucosus (Richters, 1900) n. comb., ontogenetic series (Fig. 1F: differential interference contrast [DIC], the remaining photos are phase
contrast microscope [PCM]): A, juvenile habitus (lateral view); B, young adult habitus (dorsal view); C-F, old adult habitus, variability in the development of large
tubercles (dorsal views); E, adult habitus with the symmetrical arrangement of plaques (Calohypsibius placophorus sensu da Cunha 1943, dorsolateral view);
F, adult habitus (a specimen from Borgholm, Oland from the Thulin collection, lateral view, DIC). Scale bars: 20 pym.

support. Bayesian inference (BI) marginal posterior probabilities
were calculated using MrBayes v3.2 (Ronquist & Huelsenbeck
2003). Random starting trees were used and the analysis was
run for ten million generations, sampling the Markov chain
every 1000 generations. An average standard deviation of split
frequencies of <0.01 was used as a guide to ensure the two in-
dependent analyses had converged. The program Tracer v1.3
(Rambaut et /. 2014) was then used to ensure Markov chains
had reached stationarity and to determine the correct ‘burn-
in’ for the analysis which was the first 10% of generations. A
consensus tree was obtained after summarizing the resulting
topologies and discarding the ‘burn-in’. The BI consensus tree,
clades recovered with posterior probability (PP) between 0.95 and
1.00 were considered well supported, those with PP between
0.90 and 0.94 were considered moderately supported and those
with lower PP were considered unsupported. All final consensus
tree were viewed and visualized by FigTree v.1.4.3 available from
http://tree.bio.ed.ac.uk/software/figtree. Uncorrected pairwise
distances were calculated using MEGA7 (Kumar ez a/. 2016).
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DATA DEPOSITION

Morphometric data are provided as Supplementary Materi-
als 1 accessible via the permanent link: htep://sciencepress.
mnhn.fr/sites/default/files/documents/fr/z2019v41a6_1.
xlsx, or via the Digital Object Identifier (DOI): https://doi.
org/10.5252/z00systema2019v41a6_1. DNA sequences were
submitted to GenBank (www.ncbi.nlm.nih.gov/genbank).
The p-distances are provided as Supplementary Materials 2
accessible via http://sciencepress.mnhn.fr/sites/default/files/
documents/fr/z2019v41a6_2 xlsx, or https://doi.org/10.5252/
zoosystema2019v41a6_2

ABBREVIATIONS

CU University of Catania, Sicily;

MNHN Muséum national d’Histoire naturelle, Paris;
NHMD Natural History Museum of Denmark, Copenhagen;
UAM Department of Animal Taxonomy and Ecology,

Adam Mickiewicz University, Poznar;
UJ Institute of Zoology and Biomedical Research,
Jagiellonian University, Krakéw.
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Fic. 2. — Fractonotus gilvus (Biserov, 1986) n. comb., adults showing intraspecific variability in cuticular sculpturing (A, dorsal and B, dorsolateral view, para-
types). Scale bars: 20 pm.

RESULTS

Phylum TARDIGRADA Doyére, 1840
Class EUTARDIGRADA Richters, 1926
Order PARACHELA Schuster, Nelson,
Grigarick, Christenberry, 1980
Superfamily ISOHYPSIBIOIDEA Sands, Mclnnes, Marley,
Goodall-Copestake, Convey, Linse, 2008
Family ISOHYPSIBIIDAE Sands, Mclnnes, Marley, Goodall-
Copestake, Convey, Linse, 2008

Genus Fractonotus Pilato, 1998

Fractonotus Pilato, 1998: 132.

AMENDED DIAGNOSIS. — Small isohypsibiid (rarely exceeding
200 pm, Fig. 1). Cephalic elliptical organs present (Fig. 7A). Dorsum
and limbs covered with densely arranged, blunt protuberances. Six
peribuccal lobes present (Fig. 6A). Apophyses for the insertion of
stylet muscles (AISM) asymmetrical with respect to the frontal plane
— the dorsal apophysis subdivided into two portions: the anterior
portion in the shape of a slightly convex longitudinal thickening (and
the posterior portion as weakly developed blunt hook); the ventral
apophysis in the shape of a mild and long ridge (Fig. 9A). Very large
pharyngeal apophyses and placoids in the muscle pharynx. Stylet
furcae of the Fractonotus-type, i.e. with broad, trapezoid base, thin
arms and rounded apices (Figs 8D, 10A). Claws of the modified
Isohypsibius-type, with triangular bases and strongly curved claw
branches (Fig. 12A, B). Accessory points symmetrical or occasion-
ally asymmetrical. Smooth eggs laid in exuviae.

