4 ZOOLOGICAL

Journal 7 s

LRt Sy

Zoological Journal of the Linnean Society, 2016, 178, 834-845. With 3 figures

Morphological and molecular analyses on Richtersius
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Important contributions have been made to the systematics of Eutardigrada in recent years, but these have also
revealed that several taxa are polyphyletic and that cryptic species are present. To shed light on the taxonomy
and systematic position of the genus Richtersius (Eutardigrada, Macrobiotoidea), six populations attributed to
Richtersius coronifer were collected and analysed from morphological (light and scanning electron microscopy)
and molecular (mitochondrial cytochrome oxidase subunit 1, 18S, 28S) points of view. In particular, a new
morphometric index (claw common tract: length of the common tract of the claw/total claw length x 100) and a
new morphological character (stalk system) were introduced. Our integrative study was able to unveil the
‘cryptic’ species diversity within Richtersius, showing that the genus contains more than one evolutionary
lineage. A morphological peculiarity in the animals of all lineages is the dimorphism in the morphology of the
cuticle. Cuticular pores are present in the newborns and are lost with the first moult; this morphological change
represents a novelty in the life cycle of eutardigrades. The phylogenetic analyses carried out on Richtersius
populations and other Macrobiotoidea show that Richtersius is closely related to Macrobiotus islandicus, whereas
Adorybiotus granulatus is more related to Richtersius and M. islandicus than to other members of the genus
Macrobiotus (type genus of Macrobiotidae); therefore, the genus Macrobiotus and the family Macrobiotidae are
not monophyletic. Based on these results, the new genus Diaforobiotus (for M. islandicus) and the new family
Richtersiidae (composed of Richtersius, Diaforobiotus gen. nov., and Adorybiotus) are established.
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& Lisi, 2011; Marley, McInnes & Sands, 2011; Ber-

INTRODUCTION tolani et al., 2014; Vecchi et al., 2016). The taxon that

There have been important contributions to the sys-
tematics of Eutardigrada in the last 10 years, allowing
the creation of more robust monophyletic taxa (Guide-
tti & Bertolani, 2005; Guidetti, Bertolani & Degma,
2007a; Sands et al., 2008; Guidetti et al., 2009; Pilato
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has received most attention is the family Macrobioti-
dae, formerly the largest in the phylum Tardigrada
and including many polyphyletic taxa. The genus
Richtersius is currently placed within the Macrobioti-
dae (Guidetti & Bertolani, 2005; Degma, Bertolani &
Guidetti, 2015) and certainly belongs to the Macro-
biotoidea but the phylogenetic relationships within
this superfamily are unclear (Guidetti et al., 2005,
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2009; Jgrgensen et al., 2010; Guil & Giribet, 2012;
Bertolani et al., 2014). Richtersius coronifer (Richters,
1904), the only species of the genus, has a troubled taxo-
nomic history. It was described as Macrobiotus coronifer
from specimens collected at Klaas Billen-Bay (Spitzber-
gen, Arctic). Then, the genus Adorybiotus was erected
by Maucci & Ramazzotti (1981) for Macrobiotus granu-
latus (Richters, 1903) and M. coronifer, based on the
presence in both species of large dorsal and ventral
crests on the buccal tube, and lunules with large teeth
on their margins. In the same paper, Maucci & Ramaz-
zotti (1981) also described the neotype of Adorybiotus
coronifer from specimens collected at Bodo (Norway).
Subsequently, Pilato & Binda (1987) erected the new
genus Richtersia, into which they transferred only
Richtersia coronifer based on the peculiar morphology
of the dorsal crests of the buccal tube. After 2 years, the
genus name was changed to Richtersius owing to syn-
onymy with a nematode genus (Pilato & Binda, 1989).
Although Richtersius is a monospecific genus, cryptic
species have been identified within this taxon but not
described as separate species (Rebecchi et al., 2003;
Faurby et al., 2008). Richtersius is still a monospecific
genus because more than 110 years after the descrip-
tion of R. coronifer from the Arctic no other similar
species have been described.

