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Abstract The morphology, biology and geographic dis-
tribution of Hypsibius zetlandicus (Murray 1907) are
considered. Scanning electron microscopy (SEM) and/or
light microscopy (LM) analyses have been carried out on
H. zetlandicus and the type species of Hypsibius: Hyp-
sibius dujardini (Doyére 1840), with particular emphasis
on the buccal-pharyngeal apparatuses. Some unusual
characteristics of this apparatus in H. zetlandicus lead us
to the erection of the new genus Borealibius, to which
H. zetlandicus (Borealibius zetlandicus comb. n.) is
transferred. In the light of new discoveries of this species
from polar, sub-polar and alpine regions, and based on
the available bibliographic references, we hypothesize a
boreo—alpine distribution for this species. The presence
of traits that are unusual and rare (in other tardigrade
species) have been observed whilst analyzing the repro-
ductive biology and ecology of B. zetlandicus (i.e., the
presence of hermaphroditism, parental care and the
colonization of very different substrates).
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Introduction

The ability of most non-marine tardigrade species to
survive in extreme environments and conditions using
cryptobiosis, together with passive dispersal and the
evolution of parthenogenesis and self-fertilization (this
last a rare phenomenon in tardigrades), theoretically al-
lows the colonization of new and remote territories from
a single individual (Bertolani 2001). Despite this theo-
retical possibility, a very high number of tardigrade
species have limited geographical distributions and are
adapted to restricted microenvironmental conditions.
Pilato (1979) emphasized this apparent disparity based
on the available literature and suggested an interpreta-
tion related to the biology of tardigrades. Based on these
statements, several authors have continued to point out
the biogeographic importance of tardigrades (e.g., Binda
and Pilato 1973; Pilato 1979; Bertolani et al. 1993;
Mclnnes 1994; Pugh and Mclnnes 1998; Pilato and
Binda 2001). To improve the knowledge on this topic,
our samplings and materials furnished by colleagues (see
Acknowledgements) gave us the opportunity to examine
several specimens of Hypsibius zetlandicus (Murray 1907)
coming from different regions of the world. Material
from Greenland, Faroe Islands and Alps (Italy), together
with Russian material from Biserov’s collection, allowed
us to study in more depth the geographic distribution,
biology and morphology of this species. Little had been
written on the biology of this species, with only scant
information on the possibility of eggs developing within
the adult animals (Murray 1907a; Biserov 1988).

Materials and methods
Materials examined
We examined specimens of H. zetlandicus from Green-

land (pond sediment at Disko Island) and from Italian
Alps (sediment of Nambino Lake, 1,800 m a.s.l.,



596

Madonna di Campiglio, Trento; submerged moss of a
spring, 2,270 m a.s.l., Valle Pian Venezia, Trento, col-
lected in March, July and November 2004). Moreover,
we examined the specimens from a small lake at Naryan-
Mar, Karelia, European Russia (from Biserov’s collec-
tion held by the Museum of Natural History of Verona)
and specimens collected by Birna V. Trygvadottir from
three localities of Faroe Island: Sornfelli locality (pond
sediment) and Saksun locality (colony of cyanobacte-
ria—~Nostoc sp.) both on Streymoy Island and Fuglaf-
jorour locality (sediment of temporary pond) on
Eysturoy Island.

For taxonomic comparison, we examined specimens
of Hypsibius dujardini (Doyére 1840), the type species of
the genus Hypsibius, from a cultured strain present in the
laboratory of the University of Modena and Reggio
Emilia (the cultured strain derived from animals given
by Prof. Bob Goldstein of the Department of Biology,
University of North Carolina, USA), and specimens of
the same species from a Sicilian stream (Torrente Cuto,
Nebrods Mts., Italy).

Specimens, mounted in polyvinyl lactophenol or in
Faure-Berlese fluid, of the two species considered and in
vivo specimens of H. zetlandicus have been observed by
light microscopy (LM) up to maximum magnification.

For scanning electron microscopy (SEM) observa-
tions on H. zetlandicus, specimens were obtained from
the population of Valle Pian Venezia; buccal-pharyn-
geal apparatuses of H. dujardini were obtained from
specimens of the cultured strain cited above. A Philips
SEM XL 40 was used, available at the ‘Centro Interdi-
partimentale Grandi Strumenti’ of the University of
Modena and Reggio Emilia.

We examined buccal-pharyngeal apparatuses of
H. zetlandicus and H. dujardini prepared for SEM,
according to the method recently suggested by Eibye-
Jacobsen (2001).

