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The ultrastructure of the tardigrade spermatozoon:
a comparison between Paramacrobiotus
and Macrobiotus species (Eutardigrada)
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ABSTRACT: The spermatozoan ultrastructure was investigated in three semiterrestrial
eutardigrade species belonging to two different genera of Macrobiotidae (Paramacrobio-
tus and Macrobiotus). The spermatozoa of P. areolatus and P. richtersi are very similar and
are made by three regions, namely a long head, a short kidney-shaped middle piece and a
short tail with its terminal tuft. In both species the spermatozoa are particularly long (up to
100 pm) and very thin. The peculiar length is due to the remarkably developed head
consisting of a cylindrical acrosome and a weakly coiled nucleus increasing in width
caudally. The presence of a long nucleus, an electron-dense core of fibrils running parallel
to the nucleus, as well as nine outer electron-dense fibers around the proximal part of the
axoneme represents novelties in the ultrastructure of the tardigrade spermatozoa. These
structures, never described before for a tardigrade spermatozoon, could be related to the
movement of those extraordinary long male gametes of Paramacrobiotus. The spermato-
zoon of M. harmsworthi too is made up of three regions: the head, including the acrosome
and nuclear region, the middle piece and the terminally tufted tail. Nevertheless it is only
46-50 pm in length and the head, including a slightly tight helical nuclear region, is similar
in length to the tail. In all macrobiotid species here examined, including those from
literature, the spermatozoa within the was deferens always appear folded, with the hinge
located between the end of the head and the beginning of the middle piece, thus resembling
a long nutcracker. The use of spermatozoan characters as phylogenetic information in
tardigrades is also discussed.
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PE3IOME: YabpTpacTpyKTypa CriepMaTO30MA0B ObLIA FCCIEI0BaHa y TPEX BHIOB dyTap-
TUTPaj, U3 IBYX pasHbIX pomoB Paramacrobiotus n Macrobiotus (Macrobiotidae). Crep-
maro3ounbl P. areolatus n P. richtersi 0ueHb TIOX0KH U COCTOST U3 TPEX YaCTEH: CUIILHO
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BBITSIHYTasl TOJIOBKA, KOPOTKHH O0OOBUIHBIN CPEIMHHBIA Y4aCTOK M KOPOTKHH XBOCT C
TEPMHUHAIBHBIM TTy4koM. CIiepMaTo30uabl 9THX BHJOB HeoObruaiHo jumHHEIE (10 100
MKM) M OYEHb TOHKHE. JTO CBSI3aHO C HEOOBIKHOBEHHO Pa3BHUTON JJIMHHON TOJIOBKOA,
BKJIIOUAIOIIEH HMIMHAPHYECKYIO aKpOCOMY | ¢1a00 3aKpyUYEHHOE AP0, IUPUHA KOTOPO-
ro yBeJIHYMBaeTCs KayJanbHo. Hannune y u3y4eHHBIX IpeAcTaBUTeNeH ATHHHOTO Spa,
AJIEKTPOHHOIUIOTHOW CEepLIEBUHBI M3 (GPUOPHILIT, IPOXOSIIKX [ApAIJIETIbHO SAPY, a TAK XKe
JIEBATH HAPYKHBIX TEKTPOHHOIMJIOTHBIX BOJIOKOH BOKPYT IPOKCUMAaJIbHON YaCTH aKCOHe-
MBI — HOBBbIE (DaKThl B YJIBTPACTPYKTYpE CIIEPMATO30HMIOB TapANUTrpaa. DTH CTPYKTYPHI
paHee He OBUIM ONMCAHBI U, BEPOSITHO, CBSI3AHBI C JBMXKCHUEM ITHX KCTPAOPIHMHAPHO
JUIMHHBIX TaMeT caMioB Paramacrobiotus. Cnepmatozounbl M. harmsworthi Tak xe
MPECTABICHBI TPEMS YaCTSAMH: TOJIOBKA, BKIIOYAIOIIAs aKpOCOMY U SIACPHBII pPEeruoH,
CpEeHsSA 4aCTh M XBOCT C TEPMUHAIBHBIM ITy4YKOM. TeM He MeHee, UX JJIMHA COCTaBIIsIeT
Bcero 46—50 MKM, 1 TOJIOBKA, BMECTE C INIOTHO 3aKPY4YEHHBIM SAEPHBIM PETHOHOM, CXOTHA
0 JUTMHE C XBOCTOM. Y BCEX M3YUEHHBIX MaKpOOHOTH/, BKIFOYAs JIaHHbIC JIUTEPATYPBbI,
criepMaTo30m bl BHyTpH was deferens Bceraa MMEIOT CKIIQI4aToCTh, C TIETIISIMHU PACIIolIo-
JKEHHBIMHM MEX1y KOHILIOM TOJIOBKM M HAayaJloOM CpelHEel 4acTH, U HalIOMUHAIOIUMU
JUTMHHBIE IUTIBI A1 opexoB. Mcnonb30Banne 0COOCHHOCTEN CTPOCHNUS CIIEPMATO301,I0B
JUtst QUIIOTCHUU Tapaurpa 00CyKaaeTcs.