To shed light on the morphological and molecular
diversity within Richtersius, six populations attribu-
ted to R. coronifer were studied with an integrative
approach and compared with the neotype and related
material from the type locality of the species. More-
over, to identify the phylogenetic position of Richter-
sius within Macrobiotoidea, other taxa in this
superfamily were also evaluated from a molecular
and morphological point of view. Based on these
results further morphological analyses were per-
formed on Macrobiotus islandicus Richters, 1904, to
clarify its systematic position.

MATERIAL AND METHODS

Specimens attributed to R. coronifer were collected
(Table 1) at six different sites. Three sites were in
Italy (25-250 km from each other) and the others
were from widely scattered locations in West Green-
land, Sweden, and Mongolia. Specimens of M. is-
landicus were collected at three sites, in Italy,
Norway, and Greenland (Table 1).

MORPHOLOGICAL ANALYSES

Animals and eggs were extracted from mosses in all col-
lected samples according to Guidetti et al. (2014). Ani-
mals and eggs were mounted on slides in Faure-Berlese
fluid for light microscopy observations, using phase con-
trast and differential interference contrast, with a Leica

DM RB microscope equipped with a Nikon DS-Fi 1 digi-
tal camera. Measurements of R. coronifer specimens
were carried out using a filar micrometer. The buccal
tube length was measured from the anterior end of the
cuticular mouth lips (see Guidetti et al., 2012) to the
posterior portion of the buccal tube. The other morpho-
metric measurements and the p¢ index (length of a
structure/buccal tube length x 100) were taken accord-
ing to Pilato (1981). In addition, we introduce here the
claw common tract index, (cct index) which is the
length of the common tract of the claw (measured from
the claw base to the separation point between the first
and the second branch)/total claw length x 100.

Specimens of Richtersius from Oland (Sweden),
Greenland, Mongolia, and Pratignano (northern Italy
1) were prepared for scanning electron microscopy
(SEM) according to Guidetti et al. (2014), and
observed with a Philips SEM XL 40, available at the
‘Centro Interdipartimentale Grandi Strumenti’ at the
University of Modena and Reggio Emilia, Italy.

For comparison, the neotype of R. coronifer (slide
CT4063), together with specimens of M. islandicus
from Norway (CT4198), Greenland (14155-6), and
Iceland (14592, 14597, 14610, 14615, 14612) from the
Maucci collection (Civic Museum of Natural History
of Verona, Italy) were observed.

In addition, three slides (BASDk002-004) from the
British Antarctic Survey (BAS) collection were
observed. The specimens on the slides were collected
in Greenland and belong to the same population
from which the GenBank sequences EU266930-1 (at-
tributed to R. coronifer) were derived.

To detect whether dimorphism exists between
newborns and adults in Richtersius, two eggs from
each Greenlander, Swedish, and Mongolian popula-
tions were kept in water at 20 °C until they hatched.
The newborns were maintained at 20 °C on a few
wet leaves of moss and observed periodically until
their first moult.

The reproductive mode in tardigrades is deter-
mined by analysing the sex ratio, which is obtained
by observing the type of germinal cells found within
the gonad (Rebecchi et al., 2003). To define the
reproductive mode of Richtersius populations, speci-
mens (20 for each population) from Mongolia, Green-
land, and central Italy were fixed in toto in Carnoy
fluid (methanol/acetic acid, 3/1), individually
mounted on slides, and stained with a drop of acetic-
lactic orcein. The type of germinal elements present
in the gonad was detected by observing all animals
with the Leica DM RB microscope.

MOLECULAR ANALYSES

Genomic DNA was extracted from single adult tardi-
grades following the protocol described by Cesari
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et al. (2009). Molecular investigations were carried
out using fragments of the nuclear 18S and 28S
genes, and of the mitochondrial cytochrome oxidase
subunit 1 (cox1) gene.