The pt index used is the percentage ratio between the
length of a structure and the length of the buccal tube
measured from the anterior margin of the dorsal trans-
versal ridge of the buccal armature to the base of the
pharyngeal apophyses (Pilato 1981).

For remarks on the reproductive biology, specimens of
H. zetlandicus from Valle Pian Venezia population have
been fixed in Carnoy (methanol/acetic acid 3:1), stained
with acetic carmine, subsequently mounted in Faure-
Berlese’s mounting medium and observed by LM. In vivo
observations have been carried out on Italian material
from Valle Pian Venezia and on Greenlander material.

Results and discussion
Morphological and taxonomic results
H. zetlandicus

The cuticle is wrinkled (Fig. 1a); eyespot is present. The
buccal armature has three dorsal and three ventral

transversal ridges: the dorso-lateral and the ventro-lat-
eral ridges at each extremity are prolonged into an
acuminate tooth. The buccal tube (Figs. 1b—d, 2a, b, 4a,
b) is narrow and rigid without ventral lamina. The walls
of the anterior portion of the buccal tube are thick, and
their dorsal and ventral caudal margins form a well-
developed transversal crest (Figs. lc, d, 2a—d, 4a, b) with
very pronounced dorsal and ventral apophyses for the
insertion of the stylet muscles (AISMs); dimensions and
shape of these structures represent the main peculiarity
of this species. They are almost cylindrical in shape with
a large rounded or bilobated projection pointing cau-
dally and diverging from the buccal tube walls (Figs. 1b,
¢, 2a—d, 4a, b). The anterior portions of both apophyses
are joined to the buccal tube wall by two cuticular
laminae that, extending laterally, participate to form the
stylet sheaths (i.e., the canals where the terminal portion
of the stylets settle) (Fig. 2a, ¢, d, 4a, b). Peribuccal
lamellae and peribuccal papulae are absent; pharyngeal
bulb has two macroplacoids, both with a marked central
narrowing (Figs. Ic, d, 2a, b, 4a, b); microplacoid is
absent.

The stylet furcae (Figs. lc, d, 2a, b, e, 4a, b) have an
unusual aspect, due to the fact that the postero-lateral
processes are more robust than they are in other genera
of Hypsibiidae (Fig. 3a, ¢). The extremity of each pro-
cess is thickened and swollen.

Claws are of Hypsibius type and well developed
(Fig. le, f) with accessory points on the main branches;
lunules are absent; there are no cuticular bars on the first
three pairs of legs; a short cuticular bar is present be-
tween the claws of the fourth pair of legs (Fig. 1f).

In a specimen from Nambino Lake (Madonna di
Campiglio, Italy), the body length is 360 um. The buccal
tube is 52.3 um long and 4.1 um wide (pt=7.8); stylet
supports are inserted on the buccal tube wall at 63.9 %
of its length (pt=63.9); The entire macroplacoid row is
19.1 um long (pt=36.5), first macroplacoid 10.2 um
(pt=19.5), second macroplacoid 8.5 pm long (pt=16.2);
external claws on the second pair of legs are 22.1 um
long (pt=42.2), internal claws 17.2 um long (pt=32.9).

H. dujardini

The specimens of H. dujardini show both AISMs that, in
lateral view, appear as “‘semilunar hooks” (Fig. 4d), and
in dorsal or ventral view (Fig. 3a, b, 4¢) appear as lon-
gitudinal processes that run downwards from the anterior
extremity of the buccal tube and end with two postero-
lateral processes that extend laterally and participate to
form the stylet sheaths. The stylet furca (Fig. 3c) has
thinner and longer postero-lateral processes.

Phylogenetic and taxonomic evaluations

As represented by Marcus (1929), the anterior portions
of the stylet protractor muscles are attached to the
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Fig. 1 H. zetlandicus (LM). a Detail of the cuticular sculpture. b
Buccal-pharyngeal apparatus in dorsal view. ¢ Buccal-pharyngeal
apparatus in lateral view. d Buccal armature in which are visible

AISMs while the posterior portions are attached to the
stylet furcae. Therefore, these two sclerified structures
are related to each other because they are connected by
the same muscular bundles. Likewise, H. zetlandicus
(Hypsibiidae), the Macrobiotidae Adorybiotus granula-
tus (Richters 1903) and Richtersius coronifer (Richters
1903) show wide AISMs and wide stylet furcae. It is
reasonable to suppose that the larger sizes of these
structures in these species are related to a larger mus-
cular structure associated to them. The adaptive gain of
these structures can be related to the higher power of

some teeth. e Claws of the second and third pairs of legs. f Claws of
the fourth pair of legs; a short cuticular bar is visible between the
claws of this pair of legs. Scale bar=20 pm

penetration of the stylets during the phase of food
assumption.