KJIFOUEBBIE CJIOBA: Tuxoxomku, Tardigrada, Macrobiotidae, Paramacrobiotus,

Macrobiotus, ciepMaTo30H/bl, YIBTPACTPYKTYPA, PUIOTCHUSL.

Introduction

Tardigrades are hydrophilous micrometa-
zoans most of which belong to the desiccation-
tolerant multicellular organisms. Although all
active individuals require water, the environ-
ments in which tardigrades live are generally
divided into marine and brackish water, fresh-
water, and terrestrial and limnoterrestrial habi-
tats. The highest number of species has been
described from terrestrial habitats, where they
are inactive unless surrounded by a film of water
(Bertolani et al., 2009).

The phylum Tardigrada has been included
in the clade Ecdysozoa (Aguinaldo et al., 1997)
and are considered related to Arthropoda and
Onychophora comprising the monophyletic tax-
on Panarthropoda (Nielsen, 1995; Dunn et al.,
2008; Budd, Telford, 2009; Rota-Stabelli et al.,
2010). On morphological basis, it is subdivided
into 2 extant classes (Heterotardigrada and Eu-
tardigrada), 4 orders, 21 families, 106 genera
and 1047 species (Guidetti, Bertolani, 2005;
Pilato, Binda, 2010). A third class (Mesotar-

