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Taxonomy and biogeography of tardigrades using an
integrated approach: new results on species of the
Macrobiotus hufelandi group
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ABSTRACT: This study considers in a new light a population already studied and
tentatively attributed to Macrobiotus cf. terminalis (Bertolani, Rebecchi, 1993), by joining
molecular approaches to the traditional, but indispensable, light microscopy, and to
scanning electron microscopy. Differences in animal and, above all, egg shell morphology,
and the peculiar cox/ sequence indicate that this population clearly pertains to a new
species, M. viadimiri sp.n., which is here described. The results obtained can be considered
as an example of how a modern taxonomical and biogeographical research can be carried
out on this animal phylum and in general on the animals belonging to the so called
meiofauna, where characters bound to morphology are often very few. This is the first
tardigrade species to be described and barcoded contemporarily.
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PE3IOME: B nacrosimeii paboTe B HOBOM CBETE paccMaTpHBAeTCs YK€ HM3ydeHHas
MOMYJISIINS, IPEABAPUTENIFHO OTHecCeHHast K Macrobiotus cf. terminalis bepronanm n
PeGexku (Bertolani, Rebecchi, 1993), ¢ nobaBneHreM MOICKYISIPHO-OHOIOTHIECKOTO
MOJX0Ja K TPAJUIMOHHON, HO HEOOXOANMON CBETOBOWH MHUKPOCKONHMH M CKaHUPYIOLICH
3JIEKTPOHHON MUKPOCKOITHH. Pa3indns B MOpgOI0THuH )KUBOTHBIX U, KDOME TOT0, 000J104-
KU SIUIL, @ TAKoKe crierudraeckas mocie10BaTeNIbHOCTh cox/ YKa3bIBaIOT, YTO TA MTOITYJIs-
1¥sE IBHO TIPUHAJICKUT K HOBOMY BURY, M. viadimiri sp.n., onMCaHHOMY B JaHHOH padoTe.
[ToydeHHbIE pe3yabTATHl MOXKHO paCCMaTPUBATh KAaK IIPHMEP TOT0, KAK MOJKHO BECTH Ha
COBPEMEHHOM YPOBHE TAKCOHOMHYECKHE 1 OMoreorpaduuecKie UCCiIeI0BaHNs KUBOT-
HBIX, IPUHAUICKAIINX K 3TOMY THUILy, U B LIEJIOM, K MeiiodayHe, Uil KOTOPBIX HAOOp
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MOPQOJIOTHYECKUX MTPU3HAKOB YaCTO BeChbMa OIpaHWYEH. JTO MEPBbIi BUI THXOXOJIOK,
OMMCAaHHBII B COOTBETCTBUH C COBPEMEHHBIMH CTaHAapTaMU KJIACCUYECKUMH METOJaMH U
C MCIOJIb30BaHUE MOJIEKYJISIpHOTO aHanu3a pacmudposku JTHK.

KJIFOYEBBIE CJIOBA: Tuxoxoaku, Macrobiotus, THK, DNA barcoding, cox !, Ouoreor-

padusi, TAKCOHOMHUSI.

Introduction

Even though the first description of a tardi-
grade species using the Linnaecan nomenclature
has been done only in the first half of the 19"
century by Carl August Sigismund Schultze
(Schultze, 1834), very early, i.e. at the begin-
ning of the 20" century, the worldwide distribu-
tion (including the polar regions) of this animal
group and its presence with several species in
quite different environments (marine, freshwa-
terand terrestrial) was already ascertained (Rich-
ters, 1903-1904, 1907, 1908, 1909, 1911; Mur-
ray, 1907a, 1907b, 1907c, 1913). At that time,
the systematics of the group (considered as an
order by Richters, Krumbach, 1926) was very
simple, with very partial correspondence to what
accepted today by the tardigradologists (Guidetti,
Bertolani, 2005; Pilato, Binda, 2010). The sys-
tematics began to be deeply revised by Thulin
(1928), who first used a phylogenetic approach
to erect several genera and families. Marcus
(1929, 1936) reconsidered the proposals by
Thulin by reducing most genera at subgenus
level, or not considering them valid. Cuénot
(1932) also limited the number of genera and
species (in the latter case proposing synony-
mies) and reduced the number of families to
three for the entire class tardigrades, subdivided
in two orders: Echinisci and Macrobioti. An
approach not bound to phylogeny, even though
with some new proposals (first of all Tardigrada
as a phylum) was maintained by Ramazzotti
(1962). In that monograph the author avoided to
group the species according to genera, families
and orders, but he listed them exclusively in
alphabetic order of the specific name. In order
to distinguish taxa, the morphology of some
cuticular structures (external cuticle, claws,
buccal tube, placoids, egg shell ornamentations)