New molecular analyses of one or more of the 18S,
288, and coxl genes were carried out on specimens
of all populations of Richtersius, and on specimens of
M. islandicus from the population of Norway
(Table 1). The primers and cycles utilized for amplifi-
cation of the I8S and the 28S genes were those
described in Vecchi et al. (2016). Sequences of coxI
were amplified according to Bertolani et al. (2011a).
The amplified products were gel purified and
sequenced as indicated in Vecchi et al. (2016).
Nucleotide sequences of the newly analysed speci-
mens were submitted to GenBank (for accession
numbers see Table 1). For phylogenetic analyses,
18S and 28S nucleotide sequences of other Macro-
biotoidea species obtained from GenBank were con-
sidered (Table S1). A sequence pertaining to the
species Milnesium cf. tardigradum (Eutardigrada,
Apochela) was used as the outgroup (Table S1).

The sequences were aligned with the Muscle algo-
rithm, using default parameters implemented in
MEGA5 (Tamura et al., 2011). The resulting align-
ment was inspected for accuracy by searching for
software homology misinterpretations. The GBlocks
program (Catresana, 2000) was used for applying
relaxed settings and parameters (values are as speci-
fied in Bertolani et al., 2014) and for discarding
uninformative regions of the alignment. The com-
bined analyses (18S + 28S) were performed by apply-
ing Bayesian inference (BI) and maximum likelihood
(ML) as described in Bertolani et al. (2014).

The new molecular analyses for the coxI gene were
carried out on seven Richtersius specimens from
Mongolia and five specimens from West Greenland
following the protocol of Cesari et al. (2009). For
appropriate molecular comparisons, we included in
our analysis coxl sequences from GenBank attribu-
ted to other Richtersius specimens from the popula-
tion of Sweden, northern Italy 1, northern Italy 2,
and China (Table S2). Pairwise nucleotide sequence
divergences between scored haplotypes were calcu-
lated utilizing both the p-distance and the Kimura
two-parameter model by using MEGAS5.

RESULTS
MORPHOLOGICAL RESULTS

Richtersius coronifer

Morphological differences amongst populations
attributed to Richtersius were mainly observed in
the characters related to the cuticle surface, claws,
and buccal-pharyngeal apparatus. The new morpho-

metric index (claw common tract) and the reproduc-
tive mode proved to be very useful to differentiate
certain populations of Richtersius.

Cuticular pores: In all six populations of Richtersius,
specimens with and without cuticular pores (pearls)
were observed. Pores (Fig. 1A-D) were generally
present in specimens shorter than 500 um in length.
To clarify this situation, we followed six newborns
from their hatching up to their first moult. After the
newborns hatched, all their cuticles had pores that
were distributed over the entire cuticular surface
(Fig. 1A-D). After the first moult the new cuticles
were without pores.

Diversity in the morphology of cuticular pores was
observed amongst the specimens of the six Richter-
sius populations. Greenland and Mongolian speci-
mens exhibited many small cuticular pores (@ = 1-
2 um) with regular margins (Fig. 1D), whereas the
Italian and Swedish specimens showed rare, scat-
tered, and large pores (¥ = 2-4 um) with thick, irreg-
ular margins (Fig. 1A-C).

Claws: In all populations, the animals did not differ
in the relative lengths of the claws, and the ranges
(maximum-minimum) of the p¢ indexes of claw
lengths on all legs overlapped amongst populations
(Table 2). However, clear differences were recorded
in the relative lengths of the common tract (tract of
the claw in which the main and secondary branch
are fused), with populations exhibiting common
tracts that were either short or long with respect to
claw length (Table 2). These differences allowed us
to identify two groups of populations: one made up of
the Norwegian neotype and the Greenland and
Mongolian populations (short common tracts;
Fig. 1IE-G), and the other made up of the Swedish
and Italian populations (long common tracts;
Fig. 1H-J). For each leg, the ranges of the claw
common tract index did not overlap or overlapped
only slightly for the claws of the first and fourth
legs, but if the newborns were not considered, there
was no overlap.

In all populations, the animals had claws with an
evident ‘stalk system’ composed of a laminar stalk
(connecting the common tract to the lunule) and two
posterior lateral expansions, whose distal tips were
connected to the stalk where it came in contact with
the lunule (Fig. 1F, I, J). Although never described
before, a similar ‘stalk system’ is also present in
other Macrobiotoidea (e.g. Guil & Guidetti, 2005:
fig. 2C; Kaczmarek et al., 2011: fig. 3).