DIFFERENTIAL DIAGNOSIS. — Fractonotus shares pronounced cuticu-
lar sculpturing with some species of six other parachelan genera:
Calohypsibius Thulin, 1928, some Ramazzottius Binda & Pilato,
1986, Hypsibius Ehrenberg, 1848, Pilatobius Bertolani, Guidetti,
Marchioro, Altiero, Rebecchi, Cesari, 2014, Doryphoribius Pilato,
1969 and Isohypsibius Thulin, 1928, but it can be readily distin-
guished from these genera by the morphology of the stylet furcae
(square/trapezoid in Fractonotus vs narrower and more rectangular
in the latter genera; compare Figs 7B, D; 10A-C). Furthermore,
Fractonotus differs from Ramazzottius, Hypsibius and Pilatobius
by having Isohypsibius-like claws (claws of the latter genera are of
the Hypsibius or of the modified Hypsibius-type). Moreover, the
genus differs specifically from:

— Calohypsibius Thulin, 1928 (Hypsibioidea: Calohypsibiidae), by
having a different type of cuticular sculpture (roundish or oval tu-
bercles covering the entire dorsum and limbs with smooth dorsal
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pebble-shaped plaques in Fractonotus, Fig. 5A-D vs multangular
or star-like tubercles and occasional spines arranged less densely
in Calohypsibius, Fig. 5E, F), different structures surrounding the
mouth opening (six soft and large peribuccal lobes in Fractonotus,
Fig. 6A vs six small well defined papulae in Calohypsibius, Fig. 6B),
a reversed morphology of the dorsal apophysis for the insertion of
stylet muscles (an anterior thickening and a tiny posterior hook in
Fractonotus, Fig. 7E-G vs an anterior large blunt hook and a slight
posterior thickening in Calohypsibius, Fig. 9A, B), and by claw
morphology (modified Isohypsibius-type claws with pseudolunulae,
triangular bases, and elongated, strongly curved branches with con-
spicuous accessory points in Fractonotus, Figs 11A-D; 12A, B vs very
small, rigid, with the base width equal to the sum of the primary
and secondary branch widths, with the vertical septum between
the two branches, and without pseudolunulae in Calohypsibius,
Figs 11E; 12C, D).

— Doryphoribius Pilato, 1969 (Isohypsibioidea: Isohypsibiidae), by
the presence of elliptical organs on the head (absent in Doryphori-
bius), and by the absence of the ventral lamina on the buccal tube
(ventral lamina present in Doryphoribius).

— Isohypsibius Thulin, 1928 (Isohypsibioidea: Isohypsibiidae), by the
presence of elliptical organs on the head (absent in Isohypsibins), a
different shape of AISM (asymmetrical with respect to the frontal
plane in Fractonotus, Fig. 7E vs ridges symmetrical with respect to
the frontal plane Lohypsibius, Figs 7H, I; 9A, C), and by the claw
morphology (modified fsohypsibius-type claws with triangular bases,
especially well-marked on the fourth pair of legs, in Fractonotus vs
Isohypsibius-type claws with stalk-like bases in Lsohypsibius, Figs 11H,
I; 12E, F).

COMPOSITION AND REMARKS

Currently only three species, Fractonotus caelatus (the nomi-
nal taxon), F verrucosus n. comb. and F gilvus n. comb., are
assigned to the genus. The three species are placed in the
single genus because they share a number of taxonomically
important traits: AISM shape, the presence of elliptical ce-
phalic organs, two granular macroplacoids in the pharynx,
and the type of cuticular sculpturing. On the other hand,
Pilato (1998) described the claws of FE caelatus as of the
Microhypsibius type, whereas claws in F verrucosus n. comb.
and F gilvus n. comb. are closer to Isohypsibius type claws.
Therefore, given the differences in claw morphology, there is
a possibility that £ verrucosus n. comb. and F gilvus n. comb.
belong to a new isohypsibioid genus, and are only delusively
similar to Fractonotus due to convergent evolution in the
remaining traits. Nevertheless, the majority of traits sug-
gest that all three species should be placed in Fractonotus.
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Fic. 8. — Fractonotus verrucosus (Richters, 1900) n. comb., habitus (SEM): A, lateral view; B, dorsal view; Calohypsibius ornatus (Richters, 1900), habitus (SEM):
C, lateral view; D, dorsal view. Scale bars: A, 30 um; B-D, 20 pm.