were used as useful characters, often retaining
those structures as having a wide intra-specific
variability (Ramazzotti, 1962). Different geo-
graphic regions were considered, but most work
was devoted to Europe and the biogeographic
aspect was absolutely not evaluated. At the end
of the sixties Pilato (1969) re-considered the
characters bound to the sclerified structures of
the animals (claws, cuticular parts of the buccal-
pharyngeal apparatus), proposing a new taxo-
nomical system for the class Eutardigrada based
onthe phylogeny. Inthe following years, he also
evaluated new characters for the eutardigrade
taxonomy, which were before completely or
almost completely neglected, such as the buccal
armature, the apophyses for the insertion of the
stylet muscles on the buccal tube, the detailed
shape of buccal and pharyngeal tube (Pilato,
1972, 1975). Comparing several specimens of a
population and different populations of the same
species, the author also evaluated the intra-
specific variability, concluding that it is very
low, the opposite to what was the common
though. Some years later, he also proposed a
system (pt value, e.g. the percent of the length,
or width, of an un-deformable and well oriented
structure with respect to the buccal tube length,
excluding the mouth that can move) for the
evaluation of quantitative characters (Pilato,
1981). In the seventies new methodological
approaches devoted to the study of the tardi-
grade taxonomy have been proposed. Greven
(1971, 1975) applied the transmission electron
microscopy (TEM) to the study of the cuticle;
some American authors introduced the use of
the scanning electron microscopy (SEM) in the
study of the details of the cuticle and the egg
shell ornamentations (Schusteretal., 1975, 1980;
Toftner et al.,, 1975). Some years later this
methodological approach has been utilized in a
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comparative study of the spermatozoon mor-
phology (Rebecchi, Guidi, 1991, 1993; Guidi,
Rebecchi, 1996). The study of the morphology
using SEM has been again utilized by Biserov
on animals (Biserov, 1986). The most signifi-
cant examples of egg morphology studies by
SEM are some papers on the Macrobiotus of the
so called “hufelandi group” (Biserov, 1990a,
1990b; Bertolani, Rebecchi, 1993). The first
cladistic approach on tardigrades, based on
morphology, has been carried out considering
the heterotardigrade family Echiniscidae by
Kristensen (1987). As regards biogeography,
after the first considerations by Binda, Pilato
(1973), the possibility to consider tardigrades
from this point of view has been sustained by
MclInnes (1994) and again by Pilato, Binda
(2001).

Molecular analyses on tardigrade phyloge-
ny were at first directed towards its position
with respect to other phyla (Garey et al., 1996,
Giribet et al., 1996; Moon, Kim, 1996; Ryu et
al.,2007; Dunnetal., 2008), while, at the turn of
the millennium, the spotlight was shifted on
relationships inside the phylum (Garey et al.,
1999; Jargensen, Kristensen, 2004; Regier et
al., 2004; Guidetti et al., 2005, 2009; Nichols et
al., 2006; Kiehl et al., 2007; Mabjerg et al.,
2007; Sands et al., 2008a,b; Jergensen et al.,
2010). Even more recently, molecular investi-
gations have begun to delve in intraspecific and
intrapopulation variability, leading also to the
discovery of cryptic species (Faurby etal., 2008;
Guil, Giribet, 2009), and, after a few attempts
on DNA taxonomy (Blaxter et al., 2004, 2005),
to the demonstration that DNA barcoding can
be applied to tardigrades (Cesari et al., 2009).