Buccal-pharyngeal apparatus: The buccal tube wall
became thicker from the anterior to the posterior
portion in all specimens of all populations (Fig. 2A—
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Figure 1. Richtersius coronifer. A, dorsal cuticle of a newborn with pores (arrows) (population from Sweden). B, cuticu-
lar pores of a newborn (arrows) (Sweden). C, cuticular pores of a newborn with irregular margin (arrow) (northern Italy
1). D, cuticular pores of a newborn with regular margin (arrow) (Greenland). E, claws on the second leg in an adult (neo-
type) (Norway). F, frontal view of the claws on the hind leg with an evident stalk system in an adult (arrow) (Green-
land). G, claws on the hind leg in a newborn (Greenland). H, claws on the second leg in an adult (northern Italy 1). I,
frontal view of the claws on the first leg with an evident stalk system in an adult (arrow) (Sweden). J, lateral view of
the claws on the second leg with an evident stalk system in an adult (arrow) (central Italy). A, B: scanning electron
microscopy; C—J: phase contrast. Scale bars: A, C-J = 10 um, B = 1 um.

D). In particular, the buccal tube of the neotype
(Fig. 2A), the Greenlander (Fig.2D), and the
Mongolian specimens became extremely thick after
the stylet support insertions, but it reduced its
thickness before its end within the pharynx.

The wide buccal crown (see Guidetti et al., 2012)
was followed dorsally by a huge apophysis with a
posterior crest connected to the buccal tube (Fig. 2A-
C). This crest was long in the specimens of all popu-
lations, with the exception of the Italian ones in

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016, 178, 834-845
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Table 2. Morphometric data of the Richtersius populations. Ten animals (seven adults and three newborns) were mea-
sured for each population.

Richtersius

population tl (um) pt ssi ptcll cetcl I pt cl II-1IT  cet el II-IIT  pt cl IV cct cl IV

Norway neotype 769.0 72.7 26.1 52.2 29.5 50.0 37.5 45.5

Greenland 622.8 (135.7) 75.2(1.6) 27.4(3.1) 53.7(29) 31.2(3.1) 49.6(2.8) 38.8 (4.7) 48.4 (2.4)
Mean (SD)

Min.-max. total 467.7-875.6  72.2-77.5 23.9-33.8 47.6-56.5 27.2-36.8 44.0-53.8 33.3-47.9 44.1-51.5

Min.-max. without 497.5-875.6  72.2-76.3 23.9-27.8 54.2-56.5 27.2-32.2 44.0-53.8 33.3-42.3 46.9-51.5
newborns

Sweden Mean (SD)  533.3 (131.9) 69.3 (1.3) 27.7(2.1) 60.7 (5.8) 29.0(1.5) 62.6 (4.3) 36.9 (3.5) 60.3 (7.4)

Min.-max. total 318.4-676.6 67.5-72.0 25.5-31.4 50.0-69.6 27.3-31.4 57.1-69.6 30.5-41.2 52.4-75.5

Min.—max. without 467.7-676.6  67.5-72.0 25.8-31.2 58.8-69.6 28.0-31.2 57.9-69.6 30.5-38.7 58.6-75.9
newborns

Northern Italy 1 571.3 (147.8) 63.6 (2.5) 27.9(2.3) 68.4(4.5) 29.2(1.9) 67.5(4.6) 38.1(4.1) 63.0(8.6)
Mean (SD)

Min.—max. total 368.0-806.0 58.4-66.0 24.5-31.1 58.8-73.9 27.3-324 60.0-75.0 33.3-44.6 50.0-82.4

Min.—max. without 498.0-806.0 58.4-65.7 24.5-31.1 58.8-73.9 27.3-324 63.6-75.0 34.8-44.6 58.1-69.0
newborns

Northern Italy 2 515.3 (144.8) 69.9(1.0) 28.5(3.9 59.7(3.6) 29.5(3.5) 59.8(4.5) 37.1(4.0) 57.4(4.1)
Mean (SD)