Biserov (1986) misinterpreted the AISM of F gilvus n. comb.
(Fig. 3 therein) as Jsohypsibius-type AISM, but our observations
of the type material confirm that the species has the AISM
of the Fractonotus-type. However, there are more Isohypsibius
and Hypsibius species, that exhibit cuticular sculpturing simi-
lar to that of Fractonorus. Thus, they may in fact belong to
Fractonotus rather than Lohypsibius or Hypsibius. Neverthe-
less, we refrained from enacting more transfers, as a careful
examination of individuals is needed to confirm whether these
species, in addition to cuticular sculpturing, also exhibit other
characteristics of Fractonotus.

Fractonotus verrucosus (Richters, 1900)
n. comb.

Macrobiotus ornatus var. verrucosus Richters, 1900: 41 (terra typica:
Taunus, Germany).

Macrobiotus scabrosus Murray, 1911: 10 (locus typicus: Clare Is-
land, Ireland).

Hypsibius verrucosus — Thulin 1911: 29 (Kiruna, Lapland, Swe-
den). — Marcus 1928: 180 (Vannsee, Berlin, Germany). — Cuénot
1932: 77 (the Vosges, France and Switzerland). — da Cunha 1947,
1948: 6, 2 (Serra d’Arga, Serra do Bugaco, Serra da Estrela, Serra
da Lousa, Portugal).
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Calohypsibius verrucosus — Thulin 1928: 239 (Sweden).
Calohypsibius scabrosus Thulin, 1928: 239 (Sweden).

Hypsibius scabrosus Cuénot, 1932: 77 (the Vosges, France and Swit-
zerland). — da Cunha 1947, 1948: 6, 2 (Serra d’Arga, Serra do
Bugaco, Serra da Estrela, Serra da Lousa, Portugal).

Hypsibius (Calohypsibius) verrucosus — Marcus 1936: 285 (Schwar-
zwald, Germany). — Franceschi 1951-1952: 12 (Val Camonica,
Italy). — Mihel¢i¢ 1953: 247 (Tirol, Austria). — Fontoura 1981:
18 (Viseu, Arga, Amarante, Portugal).

Hypsibius placophorus da Cunha, 1943: 1 (locus typicus: Cabril do
Ceira, Portugal); 1947, 1948: 2, 2 (Serra d’Arga, Serra do Bugaco,
Serra da Estrela, Serra da Lous3, Portugal) n. syn.

LocALITIES. — Scotland. Creag Meagaidh (56°57°10”N, 4°30°35”W
291 ma.s.L; collection date: 1.X.2014), lichens from moorland rocks;
Scotland, Hebrides, Isle of Lewis, Loch nan Muilne (58°21°08”N,
6°35°14”W; 27 m a.s.l.; collection date: 29.VI[.2015), moss and
lichen mix from stones on the lakeshores; Invermoriston, Loch Ness
(57°12’39”N, 4°35°59”W; 20 m a.s.l.; 25.X.2015; Brian Blagden
leg.), moss and lichen mix from stones on the lakeshores.

MATERIAL EXAMINED. — 23 individuals, UJ (19 specimens, including
one simplex, on slides GB.005.03-12, GB.008.01-3, GB.028.01-
2 and 4 specimens on two SEM stubs); 2 individuals, MNHN
(slides GB.005.01-2); 3 individuals, NHMD (slides GB.008.04-
5); 2 individuals, UAM (slides GB.028.03-4); 1 individual, CU
(slide GB.028.02).
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Fic. 4. — Genus Calohypsibius Thulin, 1928 s.s., after exclusion of F. verrucosus
n. comb. (PCM): A, Calohypsibius ornatus (Richters, 1900); B, Calohypsibius
maliki Michalczyk & Kaczmarek, 2005; C, Calohypsibius schusteri Nelson &
McGilothlin, 1996. Scale bars: 10 pm.

ETYMOLOGY (NOT PROVIDED IN THE ORIGINAL DESCRIPTION). —
The name most likely refers to the rugged cuticular surface of the
species (from Latin verruca = wart).

DIFFERENTIAL DIAGNOSIS. — Fractonotus verrucosus n. comb. can
be distinguished from F caelatus and F gilvus n. comb. (Fig. 2A,
B) by the presence of plaques (absent in the latter species). It also
differs from F gilvus n. comb. by shorter, stouter claws (anterior
and posterior primary branches 4.1-6.4 pm [N=10] and 4.3-7.4 pm
long [N=18], respectively, in Fractonotus verrucosus n. comb. vs 7.0-
13.0 pm [N=21] and 10.5-16.5 pm long [N=21], respectively, in
E gilvus n. comb.; compare Fig. 11A-D).
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TaBLE 3. — Measurements [in pm] of selected morphological structures of
individuals of Fractonotus verrucosus (Richters, 1900) n. comb. mounted in
Hoyer’s medium. Abbreviations: N, number of specimens/structures measured;
pt, the pt index; Range, refers to the smallest and the largest structure among
all measured specimens; SD, standard deviation.