As reported by Pilato (1987) and Pilato and Binda
(1987), the shape of the AISMs and the shape of the stylet
furcae are constant within the genera (sometimes also in
different genera), showing in general a reduced tendency
for variation; therefore, a marked difference affecting
these structures can be considered a significant indicator
of phylogenetic divergence (Pilato and Binda 1997).

The AISMs of H. zetlandicus are considerably dif-
ferent from those of H. dujardini and from any other
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Fig. 2 H. zetlandicus (SEM).

a, b Buccal-pharyngeal
apparatuses in dorsal (a) and in
lateral view (b). ¢, d Anterior
portions of the buccal tube
(detail of Fig. 2a, b,
respectively), black and white
arrows indicate the stylet
sheath. E. Stylet furca. Scale
bars=5 pm

species of the genus Hypsibius and also of the entire
family Hypsibiidae. The only other known case with
large AISMs within the Hypsibiidae is represented by
Isohypsibius malawiensis. Jorgensen (2001) described as
having a drop-shaped cuticular swelling. Nonetheless,
these AISMs are quite different from those of H. zet-
landicus. 1t is interesting to note that Murray described
H. zetlandicus in 1907, when not only the shape, but also
the existence of the AISMs was not considered as

taxonomic detail; however, Murray (1907a) in Fig. 24a
of Plate IV drew one large apophysis with a rounded
extremity exactly as it appears in our specimens.
According to a criterion of in-group commonality:
“a plesiomorphous character state is more likely to be
widespread within a monophyletic taxon than is any
one apomorphous character state” (de Jong 1980).
Therefore, the different shape of AISMs with respect to
H. zetlandicus (i.e., without a large lobed projection),



Fig. 3 H. dujardini (SEM).

a Buccal-pharyngeal apparatus
(dorsal view). b Anterior
portion of the buccal tube
(detail of Fig. 3a); note that the
postero-lateral processes of the
AISMs extend laterally and
participate to form the stylet
sheaths (arrow). ¢ Stylet furca.
Scale bars=2 pum

and in particular the absence of a transversal crest in
the caudal portion of the external walls of the buccal
cavity in Hypsibius and in all other genera of Hypsii-
biidae, leads to suppose that this last situation repre-
sents the plesiomorphic condition. For a parsimonious
criterion, it is to hypothesize that the large AISMs with
a large rounded or lobed projection and the presence of
a dorsal and a ventral transversal crest in the caudal
portion of the buccal cavity may have been formed
once, and not lost independently many times in dif-
ferent evolutionary lines of the family. Therefore, these
characters present in H. zetlandicus can be considered
autoapomorphies, and they justify, in our opinion, the
transfer of this species to a new genus we named

Borealibius. This has to be considered closely related to
Hypsibius, due to the very similar claw morphology.

Borealibius, gen. n

Diagnosis: Claws of Hypsibius type; buccal-pharyngeal
apparatus with rigid buccal tube without ventral lamina;
in their caudal margins, the walls of the anterior portion
of the buccal tube form well-developed transversal crests
with very pronounced AISMs, almost cylindrical in
shape with a large rounded or bilobed projection
pointing caudally and diverging from the buccal tube
walls; peribuccal lamellae and peribuccal papulae ab-
sent; pharyngeal apophyses and placoids present.
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L

Fig. 4 a, b H. zetlandicus. A, Buccal-pharyngeal apparatus in
dorsal (a) and lateral (b) views. ¢, d H. dujardini. Buccal-pharyngeal
apparatus in dorsal (¢) and lateral (d) views. Scale bar =20 um

Etymology: The name Borealibius refers to the dis-
tribution of the species only in localities of the Boreal
hemisphere.

Type species: Macrobiotus zetlandicus (Murray 1907).

Composition: Borealibius zetlandicus, comb. n. is the
only known species of the genus.