Min.-max. total 298.5-746.3 68.5-71.9 21.3-36.5 52.6-64.7 23.0-35.1 55.6-70.0 27.9-41.1 50.5-63.6

Min.—max. without 368.2-746.3 68.5-71.9 21.3-31.5 55.0-64.7 23.0-35.1 55.6-70.0 27.9-41.1 57.1-63.6
newborns

Central Italy 490.5 (164.3) 67.7(1.5) 27.8(2.6) 65.6(4.8) 29.0(2.3) 64.8(4.1) 39.8 (7.1) 64.9 (5.4)
Mean (SD)

Min.-max. total 279.0-696.5 65.3-70.1 23.6-30.7 60.0-76.5 23.6-32.1 60.0-71.4 32.7-58.0 50.0-68.4

Min.—max. without 453.0-696.5 66.2-69.3 23.9-30.7 60.9-76.5 27.6-32.1 60.0-71.4 35.5-43.8 64.0-68.2
newborns

Mongolia mean (SD) 576.3 (104.2) 73.8(1.3) 26.3(2.2) 479 (4.4) 28.9(2.6) 47.2(4.4) 35.3(3.4) 47.4 (4.6)

Min.-max. total 398.0-706.5 71.7-75.8 22.5-29.3 41.7-54.5 24.4-34.1 41.2-54.5 30.0-41.5 40.0-54.2

Min.—max. without 507.5-706.5 72.5-75.6 22.5-29.3 41.7-54.5 25.4-34.1 42.9-54.5 30.0-41.5 45.5-54.2

newborns

cct, claw common tract index; cl I-1V, claws from the first to the fourth pair of legs; pt, pt index; ssi, stylet support inser-
tion; tl, animal total length.

which it was shorter (Fig. 2B). Ventrally, the buccal
crown was followed by a short ventral lamina with a
large anterior hook that was particularly large in the
northern Italy population 1 (Fig. 2B).

The pt index of the stylet support insertion (pt
SSI) differed amongst populations. In the neotype,
Greenlander, and Mongolian specimens the pt SSI
was > 72, whereas in the Italian and Swedish popu-
lations it was < 72 (Table 2; Fig. 2A-D).

Eggs: Specimens of all samples laid free eggs with
ornamented shells. The eggs were large (@ > 100 um)
and yellowish/brown. The egg shell processes were
long and thin cones, with an internal reticulated
structure. The surface of the shell between the
processes was smooth; the shell surface was generally
difficult to see owing to the frequent presence of
debris attached to it. No differences have been

identified so far in the egg shell morphology amongst
populations.

Reproductive biology: The populations from
Greenland, Mongolia, and central Italy included
females and several males with spermatozoa within
the gonad, and therefore they can be considered
gonochoric-amphimictic. As reported in a previous
study (Rebecchi et al., 2003), the populations from
Sweden and northern Italy 2 were unisexual and
parthenogenetic, whereas the population from
northern Italy 1 was gonochoric-amphimictic.

Macrobiotus islandicus

In all three populations attributed to M. islandicus
and in the specimens from the Maucci collection, the
buccal-pharyngeal apparatus consisted of a buccal
ring with buccal lamellae, a buccal tube with an
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Figure 2. Richtersius coronifer (A-D) and Diaforobiotus islandicus (E-J). A, buccal-pharyngeal apparatus, with
enlarged terminal portion (arrow) of the buccal tube (neotype) (Norway). B, buccal-pharyngeal apparatus (population
from northern Italy 1). C, buccal-pharyngeal apparatus, with the dorsal thickening in the anterior portion of the buccal
tube (arrow) (Sweden). D, buccal-pharyngeal apparatus (Greenland). E, F, lateral view of the claws on the second leg at
different focus levels. The evident stalk system (arrow) and cuticular pores (arrowhead) on the leg are visible (Norway).
G, buccal-pharyngeal apparatus (ventral view), with some strong, scattered round teeth in the buccal armature (arrow)
(Italy). H, buccal-pharyngeal apparatus (dorsal view), with the large tooth (arrow) on the internal surface of the buccal
tube (Norway). I, buccal-pharyngeal apparatus (lateral view) (Greenland). J, anterior portion of the buccal tube (en-
largement of I), with the large tooth on internal surface (arrowhead) and the dorsal thickening (arrow) (Greenland). A,
B, D-F, H: phase contrast; C, G, I, J: differential interference contrast. Scale bars = 10 um.