digrada) is dubious. Heterotardigrada and Eu-
tardigrada have been confirmed by molecular
studies (Jorgensen, Kristensen, 2004; Guidetti
et al., 2005, Nichols et al., 2006; Jorgensen et
al., 2009). Within the Eutardigrada, there are
two orders: Apochela (with the only family
Milnesiidae) and Parachela (made up by 8 fam-
ilies). The parachelan families most rich in
species are Macrobiotidae, Hypsibiidae, Eo-
hypsibiidae and Calohypsibiidae. The relation-
ships within and among tardigrade families are
mostly unresolved. Recent molecular studies
based on 18S rDNA sequences have proposed
to upgrade Macrobiotidae and Hypsibiidae to
superfamily level (including Calohypsibiidae in
Hypsibioidea), to erect the new family Isohyps-
ibiidae (separating several genera from Hyps-
ibiidae) and to erect the new family Ramazzot-
tiiddae (Sands et al. 2008), The only family
Ramazzottiidae is supported by morphological
data. In this paper only taxa supported by mor-
phological data are considered, i.e. the system-
atics proposed by Pilato and Binda (2010) plus
the family Ramazzottiidae.
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The ultrastructure of the male gamete is
widely used for investigations of phylogeny
and adaptations in several animal groups (Fran-
z¢én, 1970; Jamieson et al., 1999), including
tardigrades (for review see Rebecchi et al.,
2000). With regard to this phylum, all tardi-
grade spermatozoa are flagellate, with a “9+2”
axoneme. The spermatozoa of Heterotardigra-
da, considered of primitive type, are short (14—
20 pm in length), have a globose or slightly
elongated head with a nucleus containing ho-
mogeneous, and sometime electron-dense chro-
matin. They lack a well-defined midpiece and
the head is followed by two elongated mito-
chondria extending from the main axis of the
cell and by a flagellum tapering out of its
termination (Kristensen, 1979, 1984; Kristens-
en, Hallas, 1980; Jorgensenetal., 1999; Greven,
Kristensen,2001; Rebecchietal.,2000,2003).
On the contrary, the spermatozoa of Eutar-
digrada can be attributed to a derivative type
and display a remarkable morphological heter-
ogeneity. They are longer (30—100 um) than
those of Heterotardigrada and in many case are
filiform. They elongated head always bears a
helical region that corresponds to the acrosome
or, more frequently, to the nucleus. The nucle-
us is made up by homogeneous electron-dense
chromatin and it is surrounded by scanty cyto-
plasm. A neck or midpiece can be present or
absent. It is small cup-shaped with large mi-
tochondria, or elongated with many ovoidal
elements with a dense core around a mito-
chondrial sleeve. The flagellum always ends
with atuft of 9—11 fine filaments (Rebecchi et
al., 2000; Rebecchi, 2001; Bertolani et al.,
2009; Nelson et al., 2010). Only a few taxo-
nomic studies have been conducted to date,
but spermatozoan differences should be con-
sidered more in depth for identifying phylo-
genetic relationships. Consequently, in this
paper the spermatozoan ultrastructure of three
gonochoristic species belonging to two genera
(Paramacrobiotus and Macrobiotus) of Mac-
robiotidae (Eutardigrada, Parachela) is con-
sidered and compared with reference data on
the spermatozoan ultrastructure of other mac-
robiotid species.

Material and methods

Three semiterrestrial species were studied,
namely Paramacrobiotus richtersi (Murray,
1911), Paramacrobiotus areolatus (Murray,
1907) and Macrobiotus harmsworthi Murray,
1907, all belonging to the family Macrobi-
otidae. We should remember that, before the
erection of the genus Paramacrobiotus (Guidetti
et al., 2009), the first two species were also
attributed to Macrobiotus (Guidetti, Bertolani,
2005).

For each species a bisexual and amphimictic
population was examined. Specimens of P. rich-
tersi came from hazel leaf litter collected at
Formigine (Modena, Northern Italy; N 44°
34.253°,E10°50.892°), at 80 m above sea level.
Specimens of P. areolatus came from moss on
rock collected at Monte Calvario (Reggio Emil-
ia, Northern Italy; N44°18.764°,E 10°36.686),
at 774 m above sea level. Specimens of M.
harmsworthi came from beech leaf litter col-
lected at Monte Rondinaio (Modena, Northern
Italy; N 44°07.378, E 010°55.166), at 1670 m
above sea level.

To extract tardigrades from their substrate,
samples of leaf litter or moss were sprinkled
with tap water, and after 15 min submerged in
water for 15 min at room temperature. Tardi-
grades were extracted from the substrate by
sieves (250 and 37 um mesh size) under running
water; then animals were picked up with a glass
pipette under a stereomicroscope.

Smears of in vivo spermatozoa of all species
were examined using light microscopy (LM).
The male gametes were mechanically extracted
from the testis by dissecting each animal with
thin entomologist needles. The slides were
viewed with a Leitz Dialux 20 microscope un-
der differential interference contrast (DIC) or
phase contrast optics.

For scanning electron microscopy (SEM)
analysis, the spermatozoa were extracted from
the gonad and prepared according to a tech-
nique perfected by Rebecchi and Guidi (1991).
For transmission electron microscopy (TEM)
analyses of spermatozoa, in foto males were
prepared according to conventional technique
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(Rebecchi, Guidi, 1995). The observations were
carried out with a Philips SEM XL 40 or a
Philips TEM 400 at the “Centro Interdiparti-
mentale Grandi Strumenti (C.I.G.S.)” of the
University of Modena and Reggio Emilia, Mode-
na, Italy.