Three specimens of B. zetlandicus from Disko Island
(Greenland), eight specimens from Nambino Lake and
112 specimens from Valle Pian Venezia are deposited in
Bertolani’s collection (Dipartimento di Biologia Ani-
male, Universita di Modena e Reggio Emilia, Modena,
Italy); 15 specimens from Karelia are deposited in Bise-
rov’s collection (Museo Civico di Storia Naturale, Vero-
na, [taly); one specimen from Karelia and five specimens
from Italy (Nambino Lake, Madonna di Campiglio,
Trento) are deposited in the collection of Binda and Pilato

(Museo del Dipartimento di Biologia Animale ““Marcello
La Greca”, Universita di Catania, Italy); six specimens
from three localities of Faroe Island (Sornfelli , Saksun
and Fuglafjorour) collected by Birna V. Trygvadottir are
deposited in the collection of the Department of Inver-
tebrate Zoology, Zoological Museum, University of
Copenhagen (Copenhagen, Denmark).

Reproductive biology of B. zetlandicus

Most specimens from Valle Pian Venezia exhibited a
small gonad with a single lateral gonoduct connected to
the rectum (as in eutardigrade gonochoristic females and
in hermaphrodites). In all samples (collected in March,
July and November), specimens with oocytes in ad-
vanced stage of maturation were never observed. Within
the gonad, we observed spermatids and few spermatozoa
mixed with oocytes in pre-vitellogenesis, which were
never separated by morphological barriers (Fig. 5). This
type of gonad was also observed in animals carrying the
exuvium containing eggs or newborns (see below;
Fig. 5c—e). In most animals, a cluster of spermatozoa
was present in the posterior part of the gonad, close to
the beginning of the gonoduct (Fig. Se).

Animals laid from 3 to 12 smooth eggs within the
exuvia. Although most observations of exuvia contain-
ing eggs were not associated with adult animals, occa-
sionally adult animals were found ‘“‘carrying” exuvia
with eggs (even near full-term, embryonate eggs and
hatchings) (a specimen from Greenland and several
specimens from Valle Pian Venezia). Under laboratory
conditions (at 13°C over several weeks) a number of
adult animals were observed to molt but remained
within an old cuticle along side embryonated eggs and/
or 1-3 newborns (Fig. 5c).

B. zetlandicus, or at least the population of Valle Pian
Venezia (Italy), is to be considered hermaphroditic for
the presence of an ovotestis similar to that of other
hermaphroditic tardigrade species (Rebecchi et al. 2000).
Hermaphroditic species and/or populations are not
common in tardigrades, indicating that hermaphrodit-
ism is the less frequent sexual condition. The new finding
of a hermaphroditic species (or population) confirms
that in tardigrades this condition developed indepen-
dently in different evolutionary lines. Within the phy-
lum, only one species of the class Heterotardigrada
(family Halechiniscidae) is hermaphroditic (R.M. Kris-
tensen, personal communication in Bertolani 1987),
whereas in Eutardigrada hermaphroditism is a little
more frequent, though sporadic. With B. zetlandicus,
nine other tardigrade species are hermaphroditic and
belong to five different families: Macrobiotidae, Eo-
hypsibiidae, Hypsibiidae, Calohypsibiidaec and Necopi-
natidae (see Bertolani 1987, 2001; Rebecchi et al. 2000).

In two tardigrade species, Isohypsibius monoicus
(Bertolani 1981) and Macrobiotus joannae (Pilato and
Binda 1983), self-fertilization certainly occurs (Bertolani
and Rebecchi 1999). We cannot confirm whether this is



Fig. 5 B. zetlandicus comb. n.
(LM). a Ovotestis with evident
spermatids (arrow head) and
spermatozoa (full arrow). b
Ovotestis with previtellogenetic
oocyte (empty arrow) and
spermatozoa. ¢ Old exuvium
containing an animal with small
gonad (plus), an embryonated
egg (filled star) and a newborn
(asterisk). d Detail of C, small
ovotestis with spermatozoa and
previtellogenetic oocytes. e
Ovotestis with previtellogenetic
oocytes and spermatozoa, to
note the group of sperms in the
posterior portion of the gonad
(within the circle). Scale bars: A4,
B=10 pm, C=45 um, D,
E=15pum

true for B. zetlandicus, even though spermatozoa are
never separated from the oocytes by morphological
barriers.