evident anterior bend, and a pharynx with pharyn-
geal apophyses and two macroplacoids (Fig. 2G—J).
The buccal tube was characterized by: a buccal
armature formed by a wide posterior band of small
teeth, followed by some large, scattered round teeth,
and without transverse crests; a ventral lamina; and
a dorsal thickening in the anterior portion of the
buccal tube, corresponding to a large tooth on the
internal surface of the tube (Fig. 2H-J). The entire
cuticle had pores on its surface (Fig. 2E). The claws
showed an evident stalk system (Fig. 2E) and were
characterized by large teeth on the lunules on all
pairs of legs (Fig. 2F).

The eutardigrade specimens from Greenland on
slides BASDk002-004 of the BAS collection were also
attributed to M. islandicus.

MOLECULAR RESULTS

Genetic distances

Genetic distances amongst specimens of Richtersius
were based on the partial sequence (582 bp) of the
mitochondrial gene coxI. A total of 13 haplotypes was
found, with none shared amongst any of the Richter-
sius populations. The number of haplotypes found in
each population differed depending on the population
and number of analysed specimens. Two specimens
were analysed for the Swedish, northern Italy 1, and
northern Italy 2 populations, revealing one, one, and
two haplotypes, respectively. Three haplotypes were
found in the six specimens of the Greenland popula-
tion, whereas the seven specimens of the Mongolian
population showed six different haplotypes (Table S2).

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016, 178, 834-845
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Genetic distances showed low diversity within each
population (p-distance ranging from 0 to 2.9%),
whereas high distances were recorded amongst popu-
lations, ranging from 9.6 to 22.2%, with the exception
of the comparison between the two parthenogenetic
populations (northern Italy 2, Sweden), which showed
a p-distance of < 2.6% (Table S2).

Phylogenetic analyses

Both the BI and ML phylogenetic trees computed
from the combined 18S and 28S sequences of Macro-
biotoidea species showed the same topologies (Fig. 3),
albeit with a few differences in the support values of
some nodes. The phylogenetic relationships within
Macrobiotoidea reflect those found in previous stud-
ies (Bertolani et al., 2014; Vecchi et al., 2016).
Within the superfamily, three well-supported clus-
ters were found. The first cluster was composed of
the genera Paramacrobiotus and Minibiotus, the sec-
ond of Macrobiotus, Mesobiotus, and Xerobiotus, and
the third of Adorybiotus, Richtersius, Murrayon,
Dactylobiotus, and the species M. islandicus. The
relationships within the latter cluster were not com-
pletely resolved. Murrayon and Dactylobiotus were
sister groups (they belong to the family Murrayidae),
whereas Adorybiotus was related to them but with
low support values. All sequences pertaining to
Richtersius specimens (both newly analysed and
retrieved from GenBank) clustered together in a sis-
ter group of the M. islandicus lineage, composed of
the sequences of M. islandicus from Italy
(HQ604972) and those from Greenland, originally
attributed to R. coronifer (EU266930-1).

Within the Richtersius lineage, two well-supported
sister groups were present (Fig. 3), one formed by the
Greenland and Mongolian populations, the other
formed by the Italian and Swedish populations. In this
last group, there were two additional clusters: one
with the central Italy and northern Italy 1 popula-
tions, and the other group containing the partheno-
genetic populations from northern Italy 2 and Sweden.

DISCUSSION

Our integrative study also identified the ‘cryptic’ spe-
cies diversity previously found amongst some popula-
tions of Richtersius attributed to the same species
(Rebecchi et al., 2003; Faurby et al., 2008), showing
that the genus contains more than one evolutionary
lineage.

