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ABSTRACT

The tardigrade taxonomy is recently based on morphological and molecular data. Some cases

are here discussed starting from the reasons that lead to consider the family Hexapodibiidae
a valid taxon together with an evaluation on its position within the superfamily Isohypsi-
bioidea. The matters that support the institution of the family Hexapodibiidae also offer the

occasion to discuss not only this particular case but, in general, the use of molecular and mor-
phological data in systematic and phylogenetic studies of Tardigrada. In particular, I try to
warn against errors of diagnosis of the material used to obtain the molecular sequences, or
the use of a low number of data, which could lead to even considerable errors in the construc-

tion of the phylogenetic trees.
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INTRODUCTION

Much molecular research has been carried out
during the last two decades regarding limno-terres-
trial tardigrades (e.g. Garey et al., 1999; Jorgensen
& Kristensen, 2004; Regier et al., 2004; Nichols et
al., 2006; Jorgensen et al., 2010, 2011; Guidetti et
al., 2005, 2009, 2016, 2019; Kiehl et al., 2007,
Sands et al., 2008a,b; Cesari et al., 2009, 2016 a,b;
Marley et al., 2011; Guil & Giribet, 2012; Guil et
al., 2013a,b, 2018; Bertolani et al., 2014, 2022;
Morek et al. 2019, 2020; Gasiorek et al., 2019
a,b,c; Morek & Michalczyk, 2020, Topstad et al.,
2021;Tumanov & Tsvetkova, 2023; Vecchi et al.,
2023; Dey et al., 2024; Pust et al., 2024; Gasiorek
et al., 2024; Morek et al., 2024; Vincenzi et al.,
2024). Those studies, integrated with the available
morphological data, according to the authors, al-
lowed a better reconstruction of the phylogeny of
Phylum Tardigrada. However, as will be high-

lighted later, some changes to taxonomy and phy-
logeny predominantly based on molecular data, in
some cases lead to unlikely conclusions compared
to morphological analyses.

In the present paper some cases will be
discussed starting with the reasons that support the
validity of the family Hexapodibiidae together with
an evaluation of its position within the superfamily
Isohypsibioidea.

The family Calohypsibiidae Pilato, 1969b had
been instituted for Eutardigrada having claws of the
Calohypsibius Thulin, 1928 type, and in the family
description some morphological differences had
been stressed between the genus Calohypsibius on
one hand and the other genera of the family on the
other hand (Fig. 1, from Pilato 1969b). These dif-
ferences (Figs. 1, 2) were confirmed in subsequent
papers regarding the same family Calohypsibiidae
(Pilato 1982b, pp. 223-224; Pilato & Beasley
(1987, p. 69); Pilato, 1989).
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Figure 1. Phylogenesis of Calohypsibiidae according to Pilato (1969b) (only four genera were known at that time). Figure
2. Phylogenesis of the Calohypsibiidae confirmed by Pilato (1989) when all the five genera attributed to that family were
known. A degree of separation of the genus Calohypsibius from the other genera of the family is evident.
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Recent combined studies of the nucleotide se-
quences coding for 18S rRNA and 28S rRNA, and
new morphological observations about Calohypsi-
biidae, led Bertolani et al. (2014) to leave only the
genus Calohypsibius ascribed to the family Calo-
hypsibiidae, confirming this family’s position in the
superfamily Hypsibioidea. At the same time, mainly
on the basis of molecular affinities of Hexapodibius
Pilato, 1969, accompanied by a difference in the
claw structure and notable differences in the bucco-
pharyngeal apparatus compared to Calohypsibius,
they transferred the genus Hexapodibius and the
other three genera previously ascribed to the family
Calohypsibiidae (Haplomacrobiotus May, 1948;
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Hexapodibius; Parhexapodibius Pilato, 1969 and
Haplohexapodibius Pilato et Beasley, 1987) to the
superfamily Isohypsibioidea. All four of these gen-
era have similar claws, or clearly derived claws
with a much shorter or absent secondary branch
(Figs. 3-6), and similar bucco-pharyngeal appara-
tuses.

In 2014, only the family Isohypsibiidae was at-
tributed to this superfamily and, as a consequence,
Bertolani et al. (2014) added the four above men-
tioned genera into the family Isohypsibiidae, stress-
ing that that family appeared clearly polyphyletic.
Afterwards, Cesari et al. (2016b), adding molecular
information on Haplomacrobiotus, noted that both
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Figures 3—6. Claws of the Hexpodibius type of the various genera of Hexapodibiidae. Fig. 3: claws with the secondary
branch normally developed (genus Parhexapodibius Pilato, 1969b). Fig. 4: claws with the secondary branches reduced
(genus Hexapodibius Pilato, 1960a). Fig. 5: hind legs of Haplomacrobiotus May, 1948 where the secondary branches are
reduced to a simple spur. Fig. 6: claws of Haplohexapodibius Pilato et Beasley, 1987 in which the secondary branches are
absent; ap = accessory points; bs = basal section; pb = primary branch; sb = secondary branch (from Pilato & Binda, 2010).
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molecular and morphological data led to the same
conclusion, namely that those four genera belong
to a homogeneous phyletic lineage clearly different
from the other lineages of the superfamily Isohypsi-
bioidea. For this reason they instituted for those
four genera the new family Hexapodibiidae Cesari,
Vecchi, Palmer, Bertolani, Pilato, Rebecchi et
Guidetti, 2016.

The position of Hexapodibiidae as taxa of the Iso-
hypsibioidea is accepted without discussion by the
various authors who have taken them into consider-
ation, even though the evaluation of the position of
the Hexapodibiidae within the Isohypsibioidea is not
uniform. In fact, even though in the phylogenetic tree
of figure 4 of Bertolani et al. (2014) and figure 3 of
Cesari et al. (2016b) Hexapodibius and the Hexa-
podibiidae, respectively, seem to be not basal
among the Isohypsibioidea (at that time composed
by only one family), due to the low number of data
the authors are careful not to emphasize this fact in
their discussions, aware that a much greater number
of data would have been needed to confirm this sit-
uation. Bertolani et al. (2014) state “Within the
phyletic lineage of Isohypsibioidea (Fig. 4), species
attributed to seven genera are present (....), whose
relationships are not always well-resolved.” Pru-
dence seems to characterize Gasiorek et al. (2019a),
who represent a comb-like phylogenetic tree of the
Isohypsibioidea, i.e. without identification of a
basal branch. However, in the same year Ggsiorek
et al. (2019c¢) state that the Isohypsibiidae (from
which numerous species and genera have been re-
moved to erect new families), and therefore not the
Hexapodibiidae, represent the basal branch of the
Isohypsibioidea and that (pp. 1 and 41) “the Iso-
hypsibioidea are most likely the most basally
branching evolutionary lineage of eutardigrades”.
It should be emphasized that this statement is based
on the same low number of sequences used by pre-
vious authors. It also should be noted that there is
already evidence here that different conclusions are
drawn with the same molecular data. In my opinion,
as [ will discuss later, the morphological data do not
lead to this conclusion.

In this paper it seems opportune to stress the rea-
sons which led me (as co-author) to consider the
new family Hexapodibiidae as valid and to express
an opinion about the importance of attributing the
proper role of molecular and morphological data in
attempting to construct the phylogeny of Eu-
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tardigrada. For this reason I also examined other eu-
tardigrade species and genera whose purported
identification or phylogenetic position were per-
plexing, considering both preparations and descrip-
tions in various publications. It is evident that any
errors in identifying the species compromise the va-
lidity of the molecular data and the identification of
their phylogenetic position, and it is clear that
molecular data, especially those lacking strong sup-
port, can lead to risks of misinterpretation of phy-
logeny.

MATERIAL AND METHODS

Morphological observations were conducted on
species of almost all the genera attributed to the su-
perfamily Isohypsibioidea; many examined speci-
mens were mounted in polyvinyl-lactophenol and
deposited in the Binda and Pilato collection (Mu-
seum of the Department of Biological, Geological
and Environmental Sciences, University of Catania,
Italy). Three specimens of Isohypsibius papillifer
(Murray, 1905) were also examined, kindly loaned
by Sandra Mclnnes (British Antarctic Survey, Cam-
bridge). Photomicrographs were made under x100
oil immersion, using a Leica Phase Contrast Micro-
scope equipped with “Canon S40” digital camera
and using Adobe Photoshop Elements 2.0 digital
imaging software. For this paper no molecular study
has been carried out, and all molecular data are
from Sands et al. (2008b), Bertolani et al. (2014,
2022), Cesari et al. (2016b), Gasiorek et al. (2019c¢)
and Guidetti et al. (2019).

RESULTS AND DISCUSSION

A. Evaluation of the family Hexapodibiidae,
highlighting of some cases of forced and in-
sufficiently supported phylogenetic interpre-
tations based on a molecular evidence

An in-depth review of the cuticular structures
observing the available slides before me of the
known genera of Hexapodibiidae (Hexapodibius,
Parhexapodibius, Haplomacrobiotus, Haplohexa-
podibius) confirmed the morphological uniformity
and peculiarity, and therefore the validity, of that
family, which I had already approved as co-author
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in Cesari et al. (2016b). Nonetheless, I here take oc-
casion for resolutely disagreeing, from the morpho-
logical point of view, with the attribution of those
four genera to the family Isohypsibiidae by
Bertolani et al. (2014) and with the recent proposal
of a basal position of this family within the Iso-
hypsibioidea and the eutardigrades (Gasiorek et al.
2019c). In the first case, placing claws with differ-
ent structure in the same family, there would be an
asymmetry in the evaluation of the same character,
which does not occur within the other superfamilies
of eutardigrades. Bertolani et al. (2014) transferred
those four genera into the family Isohypsibiidae on
the basis of combined studies of two DNA se-
quences (18S and 28S genes). They correctly no-
ticed the differences between the claws, of the
Hexapodibius type of those genera, and the claws
of the Isohypsibius type of the Isohypsibiidae, but
they deemed to solve the problem by considering
the claws of the Hexapodibius type as derived from
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claws of the Isohypsibius Thulin, 1928 type due
only to a reduction of the basal tract.