Considering the improving of the taxonomic
approaches and having the opportunity to re-
examine with these approaches the same popu-
lation already studied and tentatively attributed
to Macrobiotus cf. terminalis by Bertolani,
Rebecchi (1993), we decided to reconsider it.
This population differed from Macrobiotus ter-
minalis Bertolani & Rebecchi, 1993 for details
ofthe egg shell and, above all for the absence of
males in the population and its triploidy and
ameiotic maturation of the oocytes (Bertolani,

Rebecchi, 1993). For years it was our common
opinion that it should belong to a new species.
Having found new material, we decided to carry
out a further study in a new light, joining molec-
ular methods (other than scanning electron mi-
croscopy) to the traditional, but indispensable,
light microscopy, with the aim of resuming in
the description and discussion of the animal and
egg characteristics the most advanced available
approach to carry out a modern tardigrade tax-
onomy and biogeography.

Material and methods

Animals and eggs described as Macrobiotus
cf. terminalis and mounted in polyvinyl lac-
tophenol, together with further animals and eggs
collected on the same rock where M. cf. ter-
minalis was found (Fig. 1), were analysed and
compared with specimens of German popula-
tions collected in St. Ulrich (Freiburg). Some
animals and eggs from the new collections of
both populations have been mounted in Faure-
Berlese fluid for observations by light micros-
copy (LM). Some other eggs from the Italian
population were prepared for scanning electron
microscopy (SEM) following the protocol of
Guidetti et al. (2000) and observed with a Phil-
ips SEM XL 40, available at the ‘Centro Inter-
dipartimentale Grandi Strumenti’ at the Univer-
sity of Modena and Reggio Emilia (Italy). Con-
sidering the minimal size of tardigrades, the
entire animal has to be used for DNA extraction;
therefore, the animals processed for molecular
analysis cannot be used as voucher specimens
and vice versa. It is not the same for eggs: in
several cases they can be isolated and main-
tained in caps with water until hatching. Single
newborns obtained from these eggs can be used
for DNA extraction, while their respective egg
shells are mounted with Faure-Berlese fluid
(Cesari et al., 2009), enabling to obtain holo-
genophore voucher specimens (Pleijel et al.,
2008). Therefore, we have been able to corre-
late egg morphology and molecular data. For
possible further investigation, a fragment of
each collected samples was stored at —80°C and
several animals and eggs of each population



26 R. Bertolani, V. Biserov, L. Rebecchi, M. Cesari

were preserved (paragenophores) both frozen
and in Carnoy fluid (methanol:acetic acid 3:1)
at the Department of Biology, Modena, Italy.
All voucher specimens have been compared
with type material in the tardigrade collection at
the “Museo Civico di Storia Naturale” of Vero-
na (Italy) and with the material in the collection
of R. Bertolani, at the Department of Biology of
the University of Modena and Reggio Emilia.
DNA was extracted from single specimens
of adult animals (A) and from newborns from
isolated eggs (N) (Table 1), by using a rapid salt
and ethanol precipitation as described by Cesari
et al. (2009). PCR amplification of a fragment
of the cox! gene was carried out in 20 ul of
reaction volume, which consisted of 2 ul reac-
tion buffer (including 20 mM of MgCL), 2.5
mM of each ANTP, 10 pM (final concentration)
of'each primer (LCO-1490: 5’-GGT CAA CAA
ATC ATA AAG ATA TTG G-3? and HCO-
2198: 5°-TAA ACT TCA GGG TGA CCA
AAA AAT CA-3’; Folmer ef al. 1994), 1 U of
Dream7aq polymerase (Fermentas) and 2 ul of
template DNA. A negative control lacking tem-
plate DNA was carried out to test the possibility
of contamination with foreign DNA. PCR reac-
tion was performed in a T-personal Thermal
Cycler (Biometra), performing a step-up proce-
dure, with the following protocol: the initial 5
cycles were performed with 1 min at 94°C, 1.5
min at42°C and 1.5 min at 72°C, and they were