A molecular approach is undoubtedly useful to iden-
tify and discriminate tardigrade species. Previous
studies on some Macrobiotus taxa (Cesari et al., 2009;
Bertolani et al., 2011a,b; Cesari et al., 2011, 2013)
identified a threshold in genetic difference between
coxl gene sequences that can help in discriminating

two species: a p-distance and/or Kimura two-para-
meter value higher than 3%. The analysed popula-
tions of Richtersius showed genetic distances often
much higher than 3% amongst them (Table S2).
These genetic differences, the morphological differ-
ences identified amongst populations and between the
populations studied here and the neotype specimen of
R. coronifer, and the presence of different evolution-
ary lineages associated with each population together
lead to the conclusion that there is more than one
species in the genus Richtersius. Further morphologi-
cal data on animals and eggs, and statistical analyses
of morphometric characters are needed to eventually
establish new species from the populations studied
here. These potential species can be grouped into two
different evolutionary lineages, identified by both the
molecular phylogenetic analysis (Fig. 3) and their
peculiar morphological characters (Figs 1, 2). One lin-
eage consists of R. coronifer from the neotype locality
and the gonochoric-amphimictic populations of
Richtersius from Mongolia and Greenland. This clus-
ter is characterized by small cuticular pores in the
newborns, claws with a very long main branch (longer
than the common tract), stylet supports inserted on
the buccal tube at more than 72% of the tube length,
and increased thickness of the buccal tube wall poste-
rior to the stylet support insertion points. The other
lineage is characterized by large cuticular pores in
the newborns, claws with a long common tract (longer
than the main branch), and stylet supports inserted
on the buccal tube at less than 72% of the tube
length. Within this latter lineage, there are two clus-
ters differentiated by their reproductive modes: one is
made up of parthenogenetic populations (northern
Italy 2, Sweden), whereas the other is composed of
gonochoric-amphimictic populations (northern Italy 1,
central Italy).

With regard to intraspecific variability, the pres-
ence of cuticular pores only in some specimens of
R. coronifer had already been reported by some
authors (e.g. Rodriguez-Roda, 1952; Maucci &
Ramazzotti, 1981; Maucci, 1986; Dastych, 1988), but
it remained unclear as to whether the pores were
characteristic of the species or a result of intraspeci-
fic variability. Our data demonstrate that the pres-
ence or absence of pores is a result of intraspecific
variability because the pores are present in the cuti-
cle of the newborn and then lost at the first moult.
The different sizes and shapes of the pores amongst
Richtersius populations will be useful characters for
species discrimination. The biological significance of
these cuticular pores, present only during a short
period of the life cycle of the animal, as well as of
the pores in all tardigrade species, remains
unknown. The peculiar pattern of the presence/ab-
sence of pores during the life cycle of Richtersius
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Figure 3. Phylogenetic reconstruction of Macrobiotoidea based on combined data set (18S + 28S rRNA sequences) and
obtained by Bayesian inference (BI) and maximum likelihood (ML). Values above branches: BI posterior probability val-
ues; values under branches: ML bootstrap values (values below 65 are not reported). In bold, newly generated
sequences; in grey, clusters of genera or species. *, GenBank sequences (EU266930-1) wrongly attributed on the basis of

morphology to Richtersius coronifer.

suggests that in this genus the pores are related to
the newborn way of life, or that they are involved
during the development of the embryo inside the
egg, perhaps in increasing cuticle permeability. The
finding of pores in Richtersius is a novelty for
eutardigrades as no similar type of dimorphism has
been previously reported between newborns and
adults in eutardigrade species, whereas this kind of
dimorphism is well known in heterotardigrade spe-
cies (Bertolani et al., 1984; Hansen et al., 2016). In
eutardigrade species, the morphological changes dur-
ing the life cycle had previously been linked only to
morphometric (e.g. Guidetti et al., 2007b; Bartels,
Nelson & Exline, 2011) or to sexual characters
(Rebecchi & Nelson, 1998).