Range Mean SD
Character N um pt pum pt pm pt
Body length 26 103 -235 . 177 - 33 -
Buccal tube
Buccal tube length 23169 - 271 - 231 - 24 -

Stylet support insertion 23 9.7 - 158 56.8 - 623136 59.2 1.4 1.5

point
Buccal tube external 24 10-16 48- 6513 570205
width
Buccal tube internal 24 02-07 12-2604 190104
width

Placoid lengths
Macroplacoid 1 25 10-27 59-11421 930413
Macroplacoid 2 25 13-23 65- 9518 8710307
Macroplacoid row 25 33-53 182-21.845 20005 1.0

Claw 1 lengths
External base 18 2.0- 39 85-14427 11.706 1.8
External primary branch 18 35- 6.0 169 -24.0 48 21.308 2.2
External secondary 18 27- 47 126-17534 14807 1.8
branch
Internal base 17 15-29 78-11.623 99 04 1.0
Internal primary branch 12 3.0- 55 17.7-242 45 20508 2.0
Internal secondary 9 23-39 7119-156 31 13605 1.1
branch

Claw 2 lengths
External base 17 20- 44 89-16227 12007 24
External primary branch 17 32- 69 16.1-27.1 50 22212 39
External secondary 11 24-54 11.8-199 38 16308 2.9
branch
Internal base 10 15-35 70-13325 11.007 22
Internal primary branch 8 2.7- 58 190-251 49 2161022
Internal secondary 6 30-43 121-17537 15205 1.8
branch

Claw 3 lengths
External base 16 18-37 91-16.126 11906 20
External primary branch 14 38- 75 19.0-31.6 53 23812 4.3
External secondary 14 24-50 11.8-21.135 26308 2.7
branch
Internal base 14 17- 33 88-13423 10605 1.5
Internal primary branch 11 28- 54 16.6 -224 45 20.1 09 2.1
Internal secondary 10 22-39 114-16031 14407 15
branch

Claw 4 lengths
Anterior base 15 16-37 83-13726 11.306 1.8
Anterior primary branch 10 41- 64 193-284 54 22908 25
Anterior secondary 6 23-51 155-204 42 18611 2.1
branch
Posterior base 16 21-40 86-15926 1180518
Posterior primary 18 43- 74 202-307 57 25309 2.8
branch
Posterior secondary 8 3.1-55 161-21.9 43 1840.7 1.9
branch

INTEGRATIVE DESCRIPTION

Animals (see Table 3 for measurements)

Body stubby, typically slightly rose in live animals, trans-
parent in mounted specimens. Dorsum strongly sculptured
from the first instar, although with substantial ontogenetic
quantitative and qualitative variability in this trait (Fig. 1A-
F). Juveniles with ten transverse bands of numerous tu-
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Fic. 5. — A-D, Fractonotus verrucosus (Richters, 1900) n. comb.; E, F, Calohypsibius ornatus (Richters, 1900), cuticle morphology (SEM): Fractonotus-type:
A, smooth, obtuse tubercles of the smallest specimens (Calohypsibius scabrosus sensu Murray 1911, Calohypsibius verrucosus sensu da Cunha 1947); B, sca-
brous tubercles occurring in the caudal part of the smallest specimens and on the whole body of adults; C, D, dorsal plaques of adults (Calohypsibius placo-
phorus sensu da Cunha 1943, Calohypsibius verrucosus sensu Thulin 1911, Marcus 1928 and Cuénot 1932), arrowheads indicate coarse portions of the plaques;
Calohypsibius-type: E, irregular, multangular tubercles of the cephalic part; F, rows of tubercles of the trunk in close-up. Scale bars: A, B, F, 2 pm; C-E, 20 pm.
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FiG. 6. — Fractonotus verrucosus (Richters, 1900) n. comb. and Calohypsibius ornatus (Richters, 1900), peribuccal structures (SEM): A, Fractonotus verrucosus n. comb.,
with six peribuccal lobes typical for Isohypsibiidae; B, Calohypsibius ornatus with six small and roundish peribuccal papulae typical for Calohypsibiidae. Scale bars: 1 pm.