Also Gasiorek et al. (2019¢, Page 19), defined
the claws of Hexapodibius type as “a morphotype
of the claws of the Isohypsibius type”; i.e. admit-
ting, like Bertolani et al. (2014), that the claws of
the Hexapodibius type derived from claws of the
Isohypsibius type by reduction of the basal tract.
However, it is difficult to think that the claws of the
Hexapodibius type derived from claws of the Iso-
hypsibius type, differing not only in the shape but
also in the structure (obviously the simple dimen-
sions are not important). The claws of the Isohypsi-
bius type (Figs. 7, 8) have a basal portion that
continues with the secondary branch, and the main
branch is joined to the secondary branch obliquely,
whereas in the claws of the Hexapodibius type
(Figs. 3—6 and 9, 10 of this paper, and 7B of
Bertolani et al., 2014) main and secondary branches
are joined to each other as far as the very base, and

Figures 7-10. Claws of the Isohypsibius type (Figs. 7, 8), and of the Hexapodibius type (Figs. 9, 10). The two types of claw
differ from one another in both structure and shape. The claws in Fig. 9 refer to the second and third pairs of legs of the
holotype of Hexapodibius chirstenberryae Pilato et Binda, 2003. Scale bars = 10 pm.
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the suture, well visible, has an orientation clearly
different from that of the claws of the Isohypsibius
type. If a reduction of the basal portion is imagined
in the claws of the Isohypsibius type, since the su-
ture has a different orientation, it (Figs. 7-10)
would remain different, and this indicates a very
probable distinct origin of those two types of claws.
It is very difficult to imagine a separation of the
branches and then a re-joining according to a dif-
ferent position in order to produce claws of the
Hexapodibius type. It seems more likely to hypoth-
esize that from a common ancestor, with four sep-
arate claws per leg, the Apochela and ancestor of
the Parachela arose; in the Apochela the four claws
of each leg did not join; from the descendant who
had been ancestor of the Parachela, some lineages
derived whose claws, independently one from the
others, joined two by two forming double claws.
From one of these descendants that acquired double
claws, it is possible that two lineages evolved
whose molecular sequences have not diversified
like the structure of the claws. In these two lineages
the four claws per leg joined two by two in different
manners giving double claws of the Isohypsibius
type in a descendent lineage (the Isohypsibiidae),
and of the Hexapodibius type in the other (the
Hexapodibiidae). Starting about fifty years ago (Pi-
lato 1969b), but also see Tumanov (2021), the im-
portance of distinguishing the shape from the
structure of the claws was stressed. Tumanov
(2021) wrote: “Modern family-level system of the
Eutardigrada is mainly based on the works of Pi-
lato....... who reconstructed the phylogeny of this
group using the organization of the claws as a pri-
mary character and that of the buccal-pharyngeal
apparatus as a secondary character”. In some
cases it seems that distinction between shape and
structure is today neglected, and the result is to
avoid dealing with the problem of the discordance
between morphological and molecular data.

With regard to the use of molecular data in eu-
tardigrade phylogeny, on one hand, considering the
origin of the claws of Macrobiotus Schultze, 1834
type, Bertolani et al. (2014) wrote (Page 113): “The
main parachelan clade is formed by four well sup-
ported evolutionary lines that can be identified with
the four superfamilies: Isohypsibioidea, Hypsi-
bioidea, Eohypsibioidea, and Macrobiotoidea
(Figs. 2 and 3). Only the tree obtained with the BI,
under GTR model, shows the Isohypsibioidea basal
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to the other superfamilies and the Hypsibioidea as
sister-group of the clade with the other two super-
families (Eohypsibioidea, Macrobiotoidea) being
closely related (Page 114, Fig. 2). The BI (under
CAT model) and ML analyses are not able to solve
the relationships among superfamilies)”. On the
other hand, Gasiorek et al. (2019¢) seem to have
less perplexities, and, exceeding the caution of
Bertolani et al. (2014), wrote on page 41: “Isohypsi-
bioidea are most likely the most basal lineage in the
order Eutardigrada (Sands et al., 2008; Bertolani
etal.,2014a)”. And in the same page 41: “Given the
phylogenetic relationships between the orders
(Bertolani et al., 2014a), asymmetrical claws are
most likely a plesiomorphy of the Eutardigrada
whereas claw symmetry should be considered as a
macrobiotid autapomorphy”.

Those who consider “the Isohypsibioidea the
most basal lineage on the order Eutardigrada”,
should explain in what way asymmetrical claws of
the Isohypsibius type became symmetrical claws of
the Macrobiotus type, considering the differences
in claw structure between those two groups, de-
scribing a reasonable process in this transition and
not simply speak of “macrobiotid autapomorphy”.
It is difficult to imagine that from an ancestor hav-
ing claws of the Isohypsibius type, i.e. with
branches asymmetrically joined (and with main and
secondary branches clearly different in length from
one another) a descendant derived in which the
claws, of Isohypsibius type, changed so deeply, in-
cluding their symmetry, structure and shape. One
can also hypothesize that the branches of the claws
of Isohypsibius parted and subsequently joined in a
different way giving origin to the symmetrical
claws of the Macrobiotus type, but both these hy-
potheses appear very improbable.

Moreover, Gasiorek et al. (2019c¢), discussing
the phylogeny of Eutardigrada, about the bucco-
pharyngeal apparatus state: “In other words, the
presence of the ventral lamina should be treated as
an example of parallel evolution within FEu-
tardigrada being at the same time the autapomor-
phy of Macrobiotoidea as well of Hexapodibiidae
and some genera of Doryphorybiidae fam. nov.” It
seems strange to admit the same autapomorphy in
the Macrobiotoidea, in the Hexapodibiidae and in
some genera of Doryphoribiidae, but it is even
stranger that: A) Gasiorek et al. (2019c, p. 18) write
that “The lack of ventral lamina in Hetero-
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tardigrada Marcus, 1927, Apotardigrada, Hypsi-
bioidea, and many Isohypsibioidea suggests that it
is a derived trait” without hypothesizing what the
ancestor provided with that lamina would have been
like; and B) they hypothesize that after the reduc-
tion of the lamina in an ancestor of the Macro-
biotoidea, in this taxon the same structure
reappeared as an autapomorphy. In these cases re-
quiring massive and complicated morphological
changes, I believe that too much importance has
been given to molecular data that is still very weak.
Even when only or mainly molecular data are
considered, problems frequently occur in Eutardi-
grade phylogenetic analysis. Eutardigrada are tra-
ditionally considered a class subdivided into two
orders: Apochela and Parachela. Recently, Guil et
al. (2018), mostly on a molecular basis proposed to
consider those two orders as classes named, respec-
tively, Apotardigrada and Eutardigrada; but Morek
et al. (2020), and also Fleming & Arakawa (2021),
considered the proposal by Guil et al. (2018) unjus-
tified and re-established the traditional taxonomy.

B. Examples of misdiagnosis of taxa and
consequent incorrect coupling of morpholog-
ical and molecular data

Other no less important problems arise when
there are errors in identifying the taxa that are used
for sequencing. The possibility of mistakes in spe-
cific or generic diagnoses of the material used for
molecular research (so that molecular and morpho-
logical evaluation may appear discrepant, and phy-
logenetic evaluation at least dubious) is a
demonstrable fact. According to the molecular
analysis of Sands et al. (2008b), Isohypsibius papil-
lifer (Murray, 1905) appeared clearly different from
all the other studied species of the genus (as in-
tended in 2008). For many years I had the suspicion
that this species did not belong to the genus Iso-
hypsibius (see Plate 111, Fig.15C in Murray, 1905).
In order to be sure, I asked for a loan from Sandra
Mclnnes of the specimens of Isohypsibius papillifer
tested by Sands et al. (2008b) and thanks to her
kindness I was able to examine three specimens at-
tributed to Isohypsibius papillifer by those authors.
In the label of only one of those slides it was written
“Isohypsibius cf. papillifer”, i.e a doubt was ex-
pressed about the specific diagnosis, but no doubt
about the genus. In the paper by Sands et al.

(2008b) no doubt is expressed about the specific di-
agnosis. Authors who referred to the paper of Sands
et al. (2008b) (as examples Bertolani et al., 2014;
Guil et al., 2018; Gasiorek et al., 2019¢) recorded
Isohypsibius papillifer without reference to even-
tual doubts on the specific diagnosis. In any case,
as regards the considerations expressed in this
paper, if the specimen used by Sands et al. (2008b)
is identical to the three specimens I examined, the
doubt about the specific diagnosis is less important
than the fact that the species studied by those au-
thors, and named Isohypsibius papillifer, does not
belong to the genus Isohypsibius but to a different
genus: Mixibius Pilato, 1992 or to a genus morpho-
logically extremely similar to Mixibius. This, in my
opinion, is demonstrated by the internal claw shape
(Figs. 11, 12) compared with a claw (Fig. 13) of
Mixibius fueginus Pilato et Binda, 1996, and by the
morphology of the apophyses for the insertion of
the stylet muscles (Figs. 14 and, better, Fig. 15) rel-
ative to a specimen in lateral view).