A second result of our research is the confirmation
and additional evidence that some taxa within

Macrobiotoidea are not monophyletic, as indicated by
previous studies (Sands et al., 2008; Guidetti et al.,
2009; Guil & Giribet, 2012; Bertolani et al., 2014;
Vecchi et al., 2016). Our phylogenetic analyses
showed that the genus Macrobiotus and the family
Macrobiotidae are not monophyletic. In fact, M. is-
landicus does not belong to the lineage of the other
Macrobiotus species but to a phylogenetic lineage
related to Richtersius. Macrobiotus islandicus, and
the genera Adorybiotus and Richtersius, belong to a
lineage closer to the Murrayidae family than to Mac-
robiotus (the type genus of Macrobiotidae). For these
reasons and based on the presence of peculiar mor-
phological characters, the new genus Diaforobiotus
gen. nov. is established for M. islandicus, and the
new family Richtersiidae fam. nov. is established for
the genera Richtersius and Diaforobiotus gen. nov.
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together with Adorybiotus (see Taxonomic account).
Although not completely supported by the molecular
data, perhaps because of taxon and/or gene sampling
problems, the relationship amongst Richtersius,
Diaforobiotus gen. nov., and Adorybiotus is sup-
ported by several morphological characters: a cuticu-
lar thickening on the anterior dorsal wall of the
buccal tube (Fig. 2C, J), large teeth on all lunules
(Figs 1E-J, 2F), absence of transverse crests in the
buccal armature (Fig. 2A-C, G, H), two macropla-
coids in the pharynx (Fig. 2), and presence of cuticu-
lar pores, at least in the newborns (Figs 1A-D, 2E,
F). Based on molecular data, Richtersiidae fam. nov.
and Murrayidae belong to the same lineage, but
there is no morphological support, e.g. synapomor-
phies, to erect a new taxon or to attribute all the
genera in the two families to the same family.

TAXONOMIC ACCOUNT
RICHTERSIIDAE FAM. NOV.

Description: Double claws Y-shaped, with the two
branches forming an evident common tract of
variable length. Large teeth on all lunules. Buccal
tube with ventral lamina and a cuticular thick on
the anterior, dorsal wall of the buccal tube (which
can form a large apophysis). Absence of transverse
crests in the buccal armature. Two macroplacoids in
the pharynx. Cuticular pores (at least in a phase of
the life cycle). Eggs laid freely with cuticular
processes on their surface.

Type genus. Richtersius

Composition. Richtersius, Diaforobiotus gen. nov.,
Adorybiotus (provisionally, see Remarks).

Remarks. Based on molecular data, Richtersius,
Diaforobiotus gen. nov., and Adorybiotus do not
belong to Macrobiotidae, but the phylogenetic
relationship of Adorybiotus with the other genera of
the families Richtersiidae fam. nov. and Murrayidae
needs to be clarified with further molecular data.
Based on several morphological affinities with
Richtersius and Diaforobiotus gen. nov. (i.e. a
cuticular thickening on the anterior dorsal wall of
the buccal tube, large teeth on all lunules, absence of
transverse crests in the buccal armature, two
macroplacoids in the pharynx, and presence of
cuticular pores), we place Adorybiotus in this family.

DIAFOROBIOTUS GEN. NOV.

Description: Peribuccal lamellae (ten) and ventral
lamina present. A dorsal thickening present in the
anterior portion of the buccal tube, in conjunction

with a large tooth on the internal surface of the
tube. Some strong, scattered round teeth present
posterior to the second band of teeth of the buccal
armature present.

Type species. Macrobiotus islandicus Richters, 1904.
Etymology. Diaforobiotus, from diaforos (Greek) =

different, different from all other macrobiotoid
genera.
Composition. Diaforobiotus islandicus (Richters,
1904).
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SUPPORTING INFORMATION
Additional supporting information may be found online in the supporting information tab for this article:

Table S1. Sequences of Macrobiotoidea and Milnesium cf. tardigradum retrieved from GenBank.
Table S2. Genetic distances between Richtersius specimens in the cytochrome oxidase subunit 1 gene
(582 bp). Below diagonal: Kimura two-parameter values; above diagonal: p-distances. In bold: new data.
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