Fic. 7. — A-E, Fractonotus spp., F-G, Calohypsibius spp. and H-1, Isohypsibius spp., elliptical organs and details of the buccal apparatus (PCM): Fractonotus verru-
cosus (Richters, 1900) n. comb.: A, cephalic region, empty arrowheads indicate elliptical organs; B, dorsal view, incised arrowhead indicates buccal tube thickening,
and incised empty arrowhead points to the furca; C, ventral view; Fractonotus gilvus (Biserov, 1986) n. comb.; D, ventral view, incised empty arrowhead points to the
furca; Fractonotus verrucosus (Richters, 1900) n. comb.; E, lateral view, arrowhead indicates the posterior portion of dorsal apophysis in the shape of stumpy hook;
F, Calohypsibius ornatus (Richters, 1900), lateral view, arrowhead indicates the anterior portion of dorsal apophysis in the shape of stumpy hook; G, Calohypsibius
schusteri Nelson & McGilothlin, 1996, arrowhead indicates the anterior portion of dorsal apophysis in the shape of stumpy hook, and arrow points to the visible
peribuccal papulae; H, Isohypsibius prosostomus (Thulin, 1928); 1, Isohypsibius coulsoni Kaczmarek, Zawierucha, Smykla, Michalczyk, 2012. Scale bars: 10 ym.
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Fic. 8. — Buccal apparatus of Fractonotus verrucosus (Richters, 1900) n. comb. (SEM): A, oral cavity armature, the arrowhead indicates the row of conical teeth;
B, the buccal crown and both dorsal and ventral apophyses for insertion of stylet muscles (AISM) in lateral view; C, buccal tube, empty arrowheads indicate lateral
thickenings; D, stylet furca; E, pharynx in dorsal view; F, pharynx in lateral view. Scale bars: A, D, 0.5 ym; B, 1 pm; C, E, F, 2 ym.

bercles that increase in size towards the caudal end of the
body, but fully formed plaques never present, legs covered
with fine tubercles (Fig. 1A). All ten bands not always eas-
ily identifiable under PCM in juveniles. In young adults,
plaques present in bands 6-10, with the most prominent
plaques in bands 8-10 (Fig. 1B). In older adults, smooth
spaces between the transverse bands becoming narrow and
sometimes merge into larger areas (Fig. 1C-F). Plaques larger
and more numerous than in young adults, and typically
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developping in bands 4-10, but the most evident plaques
present in the caudal part of the body (Fig.1C-F). Tubercles
more or less round or oval (Figs 3A, B; 5A, B), gradually
increasing in size from juveniles to adults, and becoming
scabrous with age (compare Figs 1A-F; 5A, B). Plaques, on
the other hand, typically smooth and only sometimes slightly
rough (Fig. 5C, D, arrowheads); under stereomicroscope
strongly opalescent. Plaques arranged symmetrically in
respect to the longitudinal body axis, although deviations
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Fic. 9. — Schematic comparison of the AISM (lateral view) in: A, Fractonotus
Pilato, 1998; B, Calohypsibius Thulin, 1928; C, Isohypsibius Thulin, 1928.

from symmetry are not rare (Fig. 1C, D). In adults, seven
pairs of central plaques and four lateral plaque pairs. Cen-
tral plaques triangular in shape, with their apices directed
laterally and outwards. In rows where only central plaques
are present, plaques slimmer and longer than in rows with
lateral plaques. Central plaques present in bands aligned
with legs I-IIT as well as in bands between those legs. First
three pairs of lateral plaques in line with legs I-III and the
last pair of double lateral plaques situated between legs II1
and IV (Fig. 1E). Plaque configuration VII:4-2-4-2-4-2-6.
Cephalic elliptical organs present but not easy to identify,
given the rich cuticular sculpturing (Fig. 7A). Eyes absent
in live animals.

Buccal apparatus of the Fractonotus-type (Fig. 7B, C, E),
i.e. with a long ventral AISM, and the dorsal AISM sub-
divided into the proximal, weakly developed thickening,
and the distal, small blunt hook (Fig. 9A). Mouth opening
surrounded by six large and soft peribuccal lobes (visible
only under SEM, Fig. 6A). Oral cavity armature, visible
only under SEM, consisting of a single row of minute coni-
cal teeth located on the ring fold (Fig. 8A). Two distinct
porous areas on the lateral sides of the buccal crown are
visible in SEM only (Fig. 8B). Stylet furcae of the modi-
fied Hypsibius shape, i.e. with very broad and trapezoid
bases, thick arms and rounded apices (Figs 7B, 8D, 10A).
Buccal tube with slight lateral thickenings posterior to the
stylets supports (Figs 7B, C, E; 8C). Round bulbus with

large pharyngeal apophyses (almost as large as the placoids),
and two granular macroplacoids (Figs 7B, C, E; 8E, F).
In PCM, macroplacoids without constrictions, however
slight central constrictions in both macroplacoids detect-
able under SEM (Fig. 8E, F).