In Fig. 16, by comparison, a photo relative to
Mixibius parvus Lisi, Sabella et Pilato, 2014 is pre-
sented; it is evident that each apophysis of the spec-
imen named Isohypsibius papillifer by Sands et al.
(2008b) (Figs. 14, 15) is a hook followed by a lon-
gitudinal thickening of the buccal tube wall as in
Mixibius parvus of Fig. 16 and not a ridge thicken-
ing as it is in the species of Isohypsibius (Fig. 16
and Figs. 17, 18).

Many authors (Guil & Giribet, 2012; Bertolani
etal., 2014; Guil et al., 2018) did not examine that
material and therefore did not notice the mistake re-
garding the genus and continued to ascribe that
species to the genus Isohypsibius. Also Gasiorek et
al. (2019c¢) did not notice the mistake but, based on
the presence of cuticular pointed gibbosities cov-
ered with reticulum, for that species, and for Iso-
hypsibius sattleri (Richters, 1902), instituted the
new genus Dianea that, if the mistake of Sands et
al. (2008b) will be confirmed, should be revised.
One can also suspect that the specimen whose se-
quence has been studied by Sands et al. (2008b) was
different from those sent to me.

This case highlights the fact that an unrecog-
nized incorrect diagnosis may be used in phyloge-
netic studies by subsequent researchers with
consequent incorrect evaluations. Particularly seri-
ous consequences may occur if, as an example, a
species of genus ‘A’ is erroneously ascribed to
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Figure 11. Claws of the second pair of legs of a specimen, attributed to Isohypsibius papillifer (Murray, 1905) of the popu-
lation whose 18S rDNA sequence had been studied by Sands et al. (2008). Figure 12. Claws of the hind legs of the same
specimen. Figure 13. Claws of Mixibius fueginus Pilato & Binda, 1996. The arrows indicate the angle larger than 90°, be-
tween the basal portion and the secondary branch of the internal claws.

Figures 14, 15. Bucco-pharyngeal apparatus of specimens attributed to Isohypsibius papillifer (Murray, 1905), of the pop-
ulation whose 18S rDNA sequence had been studied by Sands et al. (2008). The apparatus of Fig. 14 is of the same specimen
showed in Figs. 11 and 12. Figure 15 shows the bucco-pharyngeal apparatus, in lateral view, of a second, identical, specimen
studied by the same authors. Figure 16. Bucco-pharyngeal apparatus of Mixibius parvus Lisi, Sabella et Pilato, 2014. The
arrows indicate the apophyses for the insertion of the stylet muscles. In the specimens studied by Sands et al. (2008) each
apophysis is not a ridge as in the species of the genus Isohypsibius (Figs. 17, 18) but rather a hook as in Mixibius (Fig. 16),
and a thickening of the buccal tube wall is present caudally to the apophyses. Scale bars = 10 um.
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Figures 17, 18. Buccal tube of the Isohypsibius type. Fig. 17: Isohypsibius verae Pilato et Catanzaro, 1989. Fig. 18:
Isohypsibius barbarae Pilato et Binda, 2002. Each apophysis for the insertion of the stylet muscles (arrows) is a continuous

ridge. Scale bars = 10 pm.

genus ‘B’ lacking sequences from other species; the
phylogenetic position attributed to the genus ‘B’
may be absolutely erroneous, with possible conse-
quences regarding the higher taxa to which that
genus is ascribed.

Another alarm has to be stressed: the tendency
of several authors to subordinate the morpholog-
ical data to the molecular data without a careful,
critical evaluation. As an example, Ggsiorek et al.
(2019¢) instituted the new genera Dianea and Ur-
sulinius stressing as a morphological difference
the different shape of the cuticular gibbosities.
Ursulinius has: “large, mammillose and round
gibbosities”, whereas in Dianea the gibbosity is
“less regular and clearly narrows toward the
apex”. However, gibbosities similar to those of
Ursulinius are present also in some species of Do-
ryphoribius Pilato 1969b, and gibbosities similar
to those of Dianea are present in the specimen at-
tributed by Sands et al. (2008b) to Isohypsibius
papillifer that, as mentioned above, does not be-
long to that species and probably not even to that
genus. Gasiorek et al. (2019c¢) stated (page 19)
that according to Binda & Pilato (1971), Kris-
tensen & Hallas (1980) and Pilato (1982a) the use

of dorsal gibbosities as a generic trait was a sub-
ject of criticism, but they solved the problem with
a hypothesis by writing: “However, recent data
show that in a single sample, numerous, poten-
tially closely related or pseudocryptic species can
be found (e.g. see Faurby et al., 2011; Morek et
al., 2019)”. The possibility to find cryptospecies
cannot be denied, but it does not seem correct to
institute two new genera without a precise discus-
sion of the characters taken into consideration, but
only on the basis of a hypothesis. It seems also
strange that Ggsiorek et al. (2019¢) consider im-
portant at the generic level the shape of the cutic-
ular gibbosities and not also the number of rows
of gibbosities and the presence or absence of a
median line of gibbosities. In addition, according
to the suggestion of Ggsiorek et al. (2019c¢), it
should be necessary to transfer to the genus Di-
anea also Isohypsibius papillifer, but, as above
mentioned, first it should be ascertained whether
Sands et al. (2008b) examined the molecular se-
quences of a true Isohypsibius instead of a Mix-
ibius (or another Isohypsibioidea).

There is an additional problem concerning the
affinity between Acutuncus Pilato et Binda, 1997
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and Mixibius, that cannot be discussed at length
here. This problem is not solved because a mistake
in the literature may be noticed about the genus
Acutuncus. The possibility of mistakes about this
genus is suggested by the paper of Cesari et al.
(2016a) where the authors studied populations of
supposed Acutuncus antarcticus Richters, 1904
from seven localities of Victoria Land. In Figure 3
of page 640 they furnished 6 photos of claws all at-
tributed to Acutuncus antarcticus; but only the
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claws of the photos 3A and 3D should be attributed
to Acutuncus antarcticus, while the others have to
be attributed to a species of a different genus (at
least the claws of Figs. 3C and 3F correspond to
claws of Mixibius). In order to notice the difference
from Acutuncus, the readers may carefully compare
in those photos the shape of the basal portion of the
secondary branch of the internal claws of the fig-
ures 3A and 3D of Cesari et al. (2016a) with those
of Figs. 21 and 22 of this paper.

Figures 19-22. Acutuncus antarcticus (Richters, 1904) from Victoria Land. Fig. 19: bucco-pharyngeal apparatus. Fig. 20:
apophyses for the insertion of the stylet muscles (arrows). Fig. 21: claws of the third pair of legs. Fig. 22: claws of the hind

legs. Photos from Pilato et al. (2017). Scale bars = 10 um.
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Another mistake can be found in the paper of
Gasiorek et al. (2019¢). They wrote on page 21:
“The 1. dastychi group exhibit claws with
branches forking at a very wide, approaching a
180° angle, present also in Eremobiotus (fig. SE).
Interestingly, the topology of the tree indicates the
affinity of these two groups as 1. dastychi and Er-
emobiotus sp. nov. are in a single polytomous
clade (that includes also Ursulinius gen. nov.)”.
However, the claws of Fig. 8E in Gasiorek et al.
(2019c¢) are not of Isohypsibius dastychi Pilato,
Bertolani et Binda, 1982, as demonstrated by
Figs. 23-26 of the present paper where claws of
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the holotype and of a paratype of Isohypsibius
dastychi are shown.

It is evident (Figs. 27, 28) that in the species of
Eremobiotus Biserov, 1992 the main branches of
the internal claws, particularly those of the hind
legs, are rigidly joined and that the shape of the
claws does not appear very different as a conse-
quence of their position; in addition it is true that
the branches of those claws fork at very wide angle.
On the contrary, in Isohypsibius dastychi the junc-
tion of the main branch is flexible and this allows
both claws to assume different positions and, ap-
parently, different shapes; only in some positions

Figures 23-26. Isohypsibius dastychi Pilato, Bertolani et Binda, 1982. Fig. 23: claws of the first pair of legs of the holotype.
Fig. 24: claws of the first pair of legs of a paratype. Fig. 25: claws of the third pair of legs of the same paratype of Fig. 24.
Fig. 26: claws of the hind legs of the holotype. Scale bars = 10 pm
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Figures 27, 28. Eremobiotus ginevrae Lisi, Binda et Pilato, 2016. Fig. 27: claws of the third
pair of legs. Fig. 28: claws of the hind legs. Scale bars = 10 pm.

the branches fork at an angle wider than 90°, while
in other positions it is not so. In Figs. 23, 24 the
claws of the first pair of legs of the holotype and a
paratype of Isohypsibius dastychi are shown, and it
is evident that they seem of different shape as a con-
sequence of the different positions. In Fig. 26 the
claws of the hind legs of the holotype of Isohypsi-
bius dastychi are shown, and it is evident that the
branches do not fork at a very wide angle, and they
are very different from the claws of Eremobiotus.