Results

With SEM, the testicular spermatozoa of
Paramacrobiotus richtersi and Paramacrobio-
tus areolatus appear composed of three regions:
the head, the middle piece and the tail (with its
terminal tuft). In both species the spermatozoa
are particularly long (up to 100 pm) and very
thin. The peculiar length is due to the remark-
ably developed head.

The spermatozoan head of P. areolatus is
about 65 um in length and exhibits two morpho-
logically very different parts. The first one cor-
responds toalong (36 um) cylindrical acrosome
with a smooth surface, constant diameter and
rounded tip (Fig. 1A-C). With TEM, the
acrosome exhibits a central electron-lucent core
surrounded by a sheath of electron-dense mate-
rial (Fig. 2A, B). In longitudinal section, the
central core appears as a long electron-lucent
perforatorium (Fig. 2A). The posterior part of
the head corresponds to an elongated and weak-
ly helical nuclear region, whose diameter in-
creases in width caudally, towards the middle
piece; its coils increase in tightness caudally
(Fig. 2A, B). The transition between the
acrosome and nuclear region is clearly evident
(Figs. 1C, D; 2A). The nuclear region contains
anucleus made up of very condensed chromatin
(Figs. 2C, D). In the anterior part, the nucleus is
surrounded by three concentric layers, namely
an inner layer made up of moderate electron-
dense material, an intermediate layer of elec-
tron-lucent material and an outer layer of mod-
erate electron-dense material (Fig. 2C, E). The
caudal part of the nucleus is surrounded only by
alayer of moderate electron-dense material that
can appear organized in thin lamellae (fibrils)
that run parallel to the major axis of the nucleus
(Fig. 2D). The most caudal coil of the nucleus
has an evident V-shaped hollow into which the

longitudinal centriole is inserted (Fig. 2H, I).
These structures are within the middle piece. In
fact, the middle piece is short (about 4.5 um in
length) and kidney-shaped, and contains several
structures (Figs. 1A, B; 2F-I). In particular, it
contains the last coils of the nucleus, the centri-
ole and the beginning of the axonemal complex
surrounded by a long and narrow mitochondrial
sheath exhibiting transverse cristae (Figs. 2H, I;
8). In addition, the middle piece contains a large
number of ovoid or spherical elements (from 0.5
pum to 1.1 pm in diameter) in tightly packed
arrays (Fig. 2F-H). Each of these elements,
delimited by a cytomembrane, has an irregular-
ly electron-dense granular core surrounded by a
translucent zone with concentric lamellae (Fig.
2F-H). The ovoid or spherical elements are
located at one side of the middle piece, between
the mitochondrial sheath and the cell mem-
brane. The tail is about 32 um in length and is
always clearly shorter than the head. It is con-
stant in diameter and splits terminally into a tuft
of 8—11 elements each about 10 um in length
(Fig. 1A). The tail has the typical “9+2” axone-
mal complex (Fig. 8). Its proximal part is sur-
rounded by nine outer accessory electron-dense
structures (fibers; Fig. 2J—K). The most caudal
part of the axoneme loses the accessory fibers
and the “9+2” organization.

Figure 3 shows a schematic reconstruction
of P. richtersi spermatozoon based on SEM and
TEM observations. The head (about 70 pm in
length) is composed of an acrosome and nucleus
(Figs. 4; 5A, B). The acrosome is a long, thin
and sinuous cylinder with a smooth surface and
rounded tip (Figs. 4; 5A, B). It has a constant
diameter (about 0.2 pm). In cross section, the
acrosome exhibits a central electron-lucent core
surrounded by a sheath of electron-dense mate-
rial (Fig. 6A, D, E). This sheath is separated
from the plasma-membrane by a thin electron-
lucent ring. The acrosome is separated from the
nucleus by a thin lamina and fits over the apical
part ofthe nucleus like a cap. The nuclear region
is weakly coiled and its coils increase in width
towards the beginning of the middle piece (Figs.
4; 5A, C). With TEM, the nucleus exhibits
homogeneous and electron-dense chromatin and
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Fig. 1. Testicular spermatozoon of Paramacrobiotus areolatus (SEM).