Claws of the modified Isohypsibius-type (Figs 11A-C; 12A,
B). Specifically, claw bases triangular, especially pronounced
in claws IV (Figs 11C, 12B). Claw branches V-shaped, elon-
gated and strongly curved. Apparent accessory points on the
primary branches (Figs 11A-C; 12A, B). Weakly developed
pseudolunulae present, particularly visible under the internal
and anterior claws (Fig. 11A, C). Claw septa and cuticular
bars on legs absent.

Eggs
Roundish and smooth, deposited in exuviae (up to two eggs
per exuvia recorded).

MOLECULAR MARKERS

The sequences for all DNA markers were of a good quality.
The sequenced fragments were of the following lengths:
1.727 bp (185 rRNA; MG800855), 819 bp (285 rRNA;
MGB800856), and 499 bp (ITS-2; MG800857). All mark-
ers, including the specimen without cuticular plaques, were
represented by single haplotypes. The p-distances between
18S haplotypes of all available isohypsibioid species and
Fractonotus verrucosus n. comb. ranged from 2.0% (/. proso-
stomus Thulin, 1928, EF620404 from Denmark) to 7.1%
(Hexapodibius micronyx Pilato, 1969, HQ604915 from
Italy), with an average distance of 5.2%. As our 28S rRNA
primers obtain a different gene fragment to the one se-
quenced by previous authors, comparisons of this gene were
not possible. Matrices with p-distances are provided in the
Supplementary Material 2.

REMARKS

The vast part of the Richters Collection has been lost, thus
the type material (if ever existed) is not available for ex-
amination. Moreover, no specimens from Germany were
examined in this study, therefore the neotype series is not
established. Hence, until the redescription from the terra
typica in Germany is available, we propose to consider the
description of the Scottish specimens only as the current
perception of the species.

PHYLOGENETIC POSITION OF FRACTONOTUS AMONG OTHER
[SOHYPSIBIIDAE

Both Bayesian Inference and Maximum Likelihood meth-
ods unreservedly located Fractonotus within Isohypsibioidea
(Fig. 13), thus corroborating the phenotypic analysis (see
above). The genus ohypsibius s.s. (i.e. 1. prosostomus and its
closest relatives) appears paraphyletic with respect to Frac-
tonotus. However, in general, all isohypsibioid lineages clearly
remain in polytomy, with only the occasional sound Bayesian
posterior probabilities characterising clades with morphologi-
cally similar taxa. Therefore, the exact relationships between
different isohypsibioid clades remain unsolved.
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Fic. 10. — Schematic comparison of stylet furcae in: A, Fractonotus Pilato, 1998; B, Calohypsibius Thulin, 1928; C, Isohypsibius Thulin, 1928.

Fractonotus gilvus (Biserov, 1986) n. comb.

Isohypsibius gilvus Biserov, 1986: 984.

REMARK
Elliptical organs not always visible due to developed sculptur-
ing in the cephalic portion of the body.

TAXONOMIC ACCOUNT OF THE
CALOHYPSIBIIDAE SENSU STRICTO

Superfamily HypsIBIOIDEA Pilato, 1969
(emended by Bertolani ez al. 2014a)

Family CALOHYPSIBIIDAE Pilato, 1969
(emended by Bertolani e a/. 2014a)

EMENDED DIAGNOSIS. — Very small eutardigrades (typically below
150 pm) with elliptical organs on the head. Dorsum covered with
irregular, multangular protuberances, and sometimes also with spines
(Figs 3C, D; 4; 5E, F). Claws miniaturised, but not reduced, of the
Calohypsibius-type, i.e. asymmetrical with respect to the sequence
of primary and secondary branches (2-1-2-1), but similar in their
size, with bases as large as the sum of the primary and secondary
branch widths, but devoid of sutures. Pseudolunulae absent. Acces-
sory points symmetrical (Figs 11E; 12C, D). Six peribuccal papulae
present (Fig. 6B). AISM asymmetrical with respect to the frontal
plane, with the dorsal apophysis subdivided in two portions of dif-
ferent shape (Fig. 9B). Stylet furcae of the Hypsibius-type (Fig. 10B).
Pharyngeal apophyses smaller than the tiny granular macroplacoids.
Smooth eggs laid in exuviae.

COMPOSITION. — A monotypic family, comprising the genus
Calohypsibius.

Genus Calohypsibius Thulin, 1928

Calohypsibius Thulin, 1928: 238.
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DIAGNOSIS. — Same as for the family Calohypsibiidae.

ETYMOLOGY (NOT PROVIDED IN THE ORIGINAL DESCRIPTION). —
After Schuster et 2l (1980), from Ancient Greek xéX\oc (kdllos) =
beauty; derivatives calli-, callo- mean beautiful, pretty. Thulin most
likely wanted to highlight the cuticular sculpturing, which is excep-
tionally complex, rich and unusual among Eutardigrada.