Yet another problem regards the genus Fractono-
tus Pilato, 1998. This genus included only one
species, Fractonotus caelatus (Marcus, 1928), hav-
ing claws whose main branch is continuous with the
thin basal portion, and with the secondary branch
rigidly joined to the main branch. This claw struc-
ture is different from that of the families Isohypsi-
biidae and Hypsibiidae. Based on this, the
genus Fractonotus, together with the genus Micro-
hypsibius Thulin, 1928, had been ascribed to the
family Microhypsibiidae Pilato, 1998 that I consid-
ered related to the Hypsibiidae. In agreement with
this opinion, Marley et al. (2011) and Bertolani et
al. (2014), ascribed the family Microhypsibiidae to
the superfamily Hypsibioidea.

However, recently Gasiorek et al. (2019a) stud-
ied Fractonots caelatus, Isohypsibius gilvus Biserov,
1986 and specimens attributed to Calohypsibius ver-
rucosus (Richters, 1900), and (Page 72) they ascribed

these three species to the genus Fractonotus trans-
ferring this genus into the family Isohypsibiidae.
However, only the latter species was analyzed also
for 18S, 28S and ITS2 genes, and of this species
they studied neither the type material, nor specimen
collected in the locus typicus.

In their new definition of the genus Fractono-
tus (Page 76) Gasiorek et al. (2019a) wrote: “Claws
of the modified Isohypsibius type, with triangular
bases and strongly curved branches (Figs. 124,
12B)”. As a difference between the claws of
Fractonotus and Calohypsibius and Isohypsibius,
Gasiorek et al. (2019a) referred only to the claw
shape but not also to the claw structure. It is un-
acceptable not to distinguish the shape from the
structure of the claws, to change the definition of
the genus Fractonotus, and to transfer this genus
from a superfamily to another one completely
overlooking the structure of the claws that is exactly
the main character for which the genus, and a new
family, where erected. Anyhow, it must be stressed
here that, in addition to what is specified above
about the structure, also the shape of the claws of
Figs. 11A-D and 12A-B in the paper of Gasiorek et
al. (2019a), and also Figs. 7G and 9A of the paper
of Gasiorek et al. (2019c¢), do not appear to be of
a species of the family Isohypsibiidae, since the
secondary branch of the internal claws forms an
angle much wider than 90° with the basal portion.



Discussion on the morphological and molecular data used in the study of tardigrade systematics

As above mentioned, Gasiorek et al. (2019a) ana-
lyzed from the molecular point of view specimens
that they considered belonging to Calohypsibius
verrucosus, and the data obtaianed on the 18S, 28S
and ITS2 genes correctly induced to attribute that
species to the Isohypsibioidea. As a consequence of
their opinion about the claws, and of those molec-
ular data, Gasiorek et al. (2019a), as above men-
tioned, attributed the three studied species to the
genus Fractonotus but they also wrote (page 76):
“given the differences on claw morphology, there is
a possibility that F. verrucosus n. comb. and F.
gilvus n. comb. belong to a neo isohypsibioid genus,
and are only delusively similar to Fractonotus”. |
think probable that Gasiorek et al. (2019a) studied
the molecular data of a species of Isohypsibiidae
and arbitrarily attributed the same molecular data
to Fractonotus, but Fractonotus caelatus remains
today the unique known species of this genus, and
such genus has to be attributed to the family Micro-
hypsibiidae (Hypsibioidea). It seems evident that
the problem has to be studied again.

C. Underestimate of the morphological data
in the descriptions of new species and of apo-
morphies in phylogenetic evaluations

An example of incorrect evaluation of morpho-
logical characters that appears due to the subordi-
nation of the morphology to nucleotide sequences
can be noted. Gasiorek et al. (2019c¢) instituted, in
the framework of Isohypsibioidea, the new family
Doryphoribiidae and ascribed to it the genera
Grevenius Gasiorek, Stec, Morek et Michalczyk,
2019c¢, Thulinius Bertolani, 2003; Pseudobiotus
Nelson, 1980; Doryphoribius Pilato, 1969 and
Apodibius Dastych, 1983. According to Gasiorek et
al. (2019c) the definition of the family Isohypsibi-
idae (Page 37) is: “Terrestrial eutardigrades with
six peribuccal lobes or with a continuous peribuc-
cal ring, and peribuccal lamina. Lacking peribuc-
cal lamellae and ventral lamina on the buccal tube.
AISM ridgelike and asymmetrical with respect to
the frontal plane (only Fractonotus) or symmetrical
(remaining five genera). Stylet furcae of the Hypsi-
bius type. Claws with secondary branches clearly
shorter than primary branches (br_< 0.70)”. On
page 39 Gasiorek et al. (2019¢) gave the definition
of the new family Doryphoribiidae where they
wrote: “Freshwater (limnic) or terrestrial eutardi-
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grades with six peribuccal lobes, or with continuous
peribuccal ring. Mouth opening surrounded by
peribuccal lamellae, often partially or almost com-
pletely fused (Paradiphascon, Pseudobiotus, Thulin-
ius) or by a peribuccal lamina (Apodibius;
Doryphoribius; Grevenius gen. nov.). Ventral lam-
ina on the buccal tube present (Apodibius; Do-
ryphoribius) or absent (Grevenius gen. nov,
Paradiphascon, Pseudobiotus, Thulinius). 4ISM
ridge-like, well-developed and asymmetrical in gen-
era with no ventral lamina or greatly reduced and
asymmetrical in genera exhibiting the ventral lam-
ina. Flexible pharyngeal tube present (Paradiphas-
con) or absent (all remaining genera). Two claw
types: the dominant type, with secondary branches
being similar on height to the primary branches (all
genera with the exception of some Doryphoribius
spp.), and the second, with secondary branches
being clearly shorter than the primary branches
(only in some Doryphoribius spp.)”.

An immediate question arises: what is a clear,
constant, morphological difference to distinguish
those two families? To Doryphoribiidae are as-
cribed both terrestrial and fresh-water species while
to the Isohypsibiidae are ascribed only terrestrial
species, but on Page 52 Gasiorek et al. (2019c¢) as-
cribed to the genus Isohypsibius also the species
Isohypsibius marcellinoi Binda et Pilato, 1971 and
Isohypsibius reticulatus Pilato, 1973 i.e. two species
found in freshwater (Pilato 1973, 1974). On the
same page 52 are ascribed to the genus Ursulinius
also the species Isohypsibius elegans Binda et Pi-
lato, 1971 and Isohypsibius lunulatus (Tharos 1966),
the former found by Pilato (1973), and the latter
found by Pilato & Catanzaro (1989) in Sicilian
rivers. Therefore, either Gasiorek et al. (2019¢)
should change the definition of the family Isohypsi-
biidae, or they need to ascribe to a different family
the four above mentioned species. Peribuccal lamel-
lae offer an apparent clear difference, absent in the
family Isohypsibiidae and present in some Do-
ryphoribiidae where they may be partially or almost
completely fused. However, peribuccal lamina and
peribuccal lamellae seem to be homologous struc-
tures. Fused peribuccal lamellae can form a
peribuccal lamina, or, on the contrary, incisions of
the peribuccal lamina can create peribuccal lamel-
lae. From this possibility it seems consequential to
affirm that to have a peribuccal continuous lamina
or a peribuccal lamina with incisions forming
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peribuccal lamellae is not a difference for which it
is correct to distinguish two families. If a terrestrial
species is found having continuous peribuccal lam-
ina and a buccal tube provided with ventral lamina
will it be ascribed to Isohypsibiidae or to Do-
ryphoribiidae? And if an aquatic species will be
found having peribuccal lamellae and a buccal tube
without ventral lamina will it be ascribed to Iso-
hypsibiidae or to Doryphoribiidae?

The unique difference between the families just
discussed is based on very limited molecular data
regarding the 18S rRNa and the 28S rRNA se-
quences (with some data drawn from GenBank), so
this is another clear example of morphology subor-
dinated to the nucleotide data with consequent con-
fusion about taxonomy and phylogeny.

Another, less important problem can be indi-
cated: Gasiorek et al. (2019¢) transferred into the
new genus Grevenius the species Isohypsibius tu-
bereticulatus Pilato et Catanzaro, 1989; Isohypsi-
bius verae Pilato et Catanzaro, 1989 and
Isohypsibius kristenseni Pilato, Catanzaro et Binda,
1989. In the legend of Fig. 1 (Page 8) of their
paper, where they present the schemes of the pos-
sible oral armature in Isohypsibioidea, at point A
those authors wrote: “a continuous peribuccal lam-
ina, two bands of teeth (Apodibius, Grevenius gen
nov., Halobiotus, Hexapodibius)”. From this, it ap-
pears that all the species of Grevenius have in the
mouth two bands of teeth, but in the above indi-
cated three species of which I am coauthor, and at-
tributed by Gasiorek et al. (2019c¢) to the genus
Grevenius, 1 have not been able to see an anterior
band of teeth, and it is pointed out, dubiously, the
presence of a posterior band of teeth only in Iso-
hypsibius verae. Gasiorek et al. (2019¢) did not
specify whether they examined the three above
mentioned species; if they did, perhaps my speci-
mens are not good because their teeth are not visi-
ble, but if those authors did not examine the three
species, it is necessary to better examine them be-
fore making any generalizations.

In other cases it seems sometimes COI and other
sequences less conservative than 18S and 28S se-
quences, are given a value higher than they should
deserve, and new species are described only based
on these molecular data.