Fig. 1. The rock with moss patches
in the type locality of Macrobiotus
vladimiri sp.n., at Andalo, Italy.
Puc. 1. Ckana ¢ nSTHaMH MXOB B
THIIOBOM MecTtoobutanuu Macro-
biotus viadimirisp.n. Angano, Ura-
TS

followed by 35 cycles with 1 min at 94°C, 1.5
min at 50°C and 1 min at 72°C. The amplified
products were gel purified using the Wizard Gel
and PCR cleaning (Promega) kit. Both strands
were sequenced using a ABI Prism 3100 se-
quencer (Applied Biosystems). Nucleotide se-
quences were aligned with the Clustal algorithm
implemented in MEGA version 4 (Tamura et al.
2007; pairwise and multiple alignment parame-
ters: Gap opening penalty: 15, Gap extend pen-
alty: 6.66) and checked by visual inspection.
The sequences were translated to aminoacids by
using the invertebrate mitochondrial code im-
plemented in MEGA in order check for the
presence of stop codons and therefore of pseudo-
genes. The nucleotide sequences of the newly
analyzed specimens have been submitted to
GenBank (NCBI’s barcode designation
HM136931-HM136934; Table 1). For appro-
priate molecular comparisons, we included in
our analysis sequences pertaining to species of
Macrobiotus hufelandi group: Macrobiotus
macrocalix Bertolani & Rebecchi, 1993: Gen-
Bank A.N. FJ176203-17 and AY598773-4;
Macrobiotus terminalis Bertolani & Rebecchi,
1993, AY598775 M. hufelandi group:
FJ435804-6. A coxl sequence of the eutardi-
grade Paramacrobiotus richtersi (Murray,
1911), AY598778-9 was used as the outgroup.
A sequence pertaining to M. persimilis
(EU244608) was included in the distance com-
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Table 1. Specimens’ acronyms, source of DNA extraction and sampling information.
Tabnuua 1. O60o3HaueHHs H3Y4YEHHBIX dK3eMIUIIpoB, ucrounuk JJHK u cBenenus o mpobax.

Specimen Source Locality Coordinates Substrate Ge:];?nk
C2688-A01 Adult Andalo (Italy) 46°N 10.133 Moss on rock HM136931
C2688-A02 Adult Andalo (Italy) 11°E 00.017 HM136932
. 47°N 54.532

C2945-A01 Adult St. Ulrich (Germany) 07°F 50.074 Moss on wall HM136933
. 47°N 54.461

C2946-N01 Newborn St. Ulrich (Germany) 07°E 49.999 Moss on rock HM136934

putations, but was excluded from any phyloge-
netic analyses due to the fact that the sequence
isnot coding for a proper aminoacidic sequence.
P-distance and Kimura 2 parameters (K2P) dis-
tance between scored haplotypes were deter-
mined using MEGA 4. Maximum Parsimony
(MP) dendrogram was computed using PAUP*
4.01b10 (Swofford, 2002) using a heuristic
search; bootstrap values were obtained after
2000 replicates. Bayesian inference (BI) tree
was calculated using MrBayes 3.1 (Ronquist,
Huelsenbaeck, 2003), using the GTR+I model
as detected by MrModeltest 2.3 (Nylander,
2004). The analysis was performed using
1000000 mcme generations, with a burn-in of
2500 generations.

Results

Morphological results

The analysis of the mounted animals sug-
gests the presence of at least two species of the
“hufelandi group” with the typical shape of the
pharyngeal bulb, containing two rod-shaped
macroplacoids and an evident microplacoid,
and a cuticle with “pearls” (pores). One species
is certainly M. macrocalix, recognizable from
the large buccal tube and the very evident ante-
rior and posterior bands of teeth in the buccal
armature. Other specimens certainly belong to
M.cf. terminalis, being characterized by a buc-
cal armature with not recognizable anterior band
ofteeth and with a posterior band well recogniz-
able (but much less evident as in the previous
species), indented lunules in the fourth pair of
legs, other than a large size (as the previous

species). Fig. 2A shows the shape of buccal-
pharyngeal apparatus, cuticle and claws of the
first pair of legs of a specimen of this species;
Fig. 2B the claws in the fourth pair of legs.
Smaller animals with weak buccal armature and
not recognizable teeth on the lunules could be
juveniles of this species, or could belong to a
third species.