A — in toto male gamete; B — acrosome, nuclear region and middle piece; C — cylindrical acrosome with rounded tip
and the beginning of the nuclear region (arrow); D — transition area (arrow) between acrosome and proximal part of
the nuclear region.

Abbreviations: a — acrosome; md — middle piece; nr — nuclear region; t — tail; tt — terminal tuft. Scale bars: A —
10 pm; B,C — 5 pm; D — I pm.

Puc.1. Tectuxynsapusie cuepmaro3zounsl Paramacrobiotus areolatus (COM).

A — TOTaNBHBIN NpenapaT My>KCKoi ramMeTsl; B — akpocoma, o6iactb siapa u cpeasis yacts; C — LUIMHIpHYecKast
aKpoCcoMa C IapOBHIHBIM KOHYHKOM M HA4aJIOM IepHOTr0 pernona (crpeska); D — npomexyTounas 06;1acTh (CTpeska)
MEXK/y aKpOCOMOM U MPOKCHMAJIbHOM YaCThIO SACPHOTO PErHOHa.

OGo3HaueHus: a— akpocoMa; md — cpeiHuil KyCOoUueK; Nr — siAePHbIN PErHoH; t — XBOCT; tt — TepPMUHAJIBHBIH ITy4OK.
Macmrad: A — 10 mxm; B — 5 mxm; C — 5 MkM; D — 1 MKM.
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Fig. 2. Ultrastructure of the testicular spermatozoon of Paramacrobiotus areolatus (TEM).

A — longitudinal section of the acrosome and of transition area (arrow) between acrosome and nucleus; B — cross
section of the acrosome; the internal electron-lucent core is visible; C — Longitudinal section of the anterior part of the
nucleus; D — longitudinal section of the posterior part of the nucleus; E — cross section of the anterior region of the
nucleus; F — longitudinal section of the distal part of the nucleus and of the middle piece. Ovoid elements and
mitochondria are visible; G — middle piece with ovoid elements; H, I — longitudinal sections of the middle piece showing
the last V-shaped coil of the nucleus, the longitudinal centriole inserted in it (arrow), the mitochondrial sheath and the ovoid
elements; J, K — axonemes with “9+2” organization surrounded by nine outer electron-dense accessory fibers.
Abbreviations: a — acrosome; ax — axoneme; ce — centriole; m — mitochondrial sleeve; n — nucleus; ov — ovoid
elements. Scale bars: A, C, D, F-J — 0.5 pm; B, E, K — 0.1 um.

Puc. 2. YapTpacTpyKTypa TECTUKYISAPHBIX CIIEpMaTo30uaoB Paramacrobiotus areolatus (TOM).

A — TpOIOJBbHBII Cpe3 aKPOCOMBI U IIEPEXOAHON 00IaCTh (CTPEIKa) MEXIy aKpoCcOMOil U sitpoM; B — monepeunsrit
Cpe3 aKpOCOMBI; TOKa3aHa BHYTPEHHSIA 3JIEKTPOHHOCBETIIas cepAlieBiHa; C — IMPOI0IBHBII cpe3 nepeiHeil 4acTH sSpa;
J1 — mpoosbHbIH cpe3 3aaHeil yacTu siupa; E — nonepednslii cpes nepegueit odnactu sapa. F — npogosbHblil cpe3
JIUCTANIBHOM 4acTH AApa U CPeJIHEro Kycouka. [loka3aHbl oBalIbHBIC SIEMEHTHI H MUTOXOHAPUH; G — CpEe/IHss 4acTh C
OBOMIHBIMH d51eMeHTamu; H, I — mpoospHbIe cpe3sl cpeiHel YacTH MOKa3bIBAIOIINIT ITocIeAHIH V- 00pa3Hblil H3rud
S71pa, BKIIFOYAOIIHI TIPOI0JIBHYIO IIEHTPUOIIb (CTPEIIKA), MUTOXOH/IPHAJIbHYIO 000JIOUKY M OBOMJIHBIC iieMeHTshI; J, K —
aKCOHEMBI C OpraHu3anueil MUKpoTpyooUek «9+2, OKpyKeHHas JAEBAThIO HaPYKHBIMH 3JICKTPOHHOIIIOTHBIMH J0TIOJI-
HHUTEIBHBIMU BOJIOKHAMU.