As an example, Schill et al. (2010) instituted,
exclusively on the basis of molecular differences
(ITS2), three new species of Paramacrobiotus
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Guidetti, Schill, Bertolani, Dandekar et Wolf, 2009
morphologically undistinguishable from one an-
other and from Paramacrobiotus richtersi (Murray,
1911). The aim of the present paper is not to discuss
the choice of Schill et al. (2010) of instituting those
new species, even though some perplexities are jus-
tified, as also expressed by Bertolani et al. (2014)
and Guidetti et al. (2019), but it is very important
to stress that Schill et al.’s research clearly showed
that differentiation regarding at least the ITS2 se-
quences (but not necessarily resulting in complete
speciation) may start before morphological differ-
entiation. On the other hand, it is well known that
the Eutardigrada are conservative also as regards to
morphological characters (Pilato 1975, 1979), and
therefore it is possible that within a phyletic lin-
eage, a descending lineage acquired a difference
regarding some conservative nucleotide sequences,
without at first also developing morphological dif-
ferences from the sisterlines. But, on the contrary,
in my opinion it seems also possible that, at least in
some cases, one of the diverging lineages from a
common ancestor acquired clear differences regard-
ing the nucleotidae sequences more slowly than the
morphological differences. If this is possible, it is
easy to explain the case of the Hexapodibiidae that
are similar to the Isohypsibiidae as regards the nu-
cleotide 18S and 28S sequences but already very
different as regards to claw structure.

The above mentioned possibility is hypothesiz-
able in other cases. For example the phylogenetic
analysis based on 18S+COI sequences (Stec et al.
2021) confirmed by data in Bertolani et al. (2022),
shows one highly supported monophyletic lineage
grouping all the species of the Macrobiotus hufe-
landi group, including Macrobiotus pallarii Maucci,
1954 and related species that produce eggs com-
pletely different from these of that group. According
to Massa et al. (2021) and Bertolani et al. (2022),
the Macrobiotus hufelandi group also includes the
genus Xerobiotus Bertolani et Biserov, 1996 that,
due to the synapomorphy of its greatly modified
claws, should be considered valid. Stec et al. (2022)
confirmed that the species of Xerobiotus belong to
the Macrobiotus hufelandi group, but subordinating
the claw morphology to the molecular data, pro-
posed the abolition of that genus, disagreeing with
the opinion of Massa et al. (2021), and Bertolani et
al. (2022). I wish to stress here that morphological
differences, if marked and regarding structures
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surely significant for survival and evolution, cannot
be ignored and subordinated to molecular data.

CONCLUSIONS

All the statements and evaluations expressed
above do not mean that molecular data should not
have a major role in phylogenetic studies. On the
contrary, it is evident that they are absolutely useful
because sometimes they reveal mistakes relative to
the interpretation of morphological data, sometimes
they reveal previously missed morphological de-
tails, and therefore they can add to our understand-
ing of phylogenetic relationships. In one of the
cases discussed here, as an example, the molecular
data provided clarification of the systematic posi-
tion of the group of genera previously ascribed to
the family Calohypsibiidae and now distributed in
two families (Calohypsibiidae and Hexapodibi-
idae).

In studies about phylogeny, the best situation is
when molecular and morphological data are
consistent. But, when there is no concordance, in
order to propose a taxonomy and a hypothesis of
phylogeny, it is often necessary to consider
prioritising the former or the latter data, and in this
case considerable experience is needed to evaluate
the relevance of morphological characters at the
considered taxonomic level and to evaluate what is
the most reasonable hypothesis.

Bertolani et al. (2014) correctly wrote on pages
117-118: “The erection of new taxa (at any level)
only on the basis of molecular data should be
avoided, in agreement with a recommendation of
the International Commission of Zoological
Nomenclature (1999). Without morphological sup-
port, the risk of a mistake is high and the informa-
tion for identifying the taxa is substantially lacking,
especially when micrometazoans, such as tardi-
grades, are considered”. That is perfect, and
Guidetti et al. (2019) and Bertolani et al. (2022)
agree, but the concept is valid not only when new
taxa are erected but also when genera are trans-
ferred from one family to another, or when a family
is transferred from one superfamily to another.

As regards the institution of new species, the
Commission of Zoological Nomenclature is clear,
but unfortunately, according to some authors, it will
soon be time to no longer follow its indications. For
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example, Morek et al. (2019) wrote (page 16) “It
may become inevitable that in the near future new
tardigrade species, in which phenotypic characters
are insufficient for delimitation, will be differenti-
ated mostly or solely by genetic traits”. It is desir-
able, in agreement with Bertolani et al. (2014) and
with Guidetti et al. (2019), that the future will be
different.

It is becoming more and more common, to use
nucleotide sequences to describe new species or
genera, to change the taxonomy at genus or family
level, and Guil et al. (2018) used them also to ele-
vate orders to class level. Recently Morek &
Michalczyk (2020) revealed within the genus Mil-
nesium Doyere,1840 “no congruence between ge-
netic markers and morphological traits”, and on
Page 690 they wrote: “Genetic data alone, although
may provide valuable insights into the phylogeny,
have limited power in explaining evolution and are
taxonomically useless if they are not tightly associ-
ated with phenotypic data”. But those authors also
wrote, (same paper, Page 684) that “to estimate the
number of species utilized in this study, we used a
molecular species delimitation method”. This sec-
ond sentence seems to exclude the necessity of a
deeper study of the morphology of the species of
Milnesium, but this appears as a questionable con-
clusion, and, overall, it must be remarked that even
if this may be valid for Milnesium, it is necessary
to be prudent as regards the other taxa.

Similar problems may concern other taxa very
different from Tardigrada, and it is important to note
here the perplexities and recommendations ex-
pressed by various authors such as Will et al.
(2004), Rubinoff (2006), DeSalle (2006), Lobl
(2014), Pall-Gergely (2017). In particular, just as an
example, DeSalle (2006), in distinguishing between
“species delimitation” and “species identification”,
wrote (Page 1545): “In a taxonomic context DNA
sequence information in the absence of other cor-
roborating evidence can never be used by itself as
an indicator of species delimitation”.

Experience suggests that it seems possible to
imagine a sort of independent evolution of mor-
phological characters and some nucleotide se-
quences that are little, or not at all, bound to
morphology. This hypothesis may explain the fact
that in many cases we find a concordance between
molecular and morphological data but in some oth-
ers this concordance is not recognizable. On the
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other hand, as above mentioned, it cannot be ex-
cluded that in some cases there may be a discrep-
ancy due to mistakes of the researchers who,
uninformed of the mistake, or on the basis of in-
sufficient data, propose incorrect taxonomic and
phylogenetic evaluations.

When there is concordance between the mor-
phological and molecular data, it is possible to draw
a very probable correct phylogenetic hypothesis,
but when a discordance results, great caution is
needed in drawing conclusions.

In conclusion, the importance of molecular data
is evident for taxonomy and phylogeny and some
proponents of molecular tools frequently note that
errors can occur when they are not included in anal-
yses. But my point is that errors (diagnostic mis-
takes, insufficient data, voucher specimens
neglected) can also be introduced with molecular
studies. These wrong or limited data, if not pointed
out and corrected, may be considered correct by the
other researchers and may lead to underestimating
the indications deriving from morphology (some-
times also misinterpreting their indications) often
to overcome contradictions between the molecular
and morphological data. If regardless of these pos-
sibilities one draws phylogenetic conclusions, mor-
phological evaluations become subordinated to the
study of some (and often very few) nucleotide se-
quences, not always verified. It must also be
stressed that the morphological characters too are
determined by nucleotide sequences (in my opinion
usually overlooked in the molecular studies). A
clear sign of this tendency may be the fact that in
the literature it is already possible to read of “COI
species”, “molecular species”, “genetic species”,
“molecular phylogeny”, and “morphological phy-
logeny” whereas there is only one phylogeny, which
should be reconstructed on the basis of all the data
from all sources we possess, and of the evaluations
and hypotheses that appear more reasonable on the
basis of the available knowledge of that moment.
However, hypotheses must not be trusted solely
from the probabilistic, cold, calculations of a com-
puter but also from experienced eyes and the human
brain.

Unfortunately, the enthusiasm for carrying out
molecular research seems to lead some authors to
the above indicated errors; only in this way the
above mentioned opinion of Morek et al. (2019)
about the possible future necessity of differentiation
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of the species “solely by genetic traits” can be ex-
plained. Similarly, Guil et al. (2013b, Page 1, lines
1-2) wrote: “Much of what is known about the phy-
logenetic relationships of the neglected phylum
Tardigrada comes from molecular data rather than
morphology-based phylogenetic studies” and, (Page
2): “morphological phylogenies have only been pro-
posed by four studies”. It is possible to provide here
a list of papers, starting from Thulin (1928), both
regarding the morphology and the phylogeny of
tardigrades, preceding the onset of research on nu-
cleotide sequences, but the literature is available
and it is superfluous to insist on presenting it here.
But it is also correct to not ignore that the molecular
data often simply confirm the lineages of tradi-
tional systematics only sometimes requiring a
change the rank of various taxa already well iden-
tified, and to establish new taxa for lineages that
were already well recognized even if not defined
as officially named (see as an example Figs. 1 and
2, the two lineages recognizable within the family
Calohypsibiidae since 1969 (Pilato 1969b) recently
distinguished by Bertolani et al. (2014).