The analyses by LM and SEM of the eggs of
the “hufelandi group”, surrounded by egg shell
processes like inverted goblets or chalices, re-
veal the certain presence of three species, distin-
guishable by their different egg shell ornamen-
tations. One type corresponds to the known and
well recognizable shape ofthe egg of M. macro-
calix, characterized by high processes, with
large and smooth-edged distal disc, witha crown
of large pits surrounding the process bases and
very scarce (or null) and small pits in the other
parts of the egg shell. A second type of egg shell
(Fig. 2C, 2D) certainly is to be attributed to M.
cf. terminalis. They are characterized by high
processes but clearly smaller with respect to
those of M. macrocalix, a distal disc with irreg-
ular edges, and an irregularly reticulated egg
shell, having larger meshes around the bases of
the processes and a thick meshwork. An identi-
cal egg shell has been found also in the German
population from St. Ulrich (Fig. 2E). The third
type of egg belongs to Macrobiotus sandrae
Bertolani & Rebecchi, 1993. It is easily recog-
nizable by the smaller size of the processes,
with a large distal disc with a little irregular
edge, and by a very uniform reticulation of all
the egg shell, represented by a very thin mesh-
work (Fig. 2F).
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Fig. 2. Images of details of the holotype (A-B) and eggs (C—E) of Macrobiotus viadimiri sp.n. and of M.
sandrae egg (F).

A — buccal-pharyngeal apparatus, cuticular pores and claws in the first pair of legs (phase contrast); B — claws in the
fourth pair of legs (phase contrast); C — detail of the ornamentation in an egg from Andalo (SEM); D — detail of the
ornamentation in an egg from Andalo (phase contrast); E — detail of the egg ornamentation in a hologenophore of M.
vladimiri sp. n. from St. Ulrich, Germany (phase contrast); F — detail of the ornamentation of an egg of M. sandrae from
Andalo (phase contrast). Scale bar 5 pm.

Puc. 2. leramu mopdonoruu ronotuma (A-B) u siutt (C—E) Macrobiotus viadimiri sp.n., u siiiua M. sandrae
(F).

A — 6yKKaJILHI:Ii;I arrapar, KyTHKYJISIpHBIC IIOPbl U KOI'OTKH HepBOﬁ apel HOT' (q)a?;OBLIﬁ KOHTpaCT); B — korotku
yeTBepToil mapbl HOr ((azoBblii kKoHTpact); C — cTpykTypa 060a0uku siina u3 Aunano (COM); D — crpykrypa
000104KH stiina n3 AHaano (pa3oseiii KOHTpAcT); E — cTpykTypa 0605104k siiiiia ronorenodopa M. viadimiri sp. n. u3
Cankt-Ynbpux, ['epmanus (¢pa3oBsiii koHTpact); F — cTpykrypa obonouku siina M. sandrae w3 Aupano (dpazosbrit
KOHTpacT). Macmrad 5 MKM.
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Also in accordance with the molecular data
(see below and Fig. 3), M. cf. terminalis should
be considered a new species that will be here
described, naming it Macrobiotus viadimiri
sp.n., in honour of our colleague and co-author
of this paper, with whom we begun to discuss
together on the erection of this species before he
passed away.

Molecular results

Molecular analysis was carried out on 624
bp of the 5 section of the mitochondrial cox/
gene. The same haplotype was found in all
analysed specimens, regardless of their sam-
pling site (Table 2). Our scored haplotype was
also the same as three GenBank sequences per-
taining to the M. hufelandi group (Spain?) and
also to a coxl-like sequence attributed to a
German population of M. persimilis. All other
comparisons with M. hufelandi group haplo-
types showed very high distance values, ranging
from 18.1% (vs M. terminalis) to 19.4% (vs M.
macrocalix) (Table 2). MP and BI analyses
have produced very similar tree topology (Fig.
3), evidencing that all haplotypes pertaining to
the M. hufelandi group are clustered together
with high bootstrap/posterior probability values.
Inside this group, the specimens from Andalo and
Germany utilized for the molecular analysis are
more related to the M. terminalis from GenBank
with respect to the M. macrocalix present in the
same moss sample, even though the extent of
genetic distance clearly distinguishes M. viadimi-
ri sp.n. from all other species.

Taxonomic account

Macrobiotus viadimiri Bertolani, Biserov,
Rebecchi et Cesari, sp.n.
Figs 2A-E, 4.