The exuvia containing eggs at the end of the develop-
ment carried by the animals indicate the presence of a
form of parental care by B. zetlandicus. This phenomenon
is also uncommon in tardigrade species; with only Isoh-
ypsibius annulatus (Murray 1905) and in two species of the
genus Pseudobiotus having been observed showing simi-
lar, but not an identical, behavior (see Bertolani and
Rebecchi 1999). In the original description of B. zet-
landicus, Murray (1907a) reports: “Living youngs have

been seen in the body of the parent ... some malformation
has prevented the deposition of the eggs, which were re-
tained till hatched”, whereas Biserov (1988) reports that,
within the ovary of some females, embryonated eggs were
present due to an abnormal development or to viviparity.
Retention of fully developed embryos within the ovary
has been recently reported for one specimen of Macro-
biotus richtersi (Murray 1911) of a cultured population
(Hohberg and Greven 2005), but we do not have sufficient
data to decide if this phenomenon is physiological or not.

Our findings on B. zetlandicus, in particular, the
newborns still within the old cuticle of the parent indicate
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Fig. 6 Distribution of B. zetlandicus, comb. n.: plus = Murray
(1907a, b), cross = Nederstréom (1919), filled diamond = Bartos
(1935, 1939), filled half circle = Rudescu (1964), inverted trian-

that some “‘parental care” is possible, even though this is
limited and not always present. Moreover, these new
data suggest that Murray (1907a) and Biserov (1988)
misinterpreted their observations of this condition in
B. zetlandicus, though this is a condition not constant,
and uncommon or absent in other tardigrades.

Ecology and biogeography

B. zetlandicus has been found in marine samples from
the Barents Sea (Biserov 1999), freshwater sediments
(Murray 1907a; Biserov 1996, 1999, present study),
submerged mosses (present study) and Sphagnum sp.
(Biserov 1991), terrestrial substrates, such as moss
(Rudescu 1964; Morgan 1980), mosses on soil (Biserov
1991), soil (animals and cysts; Stark and Kristensen
1999) and on colony of cyanobacteria (present study).
The wide range of habitats available for this species
represents an exception for a tardigrade species, whose
occurrence is more usually restricted to only one or a few
substrates.

The species was originally described as M. zetlandicus
by Murray (1907a) with specimens from Fort Augustus

Arctig Cire

gle = vander Land (1966), filled star = Morgan (1974, 1980), filled
circle = Biserov (1988, 1991, 1996, 1999), filled triangle = Hansen
and Katholm (2002) and filled square = present study

(Scotland), Shetland Islands (Zetland being an alterna-
tive spelling and the etymology of the species name) and
Spitsbergen and later attributed to the genus Hypsibius
by Thulin (1928). Van der Land (1966) defined a lecto-
type from the original slides and correctly indicated Fort
Augustus (bog pool) as the Locus typicus because,
according to Murray (1907a), that locality represented
the oldest site from which this species had been found.

In addition to the L. typicus, B. zetlandicus has also
been found in Arctic regions of Russia (Malyi Vudjavr
in Murmansk district, Naryan-Mar, Karelia, Vorkuta,
Novaya Zemlya and Taimyr peninsula) by Biserov
(1988, 1991, 1996, 1999), in Spitsbergen (Svalbard) by
Murray (1907a, b) and Greenland (Disko Island) by
Stark and Kristensen (1999) and Hansen and Katholm
(2002), and in sub-polar areas such as the Shetland
Islands by Murray (1907a) and Iceland by Morgan
(1980). Under the 60° parallel, this species has been
found in the European states of Finland (Nederstrém
1919), Scotland (Murray 1907a; Morgan 1974; van der
Land 1966), Slovakia (Bartos 1935, 1939, in a moun-
tain region between 1,800 and 2,400 m a.s.l.) and
Romania (Rudescu 1964, in mountain region) (Fig. 6).
The discovery of B. zetlandicus from the Faroe Islands



and Italy (in mountain regions between 1,800 and
2,300 m a.s.l.) are new records for these countries.
Morgan (1980) reported an occurrence of B. zetlandicus
in Greenland but did not report who found it, or where
and when the species was found.

The rich tardigrade biodiversity in Disko Island
(more than 100 species) (Heide-Jorgensen and Kristen-
sen 1998, 1999; Stark and Kristensen 1999; Hansen and
Katholm 2002) emphasizes the accumulating evidence
that these extreme environments can be colonized by a
very high numbers of well-adapted species.

The discontinuous distribution of this species, present
in polar, sub-polar and alpine (mountain above
1,800 m a.s.l.) regions, clearly indicates a boreo—alpine
distribution. This distribution reflects the palaeo-cli-
matic events and is related to ecological needs of
B. zetlandicus, particularly cold climates. In non-polar
regions this species can be considered a “‘glacial relict”.
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