By disregarding the literature many data can be
put forward as new, and today, unfortunately, one
can notice some signs of this trend. It seems
opportune to ask morphologists to turn their
attention to some recent proposals of systematics
and phylogeny, and to the method adopted; in
particular, caution should be adopted with
molecular indications that may prevent correct
evaluation of the indications of morphology. It is
also opportune that all readers do not think that my
alarm is only a personal opinion; as a matter of fact,
other researchers gave analogous alarms regarding
different taxa than Tardigrada, and also non-animal
organisms, and for this reason it seems opportune
to conclude this paper with some sentences of Pall-
Gergely (2017) (who is not a tardigradologist):
(pages 594-595) “For instance, incorrect
identifications of specimens used for molecular
studies (Nilsson et al. 2006; Groenenberg et al.
2011), taxonomic inflation (Isaac et al. 2004; Harris
& Froufe 2005), and the increasing gap between
phylogeny and classification (Franz 2005) are much
more serious problems”; and (page 595) “On the
other hand, since the world s biodiversity is largely
unknown [.... | and the number of this decreasing
(Bebber et al. 2014; Wheeler 2014) /.. ].
Especially, given that if someone wants to describe



Discussion on the morphological and molecular data used in the study of tardigrade systematics

something, he/she can find a way to do so in local,
small, non peer-reviewed journals or self-published
books”; and to conclude (Page 595): “One-sided
critiques emphasising only the taxonomic value of
molecular assessment could well result in the
weakening trust of taxonomists (mostly the ones not
dependent on impact factor) in peer-reviewed
journals, which is already a major problem in
today s taxonomy. Morphology is still what makes
the organism a tangible entity beyond its DNA”.

ACKNOWLEDGMENTS

I thank the colleagues Sandra Mclnnes (British
Antarctic Survey, Cambridge) who kindly sent me
three specimens of Isohypsibius papillifer (with the
permission to publish photos of them); the geneti-
cist colleague Salvatore Saccone and the colleagues
Oscar Lisi, Venera Ferrito and Anna Maria Pap-
palardo (University of Catania, Italy) with whom
all T discussed genetic and phylogenetic issues. [
also thank the anonymous reviewers who spent
their time to improve this paper.

REFERENCES

Bebber D.B., Wood J.R.I., Barker C. & Scotland R.W.,
2014. Author inflation masks global capacity for
species discovery in flowering plants. New Phytolo-
gist, 201: 700-706.
https://doi.org/10.1111/nph.12522

Bertolani R., 2003. Thulinius, new generic name
substituting for Thulinia Bertolani, 1981 (Tardigrada,
Eutardigrada). Zootaxa, 314: 1-4.

Bertolani R. & Biserov V.I., 1996. Leg and claw adap-
tations in soil tardigrades, with erection of two new
genera of Eutardigrada, Macrobiotidae: Pseudo-
hexapodibius and Xerobiotus. Invertebrate Biology
115, 4: 299-304.

Bertolani R., Guidetti R., Marchioro T., Altiero T.,
Rebecchi L. & Cesari M., 2014. Phylogeny of Eu-
tardigrada: new molecular data and their morpholog-
ical support lead to identification of new evolutionary
lineage. Molecular Phylogenetics and Evolution, 76:
110-126.
https://doi.org/10.1016/j.ympev.2014.03.006

Bertolani R., Cesari M., Giovannini I., Rebecchi L.,
Guidetti R., Kaczmarek L. & Pilato G., 2022. The
Macrobiotus persimilis-polonicus complex (Eu-
tardigrada, Macrobiotidae), another example of prob-

951

lematic species identification, with the description of
four new species. Organisms Diversity & Evolution,
23:329-368.
https://doi.org/10.1007/s13127-022-00599-z

Binda M.G. & Pilato G., 1071. Nuovo contriuto alla co-
noscenza dei Tardigradi d Sicilia. Bollettino delle
Sedute dell’ Accademia Gioenia di Scienze Naturali,
Catania, 1V, X: 896-909.

Biserov V1., 1986. Terrestrial water bears from the Morth
Caucasus. 2. Eurtardigrada. Zoologicheskii Zhurnalm
65, 7: 981-993.

Biserov V.I., 1992. A new genus and three new species
of tardigrades (Tardigrada: Eutardigrada) from the
USSR. Bollettino di Zoologia, 59: 95-103.
https://doi.org/10.1080/11250009209386654

Cesari M., Bertolani R., Rebecchi L. & Guidetti R., 2009.
DNA barcoding in Tardigrada: the first case study on
Macrobiotus macrocalix Bertolani & Rebecchi, 1993
(Eutardigrada, Macrobiotidae). Molecular Ecology
Resources, 9: 699-706.
https://doi.org/10.1111/1.1755-0998.2009.02538.x

Cesari M., Mclnnes S.J., Bertolani R., Rebecchi L. &
Guidetti R., 2016a. Genetic diversity and biogeogra-
phy of the south polar water bear Acutuncus antarcti-
cus (Eutardigrada: Hypsibiidae) — evidence that it is
a truly pan-Antarctic species. Invertebrate Systema-
tics, 30: 635-649.
https://doi.org/10.1071/IS15045

Cesari M., Vecchi M., PalmerA., BertolaniR., Pilato G.,
Rebecchi L. & Guidetti R., 2016b. What if the
claws are reduced? Morphological and molecular
phylogenetic relationships of the genus Haplomac-
robiotus (May, 1948) (Eutardigrada, Parachela). Zo-
ological Journal of the Linnean Society, 178, 4:
819-827.
https://doi.org/10.1111/z0j.12424

Dastych H., 1983. Apodibius confusus, gen. n. sp. n., a
New Water-Bear from Poland (Tardigrada). Bulletin
of the Polish Academy of Sciences. Biology, 31: 53—
46.

DeSalle R., 2006. Species discovery versus species iden-
tification in DNA barcoding efforts: Response to Ru-
binoff. Conservation Biology 20, 5: 1545-1547.
https://doi.org/10.1111/.1523-1739.2006.00543.x

Dey P. K., Lopez-Lopez A., Morek W & Michalczyk L.,
2024. Tardigrade Augean stable - a challenging phy-
logeny and taxonomy of the family Ramazzottiidae
(Eutardigrada: Hypsibioidea). Zoological Journal of
the Linnean Society, 200: 95-110
https://doi.org/10.1093/zoolinnean/zlad161

Doyere L.M.F., 1840. Memoire sur les Tardigrades. L.
Annales des Sciences Naturelles, Paris, S. 2, 14, 269—
362.

Faurby S., Jorgensen A., Kristensen R.M. & Funch P,,
2011. Phylogeography of North Atlantic intertidal



952

tardigrades: refugia, cryptic speciation and the history
of the Mid Atlantic Islands. Journal of Biogeography,
38: 1613-1624.
https://doi.org/10.1111/j.1365-2699.2011.02533.x

Fleming J.F. & Arakawa K., 2021. Systematic of
Tardigrada: A reanalysis of tardigrade taxonomy with
specific reference to Guil et al. (2019). Zoologica
Scripta, 50: 376-382.
https://doi.org/10.1111/zsc.12476

Franz M.M., 2005. On the lack of good scientific rea-
sosns for growing phylogeny/classification gap..
Cladistics, 21: 495-500.
https://doi.org/10.1111/j.1096-0031.2005.00080.x

Garey J.R., Nelson D.R., Mackey L.Y. & Li J., 1999.
Tardigrade phylogeny: congruency of morphological
and molecular evidence. Zoologischer Anzeiger, 238:
205-210.

Gasiorek P., Morek W., Stec D., Blagden B. & Mi-
chalczyk L., 2019a. Revisiting Calohypsibiidae and
Microhypsibiidae: Fractonotus, and its phylogenetic
position within Isohypsibiidae (Eutardigrada:
Parachela). Zoosystema, 41: 71-89.
https://doi.org/10.5252/zoosystema2019v41a6

Gasiorek P., Morek W., Stec D. & Michalczyk £.., 2019b.
Untangling the Echiniscus Gordian knot: paraphyly
of the “arctomys group” (Heterotardigrada: Echinis-
cidae). Cladistics, 35: 633—653.
https://doi.org/10.1111/cla.12377

Gasiorek P., Stec D., Morek W. & Michalczyk £..,2019c.
Deceptive conservatism of claws: distinct phyletic
lineages concealed within Isohypsioidea (Eu-
tardigrada) revealed by molecular and morphological
evidence. Contributions to Zoology, 88: 78—132.
https://doi.org/10.1163/18759866-20191350

Gasiorek P., Degma P.& Michalczyk L., 2024. Hiding in
the Arctic and in mountains: a (dis)entangled classi-
fication of Claxtonia (Heterotardigrada: Echinisci-
dae). Zoological Journal of the Linnean Society, 200,
60-86.
https://doi.org/10.1093/zoolinnean/z1ad029

Groenenberg D.S.J., Neubert E. & Gittenberger E., 2011.
Reappraisal of the “Molecular phylogeny of Western
Palacarctic Helicidae s.l. (Gastropoda: Stylom-
matophora).”: When poor science meets GenBank
Molecular Phylogenetics and Evolution, 61: 914-923.
https://doi.org/10.1016/j.ympev.2011.08.024

Guidetti R., Gandolfi A., Rossi V. & Bertolani R., 2005.
Phylogenetic analysis in Macrobiotidae (Eu-
tardigrada, Parachela): a combined morphological
and molecular approach. Zoologica Scripta, 34: 235—
244,
https://doi.org/10.1111/.1463-6409.2005.00193.x

Guidetti R., Schill R.O., Bertolani R., Dandekar T. &
Wolf M., 2009. New molecular data for tardigrade
phylogeny, with the erection of Paramacrobiotus

GIOVANNI PILATO

gen. nov. Journal of Zoological Systematics and Evo-
lutionary Research, 47: 315-321.
https://doi.org/10.1111/1.1439-0469.2009.00526.x