O0603HauCHNA: a — aKPOCOMa; aX — aKCOHEMa; ce — IIEHTPHOIIb; M — MHUTOXOHJIPHAIBHBIA PyKaB; N — SJPO; OV —
oBoMHbIE ieMenThl. Macmrab: A, C, D, F-J — 0,5 mxm; B, E, K — 0,1 Mkm
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Fig. 3. Drawing of the testicular spermatozoon of Paramacrobiotus richtersi.

Abbreviations: a — acrosome; ax — axoneme; ce — centriole; m — mitochondria; md — middle piece; n — nucleus;
nr — nuclear region; ov — ovoid elements; t — tail; tt — terminal tuft.

Puc. 3. CxeMa CTpOCHUS TECTUKYJISIPHOTO criepMaTo3ounna Paramacrobiotus richtersi.

O0603HaueHNUsSI: @ — AKPOCOMa; aX — aKCOHEMa; C€ — IIEHTPUOIIb; M — MHTOXOHAPHS; md — CPEeIHsIS 9acTh; N — SAPO;
nr — siAepHas 00JIaCTh; OV — OBOUIHBIC AJIEMEHTBI; t — XBOCT; tt — TEPMUHAIBHBINA MyYOK.

it is surrounded by a small amount of moderate
electron-dense material organized in thin lamel-
lae (fibrils) that run parallel to the major axis of
the nucleus (Fig. 6A—E). The most caudal coil of
the nucleus has a V-shaped hollow into which
the longitudinal centriole is inserted (Fig. 6C).
Caudally to the head there is a short (3—4 pm in
length) and elongated kidney-shaped mid-piece,

sometimes exhibiting very small hemispherical
protuberances on its surface (Figs. 4, SA-C).
The mid-piece contains the caudal part of the
nucleus, the longitudinal centriole and the prox-
imal part of the axonemal complex which is
surrounded by 9 accessory electron-dense fi-
bers (Fig. 6F), and small rod-shaped mitochon-
dria (or a mitochondrial sheath). Around all
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these structures it is present a large number of
ovoid or spherical elements morphologically
similar to those observed in the middle piece of
the P. areolatus spermatozoon. In P. richtersi,
the tail is 25-30 um in length, constant in
diameter and splits terminally into a tuft of 811
elements (Figs. 4; 5D). The axonemal complex
and the nine outer dense accessory fibers have
the same organization as those described in P.
areolatus. The most caudal part of the axoneme
loses the accessory fibers and the “9+2” organi-
zation. Groups of microtubules can be observed,
comprising two to ten singlets, all inside a single
cytomembrane, in addition to numerous indi-
vidual microtubules surrounded by their own
cytomemebrane (Fig. 6E).

The testicular spermatozoon of Macrobio-
tus harmsworthi is 46-50 um in length. It is
made up of three regions: the head, including
acrosome and nuclear region, the middle piece
and the terminally tufted tail (Fig. 7A). The head
is about 18.0 pm in length. The acrosome is
about 8.5 um in length; it has a constant diam-
eter (0.2 pm), smooth surface and rounded tip
(Fig. 7A, B). The nuclear region (about 10.5 um
in length) is helical and tightly coiled (Fig. 7A-
Q). Its coils increase in width (from 0.4 pm to
0.6 um) caudally, towards the middle piece. The
midpiece (about 4.0 um in length) is kidney-
shaped; nevertheless its anterior region is par-
ticularly large, whereas its terminal region is
elongated and thin (Fig 7A, C). On its surface
hemispherical protuberances (ovoid elements)

Fig.4. Invivo spermatozoon of Paramac-
robiotus richtersi extracted from the
testis (DIC).