TYPE MATERIAL. Holotype: Adult (slide number
C475-S18) collected in Andalo (Trento, Italy), deposited
in Bertolani’s collection in the Department of Biology,
University of Modena and Reggio Emilia, Modena, (Italy).

40 paratypes and 14 eggs from Andalo, deposited in
Bertolani’s collection.

TYPELOCALITY. Andalo, Italy, moss sam-
ple onrock,46°N 10.133; 11°E 00.017, 1050 m
above sea level (Fig. 1).

ETYMOLOGY. The species is dedicated to
our colleague and friend Vladimir I. Biserov,
who passed away too early.

DIAGNOSIS. A large Macrobiotus of the
“hufelandi group”, with eyes, smooth cuticle
with “pearls”, buccal armature with a posterior
band of teeth followed by transverse crests
always three and separated both dorsally and
ventrally, two rod-shaped macroplacoids and
miroplacoid, lunules smooth on the first three
pairs of legs, larger and weakly indented on the
fourth pair of legs. Eggs laid freely, with invert-
ed goblet processes on a reticulated shell. Mar-
gin of the distal disc of the processes jagged.
Meshwork thick, surrounding pits larger around
the processes. Triploid and thelytokous, with an
ameiotic oocyte maturation.

HOLOTYPE DESCRIPTION. The holo-
type and its details are represented in Fig. 4.
Animal length 491 um. Eye spots present.
Smooth cuticle, with seed-shaped pores and
with transversal bands of pigment (these bands
are not a constant presence in the other speci-
mens of the same population). Granulations on
the legs, but not much developed. Buccal arma-
ture: peribuccal lamellae consistent, anterior
band of teeth not visible, posterior band of fine
teeth, followed caudally by three dorsal and
three ventral always separated transverse crests.
These crests are dorsally longer than the ventral
ones; the median ventral crest is small and
roundish. Buccal tube 49.5 umin length, with an
internal diameter (measured at the level of the
insertion ofthe stylet supports) of 5.7 pm (exter-
nal 6.5 um). Ventral strengthening bar 22.8 pm
in length. Bulb roundish, with large apophyses,
two rod-shaped macroplacoids (the first practi-
cally without narrowing, the second without
constriction) and microplacoid. Placoid row,
including microplacoid, 24.0 um in length,
macroplacoid row 21.5 um, first macroplacoid
12.2 um, second macroplacoid 7.9 um. Mi-
croplacoid thin and only 1.8 pm in length.
Strong claws, with evident accessory points on
their main branches and with small and smooth
lunules in I-11I pairs of legs, larger and slightly
indented in the fourth pair. External claw in the
II pair: 11.7 um excluding the accessory points
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(12.1 with accessory points); posterior claw in
the IV pair: 12.4 pm (13.4 um with accessory
points). All measurements have been taken ac-
cording to Pilato (1981).

The paratypes (from 322.6 to 515.1 um in
length) correspond in the qualitative characters
to the holotype, apart the absence of pigment in
several of them, and the difficulty in some
specimens in identifying the teeth on the lunules
of the fourth pair of legs.

Eggs laid freely (89.9-92.0 pm in diameter,

without processes), with processes as inverted
goblet, with distal disc a little narrower than the
base and with clearly jagged margin. Reticulat-
ed egg shell, with thick meshwork, including
oval or round pits, larger and wider in the
peribasal ring around the processes.
From 82 to 92 processes per hemisphere. Height
of processes: 6.5-8.0 um; diameter of process
bases: 5.1-7.3 pm; diameter of distal dish: 3.8—
4.8 um; diameter mesh at the base of the pro-
cesses: 0.5 pm.

REMARKS. The new species can be distin-
guished from other species of the Macrobiotus
hufelandi group for some details of the animals
but mainly for the shape of its eggs. In particu-
lar, it can be distinguished from several species
of'the group that have aunique dorsal transverse
crest in the buccal armature. Considering some
species with three separated dorsal transverse
crests, M. vladimiri can be distinguished from
M. persimilis (that has similar slightly indented
lunules in the fourth pair of legs) for the lack of
avery deep narrowing in the first macroplacoid,
but also for a quite different type of egg (with
deeply indented distal disc and without reticula-
tion in M. persimilis). It can also be distin-
guished from M. terminalis for the absence of
males and for the egg processes higher (4.6-6.0
pm in M. terminalis) and with the distal disc
more irregular. It differs from M. sandrae for
the larger size, for the presence of indented
lunules (when visible), for a longer placoid row
and for bigger eggs, with higher processes and
different reticulation.