Guidetti R., Rebecchi L., Bertolani R., Jonsson K.I.,
Kristensen R.M. & Cesari M., 2016. Morphological
and molecular analyses on Richtersius (Eu-
tardigrada) diversity reveal its new systematic po-
sition and lead to the establishment of a new genus
and a new family within Macrobiotoidea. Zoologi-
cal Journal of the Linnean Society, 178: 834-845.
https://doi.org/10.1111/z0j.12428

Guidetti R., Cesari M., Bertolani R., Altiero T. &
Rebecchi L., 2019. High diversity in species repro-
ductive modes and distribution within the Para-
macrobiotus richtersi complex (Eutardigrada,
Macrobiotidae). Zoological Letters, 5: 1-28.
https://doi.org/10.1186/s40851-018-0113-z

Guil N. & Giribet G., 2012. A comprehensive molecular
phylogeny of tardigrades-addinggenes and taxa to a
poorly resolved phylum-level phylogeny. Cladistics,
28:21-49.
https://doi.org/10.1111/1.1096-0031.2011.00364.x

Guil N., Jorgensen A., Giribet G. & Kristensen R.M.,
2013a. Congruence between molecular phylogeny
and cuticular design in Echiniscoidea (Tardigrada,
Heterotardigrada). Zoological Journal of the Linnean
Society 169, 4: 713-736.
https://doi.org/10.1111/z0j.12090

Guil N., Machordorm A. & Guidetti R., 2013b. High
level of phenotipic homoplasy among eutardigrades
(Tardigrada) based on morphological and total evi-
dence phylogenetic analyses. Zoological Journal of
Linnean Society, 169: 1-26.
https://doi.org/10.1111/z0j.12046

Guil N., Jorgensen A. & Kristensen R.M., 2018. An up-
graded comprehensive multilocus phylogeny of the
Tardigrada tree of life. Zoologica Scripta, 48: 120—
137.
https://doi.org/10.1111/zsc.12321

Harris D.J. & Froufe E., 2005. Taxonomic inflation:
species concept or historical geopolitical bias? Trends
in Ecology and Evolution, 20: 6-7.
https://doi.org/10.1016/j.tree.2004.11.004

Tharos G., 1966. Neue Tardigraden-Arten aus Ungarn.
(Neuere Beitrdge zur Kennetnis der Tardigraden-
Fauna Ungarns. VI. Acta Zoologica Academiae
Scientiarum Hungaricae, 12: 111-122.

International Commission on Zoological Nomenclature,
1999. International Code of Zoological Nomencla-
ture, fourth edition, London.

Isaac N.J.B., Mallet J. & Mace G.M., 2004. Taxonomic
inflation: its influence on macroecology and conser-
vation. Trends in Ecology and Evolution, 19: 464—
469.
https://doi.org/10.1016/j.tree.2004.06.004



Discussion on the morphological and molecular data used in the study of tardigrade systematics

Jorgensen A.J. & Kristensen R.M., 2004. Molecular phy-
logeny of Tardigrada — investigation of the mono-
phyly of Heterotardigrada. Molecular Phyogenetics
and Evolution, 32: 666-670.
https://doi.org/10.1016/j.ympev.2004.04.017

Jorgensen A., Faurby S., Hansen G., Mebierg N. & Kris-
tensen R.M., 2010. Molecular phylogeny of Arthro-
tardigrada (Tardigrada). Molecular Phylogenetics and
Evolution, 54: 1006-1015.
https://doi.org/10.1016/j.ympev.2009.10.006

Jorgensen A., Mobjerg N. & Kristensen R.M.M., 2011.
Phylogeny and evolution of the Echiniscidae
(Echiniscoidea, Tardigrada) — an investigation of the
congruence between molecules and morphology.
Journal of Zoological Systematics and Evolutionary
Research, 49: 6-16.
https://doi.org/10.1111/j.1439-0469.2010.00592.x

Kiehl E.T., Dastych H., D’Haese J. & Greven H., 2007.
The 18S rRNA sequences support polyphyly of the
Hypsibiidae (Eutardigrada). Journal of Limnology,
66 (Suppl. 1): 21-25.
https://doi.org/10.4081/jlimnol.2007.s1.21

Kristensen R.M. & Hallas T.E., 1980. The tidal genus
Echiniscoides and its variability, with erection of
Echiniscoididaec fam. n. (Tardigrada). Zoologica
scripta, 9: 113-127.

Lisi O., Sabella G. & Pilato G., 2014. Mixibius parvus
sp. nov. and Diphascon (Diphascon) ziliense sp. nov.,
two new species of Eutardigrada from Sicily.
Zootaxa, 3802, 4: 459-468.
https://dx.doi.org/10.11646/zootaxa.3802.4.3

Lisi O., Binda M.G. & Pilato G., 2016. Eremobiotus
ginevrae sp. nov. and Paramacrobiotus pius sp. nov.,
two new species of Tardigrada. Zootaxa, 4103, 4:
344-360.
https://dx.doi.org/10.11646/zootaxa.4103.4.3

Lobl 1., 2014. Overestimation of molecular and modelling
methods and underestimation of traditional taxonomy
leads to real problems in assessing and handling of
the world biodiversity. Zootaxa, 3768: 497-500.
https://dx.doi.org/10.11646/zootaxa.3768.4.7

Marcus E., 1927. Zur Anatomie und Okologie mariner
Tardigraden. Zoolgische Jahrbiicher, 53: 487-558.

Marcus E., 1928. Spinnentiere oder Arachnoidea. I'V:
Bartierchen (Tardigrada). Tierwelt Deutschlands und
der angrenzenden Meeresteile Jena, 12: 1-230.

Marley N.J., Mclnnes S.J. & Sands C., 2011. Phylum
Tardigrada: a reevaluation of the Parachela. Zoo-
taxa, 2819: 51-64.
https://doi.org/10.11646/zootaxa.2819.1.2

Massa E., Guidetti R., Cesari M., Rebeccchi L. & Jons-
son K.I., 2021. Tardigrades of Kristianstads Vatten-
rike Biosphere Reserve with description of four new
speces from Sweden. Scientific Reports, 11: 4861.
https://doi.org/10.1038/s41598-021-83627-w

953

Maucci W.,1954. Tardigradi nuovi della fauna italiana.
Atti della Societa Italiana di Scienze Naturali, 93:
576-585.

May R.M., 1948. Nouveau genre et espéce de Tardigrade
du Mexique Haplomacrobiotus hermosillensis. Bul-
letin de la Societé Zoologique de France, 73: 95-97.

Morek W. & Michalczyk L., 2020. First extensive mul-
tilocus phylogeny of the genus Milnesium
(Tardigrada) reveals no congruence between genetic
markers and morphological traits. Zoological Journal
of the Linnean Society, 188: 681-693.
https://doi.org/10.1093/zoolinnean/z1z040

Morek W., Stec D., Ggsiorek P., Surmacz B. & Michal-
czyk L., 2019. Milnesium tardigradum Doyére, 1840:
the first integrative study of interpopulation variabil-
ity in a tardigrade species. Journal of Systematics and
Evolutionary Research: 1-23.
https://dx.doi.org/10.1111/jzs.12233

Morek W., Ciosek C.A. & Michalkzyk %.., 2020. Descrip-
tion of Milnesium pentapapillatum sp. nov. from
Kazakhstan, with an amendment of the diagnosis of
the order Apochela Tardigrada) and abolition of the
class Apotardigrada. Zoologischer Anzeiger, 288:
107-117.
https://doi.org/10.1016/].jcz.2020.07.002

Morek W., Watach K., Lamond E. & Michalczyk L.,
2024. Phylogenetic position, validity and diversity of
the genus Milnesioides (Eutardigrada: Apochela.)
Zoological Journal of the Linnean Society, 200: 87—
94.
https://doi.org/10.1093/zoolinnean/z1ad027

Murray J., 1905. The tardigrada of the Scottish Lochs.
Transactions of the Royal Society of Edinburgh, 41,
3: 677-698.

Murray J., 1911. Arctiscoida. Proceedings of the Royal
Irish Academy, 31, 37: 1-16.

Nelson D.R., 1980. In: Schuster R.O., Nelson, D.R., Gri-
garik A A. & Christenberry D. 1980. Systematic cri-
teria of the Eutardigrada. Transactions of the
American Microscopical Society, 99: 284-303.

Nichols P.B., Nelson D.R. & Garey J.R., 2006. A family
level analysis of tardigrade phylogeny. Hydrobiol-
ogy, 558: 53-60.

Nilsson R.H., Ryberg M., Kristiansson E., Abarenkov K.,
Larsson K.H. & Kbdljalg U., 2006. Taxonomic
Reliability of DNA Sequences in Public Sequence
Databases: A Fungal Perspective. PLOS ONE, 1, 1
e59: 14.
https://doi.org/10.1371/journal.pone.0000059

Pall-Gergely B., 2017. Should we describe genera with-
out molecular phylogenies? Zootaxa, 4132, 4: 593—
596.
https://doi.org/10.11646/zootaxa.4232.4.11

Pilato G., 1969a. Su un interessante Tardigrado esapodo
delle due costiere sicilane Hexapodibius micronyx,



954

n. gen. n. sp. Bollettino delle Sedute dell’ Accademia
Gioenia di Scienze Naturali, Catania, IV, 9: 619—
622.

Pilato G., 1969b. Evoluzione e nuova sistemazione degli
Eutardigrada. Bollettino di Zoologia, 36: 327-345.

Pilato G., 1973. Tardigradi delle acque dolci siciliane.
Nota seconda. Bollettino delle Sedute dell’ Accademia
Gioenia di Scienze Naturali, Catania IV, 1-2: 177—
186.