Abbreviations: a— acrosome; md — middle
piece; nr — nuclear region; t — tail; tt —
terminal tuft. Scale bar 10 pm.

Puc. 4. Cnepmatosoun Paramacrobiotus
richtersi BbIJICIICHHBIN U3 CEMECHHUKA 71

vivo (DIC).
O0o3HaueHus: a — akpocoma; md — cpen-
HsS 4acTh; NI — sAepHast obmacth; t —

XBOCT; tt — TepMHHaNbHBIN My4oK. Macui-
T1ad 10 MKM.

can be present (Fig. 7C). Sometimes the transi-
tion between middle piece and tail is indicated
by an evident constriction. The tail (about 19.0
pum in length) has a constant diameter and splits
terminally into a tuft (Fig. 7A).

In P. richtersi, P. areolatus and M. harm-
sworthi the spermatozoa within testis and was
deferens appear folded, with the hinge located
between the end of the head and the beginning of
the middle piece, thus resembling a long nut-
cracker. In vivo, spermatozoa inside testis and
was deferens are always motile and with the
hinge oriented towards the cloaca.

Discussion

Paramacrobiotus areolatus and P. richtersi
have a very similar male gamete. The spermato-
zoa of both species are particularly long and
thin, and exhibit a peculiar very long head with
a weakly coiled nucleus increasing in width
caudally, followed by a short midpiece, and a
relatively short tail. The presence of a long
nucleus as well as of an electron-dense core of
fibrils running parallel to the nucleus represent
a novelty in the ultrastructure of the tardigrade
spermatozoon. The fibrils could have two dif-
ferent functions that are not mutually exclusive.
First, the fibrils could support such a long, thin
and weakly coiled nucleus. Second, the fibrils
could facilitate spermatozoan movement. An-
other novelty is the presence of nine outer elec-
tron-dense structures around the proximal part
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Fig. 5. Testicular spermatozoon of Paramacrobiotus richtersi (SEM).

A, B — in toto male gametes. In B the sperm cell exhibits a large middle piece; C — kidney-shaped middle piece and
weakly coiled nuclear region; D — tail with terminal tuft.

Abbreviations: a — acrosome; md — middle piece; nr — nuclear region; t — tail; tt — terminal tuft. Scale bars: A, B —
10 um; C, D — 5 pm.

Puc. 5. Tectukynsipusie ciepmaro3ousibl Paramacrobiotus richtersi (COM).

A, B — nensie myxckue ramersl. Ha puc. B kiteTka criepMsl eMOHCTPHPYET GOJIBIIYIO CPEAHION YacTh; C — cpeHsst
4acTh B BHJE MT0YKH (6000BHAHAS) U €l1a00 3aKPyYEHHBIN SIICPHBIA pernoH; D — YBOCT ¢ TEPMUHAIBHBIM ITy4KOM.
O6o3HaueHHs: a — akpocoma; md — CpeHsIsA 9acTh; N — siAepHas 0071acTh; t — XBOCT; tt — TEPMHUHAIBHBII ITy4YOK.
Macmrab: A, B— 10 mxm; C, D — 5 MkMm.
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of'the axonemal complex that could correspond
to the outer dense accessory fibers already de-
scribed for the spermatozoa of some metazoans
(Fawcett, Philips, 1970). Once again, this orga-
nization, never described before for tardigrades,
could be related to the extraordinary length of
male gamete by enhancing its movement. In
insects, it has widely been assumed that acces-
sory fibers or tubules represent additional motor
elements developed in relationship to the acqui-
sition of internal fertilization with its attendant
requirement for progression in a more viscous
fluid environment (Fawcett, Philips, 1970).
Therefore, the spermatozoan morphology of
Paramacrobiotus species seems to represent an
adaptation to internal fertilization. This type of
fertilization could be the rule in eutardigrades
with spermatozoa of the derived type (Rebecchi
et al., 2000), but it is documented only for the
limnic species P. megalonyx (Rebecchi, Berto-
lani, 1999) and for the few species in which
females bear an internal spermatheca (Xerobio-
tus pseudohufelandi, Ramazzottius tribulosus
and some Macrobiotus species; Rebecchi, Ber-
tolani 1988; Rebecchi, 1997). Spermatheca has
never been observed in Paramacrobiotus spe-
cies. In addition, the nine outer dense accessory
fibers described only for Paramacrobiotus could
represent an apomorphy and, by being shared by
the two species of the genus, can be used as a
phylogenetic signal.