COMPOSITION AND REMARKS

Currently only three species, namely C. maliki Michalczyk &
Kaczmarek, 2005 (Fig. 4B), C. ornatus (Richters, 1900) (type
species; Figs 3C, D, 4A), and C. schusteri Nelson & McGloth-
lin, 1996 (Fig. 4C), are ascribed to the family. Nevertheless,
Barto$ (1940) already described the remarkable variability
within European records of the ornarus complex, which raises
justifiable concerns as to whether C. ornatus encompasses
only a single species. Further, as suggested by Pilato (1998),
it is very likely that the genus comprises many more species
than currently recognised. However, a systematic integrative
study based on extensive sampling is needed to verify this
hypothesis.

TAXONOMIC ACCOUNT
OF THE MICROHYPSIBIIDAE SENSU STRICTO

Superfamily HyPSIBIOIDEA Pilato, 1969
(emended by Bertolani e a/. 2014a)

Family MICROHYPSIBIIDAE Pilato, 1998

EMENDED DIAGNOSIS. — Very small eutardigrades (typically
below 150 pm in length) without elliptical organs on the head.
Cuticle smooth. Claws minute and asymmetrical with respect to
the sequence of primary and secondary branches (2-1-2-1), with
thin bases continuous with the primary branches. External and
internal, and anterior and posterior claws different in shape but
similar in size. Pseudolunulae absent. Accessory points symmetri-
cal (Fig. 11G). Peribuccal papulae not visible under PCM. AISM
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FiGg. 11. — Comparison of Fractonotus-type (A-D, F), Calohypsibius-type (E), Microhypsibius-type (G), and Isohypsibius-type (H, I) claws (all but Fig. 11F PCM):
Fractonotus verrucosus (Richters, 1900) n. comb.: A, claws |, arrowhead indicates weakly developed pseudolunula; B, claws II, interrupted line designates iso-
hypsibioid claw curvature; C, claws IV, arrowhead indicates weakly developed pseudolunula; Fractonotus gilvus (Biserov, 1986) n. comb.; D, claws lll, arrowhead
indicates weakly developed pseudolunula; Calohypsibius ornatus (Richters, 1900); E, claws IV; Fractonotus caelatus (Marcus, 1928); F, claws IV; Microhypsibius
truncatus Thulin, 1928; G, claws Il (DIC); Isohypsibius prosostomus (Thulin, 1928); H, claws II; Isohypsibius coulsoni Kaczmarek, Zawierucha, Smykla & Michal-
czyk, 2012; I, claws Il. Scale bars: 10 pm.

asymmetrical with respect to the frontal plane, with the dorsal
apophysis subdivided in two portions of different shapes (Fig. 9A).
Stylet furcae of the Hypsibius-type. Pharyngeal apophyses similar
in size to macroplacoids. Smooth eggs laid in exuviae.

COMPOSITION. — A monotypic family, comprising the genus
Microhypsibius.

Genus Microhypsibius Thulin, 1928

DIAGNOSIS. — Same as for the family Microhypsibiidae.
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ETYMOLOGY (NOT PROVIDED IN THE ORIGINAL DESCRIPTION). —
The name was most likely chosen to underline the minute size of
the family members.

COMPOSITION. — Microhypsibius bertolanii Kristensen, 1982,
M. japonicusIto, 1991, M. minimus Kristensen, 1982, M. truncatus
Thulin, 1928 (type species).

REMARKS
See Kristensen (1982) for the most current depiction of the
genus Microhypsibius.
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Fic. 12. — A-B, Fractonotus verrucosus (Richters, 1900) n. comb.; C-D, Calohypsibius ornatus (Richters, 1900); E-F, Isohypsibius spp., claws (SEM): Fractonotus-
type: A, claws llI; B, claws IV; Calohypsibius-type; C, claws II; D, claws IV; Isohypsibius-type; E, Isohypsibius prosostomus (Thulin, 1928), claws I; F, Isohypsibius
coulsoni Kaczmarek, Zawierucha, Smykla & Michalczyk, 2012, claws Il. Scale bars: A, B, 3 pm; C, D, 1 pm; E, F, 4 pm.
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1.000— Milnesium berladnicorum

100l witnesium tardigradum

Isohypsibius arbiter

1.00

Isohypsibius prosostomus prosostomus

100

Isohypsibius prosostomus cambrensis

Fractonotus verrucosus n. comb.