Pilato G., 1974. Tardigradi delle acque dolci siciliane.
Terza Nota. Animalia, 1: 235-244.

Pilato G. 1975. On the taxonomic criteria of the Eu-
tardigrada. Memorie dell’Istituto Italiano di
Idrobiologia, 32, Suppl.: 277-303.

Pilato G., 1979. Correlation between cryptobiosis and
other biological characteristics in some soil animals.
Bollettino di Zoologia, 46: 319-332.

Pilato G., 1982a. The systematic of Eutardigrada. Zeit-
schrift fur zoologische Systematik und Evolutions-
forschung, 20. 4: 271-284.

Pilato G., 1982b. Descrizione di Hexapodibius bindae n.
sp. e discussione sulla famiglia Calohypsibiidae
(Eutardigrada). Animalia,20, 4: 213-226.

Pilato G., 1989. Phylogenesis and systematic arrange-
ment of the family Calohypsibiidae Pilato, 1969 (Eu-
tardigrada). Zeitschrift fur zoologische Systematik
und Evolutions-forschung, 27: 8-13.
https://doi.org/10.1111/1.1439-0469.1989.tb00433.x

Pilato G., 1992. Mixibius, nuovo genere di Hypsibiidae
(Eutardigrada). Animalia, 19: 121-125.

Pilato G., 1998. Microhypsibiidae, new family of eutardi-
grades and description of the new genus Fractonotus
(Tardigrada). Spixiana, 21: 129-134.

Pilato G. & Beasley C.W., 1987. Haplohexapodibius se-
ductor n. gen. n. sp. (Eutardigrada, Calohypsibiidae)
with remarks on the systematic position of the new
genus. Animalia, 14: 65-71.

Pilato G. & Binda M.G., 1996. Mixibius fueginus, nuova
specie di Eutardigrado della Terra del Fuoco.
Bollettino delle Sedute dell’ Accademia Gioenia di
Scienze Naturali, Catania, 29, 351:27-32

Pilato G. & Binda M.G., 1997. Acutuncus, a new genus
of Hypsibiidae (Eutardigrada). Entomologische Mit-
teilungen aus dem Zoologische Museum, Hamburg,
12 (155): 159-162.

Pilato G. & Binda M.G., 2002. Isohypsibius barbarae, a
new species of eutardigrade from Vietnam. Bollettino
delle Sedute dell’Accademia Gioenia di Scienze
Naturali, Catania, 35, 361: 637-642.

Pilato G. & Binda M.G., 2003. Hexapodibius christen-
berryae, a new species of tardigrade from North
America (Eutardigrada, Calohypsibiidae). Zootaxa,
140: 1-6.

Pilato G. & Binda M.G., 2010. Definition of families,
subfamilies, genera and subgenera of the Eu-

GIOVANNI PILATO

tardigrada, and keys to their identification. Zootaxa,
2404, 1-54.
https://doi.org/10.11646/zootaxa.2404.1.1

Pilato G. & Catanzaro R., 1989. Tardigradi delle acque
dolci siciliane. Nota IV. Isohypsibius tubereticulatus
e Isohypsibius verae, due nuove specie di
Eutardigradi dulcacquicoli di Sicilia. Animalia, 16:
81-88.

Pilato G., Bertolani R. & Binda M.G., 1982. Studio degli
Isohypsibius del gruppo elegans, (Eutardigrada,
Hypsibiidae) con descrizione di due nuove specie.
Animalia, 9: 185-198.

Pilato G., Catanzaro R. & Binda M.G. 1989. Tardigradi
delle acque dolci siciliane. V' Nota. Animalia, 16:
121-130.

Pilato G., Sabella G., D’Urso V. & Lisi O., 2017. Two
new species of Eutardigrada from Victoria Land,
Antarctica. Zootaxa, 4317: 541-558.

Pust F.L., Froslev T.G., Mobjerg Kristensen R. & Mob-
jerg N.m 2024. Environmental DNA metabarcoding
of Danish soil samples reveals new insight into the
hidden diversity of eutardigrades in Denmark. Zoo-
logical Journal of the Linnean Society, 200: 20-33
https://doi.org/10.1093/zoolinnean/z1ad059

Regier J.C., Shultz J.W., Kambic R.E. & Nelson D.E.,
2004. Robust support for tardigrade clades and their
ages from three protein-coding nuclear genes. Inver-
tebrate Biology, 123: 93—100.

Richters F. 1900., Beitrage zur Kenntnis der Fauna der
Umgebung von Frankfurt a. M. Bericht der Sencken-
bergischen Naturforschenden gesellschaft in Frank-
furt am Main: 21-44.

Richters F., 1902. Beitrdge zur Kenntnis der Fauna der
Umgebung der Frankfurt a. M. Bericht der Sencken-
bergischen Naturforschenden Gesellschaft in Frank-
furt am Main: 3-21.

Richters F., 1904. Vorlaufiger Bericht {iber die antarkti-
sche Mesofauna. Verhandlunghen der Deutschen
Zoologischen Gesellschaf, Tiibingen, 26: 236-239.

Rubinoff D., 2006. Utility of mitochondrial DNA bar-
codes in species conservation. Conservation Biology,
1026-1033.
https://doi.org/10.1111/j.1523-1739.2006.00372.x

Sands C.J., Convey P., Linse K. & Mclnnes SJ., 2008a.
Assessing meiofaunal variation among an example
using Tardigrada. BioMed Central Ecology, 8: 1-11.
https://www.biomedcentral.com/1472-6785/8/7

Sands C.J., Mclnnes S.J., Marley N.J, Goodall-
Copestake W.P., Conwey P. & Linse K., 2008b.
Phylum Tardigrada: an “individual” approach.
Cladistics, 24: 861-871
https://doi.org/10.1111/1.1096-0031.2008.00219.x

Schill R.O, Forste F., Dandekar T. & Wolf M., 2010.
Using compensatory base change analysis of internal
transcribed spacer 2 secondary structures to identify



Discussion on the morphological and molecular data used in the study of tardigrade systematics

three new species in Paramacrobiotus (Tardigrada).
Organisms, Diversity & Evolution: 1-10.
https://doi.org/10.1007/s13127-010-0025-z

Schultze C.A.S., 1834. Macrobiotus Hufelandi, animal e
crustaceorum classe novum, reviviscendi post
diuturnam asphyxian et ariditaten potens, etc. 8
Seiten, 1 tab. C. Curths, Berlin, 6 pp, I Table.

Stec D., Vecchi M., Calhim S. & Michalczyk L., 2021.
New multilocus phylogeny reorganises the family
Macrobiotidae (Eutardigrada) and unveils complex
morphological evolution of the Macrobiotus hufe-
landi group. Molecular Phylogenetics and Evolution,
160: 106987.
https://doi.org/10.1016/j.ympev.2020.106987

Stec D., Voncina K., Kristensen R.M. & Michalczyk L.,
2022. The Macrobiotus ariekammensis species
complex provides evidence for parallel evolution of
claws elongation in macrobiotid tardigrades.
Zoological Journal of the Linnean Society, 195:
1067-1099.
https://doi.org/10.1093/zoolinnean/zlab101

Thulin G., 1928. Uber die Phylogenie und das System
der Tardigraden. Hereditas: 207-266.

Topstad L., Guidetti R., Majaneva M. & Ekrem T., 2021.
Multi-marker DNA metabarcoding reflects tardi-
grade diversity in different habitats. Genome, 64:
217-231.
dx.doi.org/10.1139/gen-2019-0218

Tumanov D.V., 2022. End of a mystery: Integrative ap-
proach reveals the phylogenetic position of an enig-
matic Antarctic tardigrade genus Ramajendas
(Tardigrada, Eutardigrada). Zoologica Scripta, 51:
217-231.
https://doi.org/10.1111/zsc.12521

955

Tumanov D.V.& Tsvetkova A.Yu., 2023. Some have
drops and some do not, but can we rely on that? Re-
investigation of Diphascon tenue (Tardigrada: Eu-
tardigrada) with discussion of the phylogeny and
taxonomy of the superfamily Hypsibioidea.
Zoosystematica rossica, 32: 50-74.
https://doi.org/10.31610/zsr/2023.32.1.50

Vecchi M., Tsvetkova A., Stec D., Ferrari C., Caljim S.
& Tumanov D., 2023. Expanding Acutuncus Phylo-
genetics and morphological analyses reveal a consid-
erably wider distribution for this tardigrade genus.
Molecular Phylogenetics and Evolution, 180:
107707.
https://doi.org/10.1016/j.ympev.2023.107707

Vincenzi J., Cesari M., Kaczmarek 1., Roszkowska M.,
Mioduchowska M, Rebecchi L., Kiosya Y. &
Guidetti R., 2024. The xerophilic genera Xerobio-
tus and Pseudohexapodibius (Macrobiotidae;
Tardigrada): biodiversity, biogeography and phy-
logeny. Zoological Journal of the Linnean Society,
200: 111-141.
https://doi.org/10.1093/zoolinnean/zlad 129

Wheeler Q., 2014. Are reports of the death of taxon-
omy an exaggeration? New Phytologist, 201: 370—
371.
https://doi.org/10.1111/nph.12612

Will K.W. & Rubinoff D., 2004. Myth of the molecule:
DNA barcodes for species cannot replace morphol-
ogy for identification and classification. Cladistics,
20: 47-55.
https://doi.org/10.1111/j.1096-0031.2003.00008.x