Macrobiotus viadimiri sp.n. is the first tardi-
grade species to be described and barcoded
contemporarily.

Discussion

Molecularanalysis using cox/ mtDNA clear-
ly demonstrates that what was tentatively attrib-
uted to M. cf. terminalis it is certainly to be
considered a different species, here erected with
the name M. viadimiri sp.n. This situation could
be suspected also from the different sex condi-
tion which distinguishes the M. terminalis pop-
ulation collected in the type locality (central
Italy), which has males (and therefore very
probably diploid), from that collected at Andalo
(northern Italy), where males are lacking and
the oocytes were triploid and ameiotic (Berto-
lani, Rebecchi, 1993). At that time, due to the
similarity of animals and eggs, it could be sus-
pected that theoretically there could be some
gene flow between the two populations, but our
unpublished data on Paramacrobiotus richtersi
group, based on cox ! sequence analysis (Guidetti
etal., in preparation) clearly reveal that triploid
and diploid populations always have a very
large genetic distance. It is important to note
that between M. terminalis and M. viadimiri
sp.n. there are also differences in the egg shell
shape (see Remarks). Moreover, the M. termi-
nalis sequence present in GenBank, even though
itis not sampled in the type locality, shows very
high diversity values with respect to M. viadimi-
ri sp.n., well above the 3% threshold proposed
for identifying different species (Hebert et al.,
2003a,2003b; Cesari etal., 2009). In the case of
M. viadimiri sp.n. morphology alone, even
though at fine level, can identify the species.
Nonetheless, molecular analysis can help to
evidence true cryptic species, not identifiable
only on morphological basis, as results from the
data by Faurby et al. (2008), by Guil, Giribet
(2009) and from our unpublished data on P.
richtersi group.

All together, molecular analysis, morpho-
logical analysis (in particular, but not only, that
devoted to the fine morphology by LM and
SEM of'the egg shell), sex condition evaluation
and karyology can be very helpful in species
identification. In particular, it is important to
underline the datum from St. Ulrich, deriving
from a newborn individual, whose egg shell has
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Paramacrobiotus richtersi EU244589
Macrobiotus pallarii F1435807
Macrobiotus terminalis AY598775
Macrobiotus gr. hufelandi F1435804
Macrobiotus gr. hufelandi FI435805
Macrobiotus gr. hufelandi FJ435806
Macrobiotus viadimiri C2688-A01
Macrobiotus viadimiri C2688-A02
Macrobiotus vladimiri C2945-A01
Macrobiotus viadimiri C2946-N01

76

28 (66)
(0.98)

48 (100) 72 (100)

45 (100) Macrobiotus macrocalix F1176213
(1.00) Macrobiotus macrocalix FI1176214
9

o Macrobiotus macrocalix FJ176215

Macrobiotus macrocalix FI1176216

Macrobiotus macrocalix FI1176217

Macrobiotus macrocalix AY 598774
Macrobiotus macrocalix AY 598773

(5]

52 (100) 1
(1.00)

2 S AN Macrobiotus macrocalix F1176203
(0.81) |

Macrobiotus macrocalix FI1176204
059 Macrobiotus macrocalix FJ176205
Macrobiotus macrocalix F1176206
Macrobiotus macrocalix F1176207

1 (63) | Macrobiotus macrocalix F1176208
TUD)-I Macrobiotus macrocalix F1176209

2(76) Macrobiotus macrocalix F1176210
(.00 4| Macrobiotus macrocalix FJ176211
Macrobiotus macrocalix F1176212

Fig. 3 Dendrogram combining Bayesian and maximum parsimony (consistency index: 0.824; retention
index: 0.930; rescaled consistency index: 0.767) analyses. Numbers above branches indicate substitutions,
while numbers in bold and in parentheses show bootstrap values (above branches) and posterior probability
values (below branches). Acronyms as in Table 1.