Isohypsibius papillifer

—1_00: Isohypsibius granulifer
99

Isohypsibius granulifer

0.977 Isohypsibius dastychi

Eremobiotus alicatai

Halobiotus crispae

1.00
1.001—00{

99

Halobiotus crispae

Thulinius stephaniae

1.00
100 0.99

Thulinius augusti

A: Doryphoribius macrodon

Apodibius confusus
Doryphoribius flavus

M': Pseudobiotus megalonyx

Pseudobiotus kathmanae

—g

Hexapodibius micronyx

Haplomacrobiotus utahensis

Hypsibioidea

Fic. 13. — The phylogenetic position of Fractonotus verrucosus (Richters, 1900) n. comb. on the Bayesian Inference and Maximum Likelihood cladogram con-
structed from currently available 18S rRNA sequences for Isohypsibioidea and Hypsibioidea, with a Milnesium spp. sequence as the outgroup (see also Table 2).
Values above branches indicate posterior probability values (Bl), whereas values under branches show bootstrap values (ML). Branches with support below 0.9

in BI (70% in ML) were collapsed.

DISCUSSION

COMPARISON WITH EARLIER DESCRIPTIONS

OF THE VERRUCOSUS COMPLEX

'The descriptions of Macrobiotus verrucosus by Richters (1900),
M. scabrosus by Murray (1911), and Hypsibius placophorus by
da Cunha (1943) are brief and affected by opposing opinions
on what represents intra- and inter-specific variation. Our
molecular analyses confirmed, however, that both corrugated
and rugose forms with plaques (i.e. the first instar and an
adult instar) belong to the same species, which is in agree-
ment with the prediction by Cuénot (1932), who explicitly
expressed doubts about whether Calohypsibius verrucosus and
C. scabrosus truly represent separate species as sometimes they
were distinguished only by the presence/absence of eyes. Of
the earlier researchers, the most significant observations were
made by Murray (1911) who pointed out conspicuously large
pharyngeal apophyses and claws with V-shaped branches, which
now can be considered as autapomorphies of Fractonotus.

It must be noted that the taxonomic obscurities which
accrued around the verrucosus complex very likely resulted
from very small sample sizes. With few individuals, some
populations may have comprised only juvenile forms (% ver-
rucosus n. comb.), and other of only young or older adults
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(C. scabrosus and C. placophorus n. syn., respectively). This
explicitly demonstrates how important in tardigrade system-
atics are: 1) a proper sample size; and 2) the examination of
both juveniles and adults when describing new species (e.g.
see Stec et al. 2016 and Morek e al. 2016b, respectively).
All above mentioned names are now designated as younger
synonyms of E verrucosus (Richters, 1900) n. comb. The original
description of this species is limited, and the taxon is in urgent
need of redescription, as is F caelatus. Moreover, given that
the latter species received a more recent description based on
specimens found on different continents (Pilato ez 2/ 1989),
it is likely that it may comprise multiple taxonomic identities.
Furthermore, as noted in the remarks above, the monophyly
of Fractonotus is uncertain, as F caelatus exhibits slightly
different claw morphology from F verrucosus n. comb. and
E gilvus n. comb. Therefore, the composition and definition
of the genus is likely to be amended in the future, when DNA
sequences for F caelatus and E gilvus n. comb. are available.

FRACTONOTUS VS ISOHYPSIBIUS SENSU LATO

The obtained Bayesian and Maximum Likelihood phylo-
genetic trees are generally very similar to the one presented
by Cesari et al. (2016). However, the genus Lohypsibius s.s.
should contain the nominal species, 1. prosostomus, and its
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closest congeners, whereas in the present study this hypotheti-
cal clade is paraphyletic with respect to Fractonotus (Fig. 13).
On the other hand, this topology may be an artefact resulting
from the generally high conservatism of 18S and 28S rRNA
markers, which does not allow for confident separation of
the two genera due to their close affinity in respect to other
isohypsibiids (see Suppl. Mat.2). Nevertheless, molecular
affinity of Isohypsibius s.s. and Fractonotus is congruent with
the modified Isohypsibius-type claws in the latter genus, and
suggests that claw morphology in the systematics of the iso-
hypsibioid lineage ought not to be neglected.

In the available limited isohypsibiid molecular dataset,
E verrucosus n. comb. clusters with 1. prosostomus cambrensis
Morgan, 1976, a species exhibiting distinctly granulated cu-
ticle. This indicates that evidently sculptured cuticle may be
an important supraspecific character, and it may have broad
phylogenetic implications. Currently, sohypsibius is the most
speciose, ‘super-polyphyletic’ eutardigrade genus (Bertolani
et al. 2014a, Cesari et al. 2016). Given that some of the
species currently assigned to Lsohypsibius and Hypsibius s.1.
exhibit a high resemblance to Fractonotus in cuticle and claw
morphology, they may eventually turn out to be more related
to Fractonotus than to I prosostomus and its immediate kin,
thus representing convergently evolving lineages.
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