Puc. 3. Jlennporpama, oobeaunstonias baiileCoBCKUil aHAIN3 U aHAJIN3 HAa OCHOBE METO/1a MAKCHMAJIbHOM
skoHoMuH. L{udpsl Hajg BeTBIME 0003HAYAIOT 3aMEHBI, @ YHCIIA, TIOKA3aHHBIC )KUPHBIM IIPUPTOM U B
cKOOKax, MOKa3bIBAIOT OyTCTpar-3Ha4eH s (Hal BETBSIMU) U 3HAUCHUS allOCTEPUOPHON BEPOSITHOCTH (IO
BeTBsiMu). CokpalieHus Kak B Tabiuue 1.
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Fig. 4. Drawing of the holotype and of the detail of an egg from Andalo of Macrobiotus vladimiri sp.n.
A — habitus; B — buccal-pharyngeal apparatus; C — detail of the ventral buccal armature; D — claws in the first pair
of legs; E — claws in the fourth pair of legs; F — detail of the egg shell.

Abbreviations: pb — posterior band of teeth; pl — peribuccal lamellae; tc — transverse crests. Scale bar 5
wm.

Puc. 4. PucyHoK royioturna u aetanu ctpoenus siua Macrobiotus viadimiri sp.n. n3 Annaio.

A — obmmii Bux; B — Oyxkanbublif anmapat; C — geTaad BeHTPaIbHOTO BOOPY)KSHUS ITIOTKH; D — KOTOTKH IepBoi
napsl Hor; E — kororku yerBeproii mapel Hor; F — cTpykTypa 06onouky siima.

O6o3HaveHus: pb — 3aaHui psa 3y00B; pl — mepuOyKKaabHBIC JaMEJUIbl; t¢ — MOMepeUHbIe TPEOHH.
MacmTab 5 MKM.
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been permanently mounted (hologenophore sen-
su Pleijel et al. 2008; Fig. 2E), which allows to
relate DNA sequence and egg morphology.
Moreover, molecular analysis using cox/ is also
useful to identify the relationships among spe-
cies within a genus and to identify or confirm
species groups, such as, for example, the “hufe-
landi group” within the genus Macrobiotus. In
fact, all M. “hufelandi group” sequences cluster
together in the MP and BI dendrograms (Fig. 3),
supported by high bootstrap/posterior proba-
bility values. Inside this group, M. viadimiri and
previously analyzed M. macrocalix haplotypes
are very well differentiated from each other and
from sequences pertaining to all other M. hufe-
landi group, pointing out their marked diversity
inside the group. Further analyses on different
species pertaining to this group should help
clarify the different relationships inside the M.
“hufelandi group”. The molecular data related
to cox allows also to gain sure information on
the geographic distribution of the species. For
long time it was believed that most tardigrades
could have a cosmopolitan, or very widespread,
distribution (Ramazzotti, Maucci, 1983), but in
reality this opinion was due to the fact that
tardigrade sclerified structures were considered
highly variable inside the species. However,
papers of the last 30-40 years have demonstrat-
ed that many species have very limited morpho-
logical variability (Pilato, 1972) and a limited
distribution (Pilato, Binda, 2001). Our molecu-
lar data on M. vladimiri, compared with the data
from GenBank, also point out that this species
has a wide distribution in Europe. In fact, genet-
ic distances (Table 2 and Fig. 3) reveal that M.
vladimiri sp.n. is present even in Germany, in
our material collected at St. Ulrich, and in Spain
(data from GenBank cited as Macrobiotus gr.
hufelandi). Further data on this and other spe-
cies can easily verify, avoiding mistakes and
misunderstandings, the real distribution on the
specific taxa.

In conclusion, methodological approaches
applied to tardigrade taxonomy have been deep-
ly improved in the last decades. The results
obtained with the different approaches on the
animals and their eggs here studied can be

considered as an example of how a modern
taxonomical and biogeographical research can
be carried out on this animal phylum and more
in general in taxonomy of many other animal
phyla, especially those belonging to the so called
meiofauna, where characters bound to morphol-
ogy are often very few.
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