The spermatozoon of M. harmsworthi dif-
fers from that of Paramacrobiotus because the

length of its head is similar to that of its tail and
the nuclear helical region is slightly coiled com-
pared to that of Paramacrobiotus species. How-
ever, the midpiece and the tail of M. harmswor-
thi have a similar size and shape as that of
Paramacrobiotus species. The spermatozoon
of M. harmsworthi bears some resemblance to
the male gamete of M. islandicus (see Rebecchi,
Bertolani, 1999) but it differs from those of the
other Macrobiotus studied to date (Baccetti et
al., 1971; Rebecchi, Guidi, 1991; Guidi, Rebec-
chi, 1996; Bertolani, Rebecchi, 1999; Rebec-
chi, 2001; Rebecchi et al., 2000). The similari-
ties between the male gamete of M. harmswor-
thi and that of M. islandicus should be studied
more in depth to understand if the similarities
are dueto aphylogenetic relationship. We should
note that the morphology of the sclerified struc-
tures (e.g. claws, buccal-pharyngeal apparatus-
es) of the animals and eggs of the two species is
quite different. The testicular spermatozoa of
Paramacrobiotus and M. harmsworthi differ
from those of Macrobiotus belonging to the
“hufelandi group” and of Xerobiotus having a
shorter head with a rod-shaped acrosome and a
tightly coiled nucleus, a wider kidney-shaped
midpiece always bearing ovoid elements sur-
rounding an incomplete mitochondrial sleeve,
and an axonemal complex without the nine
outer accessory fibers (Baccetti et al., 1971;
Rebecchi, Guidi, 1991; Guidi, Rebecchi, 1996;
Rebecchi, 1997, 2001). We can note that this
type of spermatozoon exhibits some similarities

Fig. 6. Ultrastructure of the testicular spermatozoon of Paramacrobiotus richtersi (TEM).

A — cross section of the testis showing different regions of the male gametes; B, C — longitudinal sections of nuclei.
In C, the last V-shaped coil of the nucleus into which the longitudinal centriole is inserted (arrow) is visible; D — nuclei
with electron-dense chromatin and acrosomes; E — cross section of acrosomes, nuclei, axonemes and single filament
of the tail tuft; F — cross section of the axoneme with “9+2” organization surrounded by nine outer electron-dense
accessory fibers.

Abbreviations: a — acrosome; ax — axoneme; n — nucleus; tt — terminal tuft elements. Scale bars: A — 1 um; B-D
— 0.5 um; E, F— 0.1 pm.

Puc. 6. YbTpacTpyKTypa TECTHKYJSIPHBIX CIIEpMaTo300ua0B Paramacrobiotus richtersi (TOM).

A — Ha IIOIIepEeYHOM Cpe3e CEMEHHHKA ITOKa3aHbI pa3Hble 00JaCTH MyKCKHX raMmeT; B, C — mpomoabHbIii cpes saapa.
Ha puc. C nokazan nociaeHui V- 00pa3HbIi BUTOK s[pa BHYTPH KOTOPOTO BHHA IIPOJIOIbHAS IIEHTPUOINb (CTPENKa);
D — a1po ¢ 3IeKTPOHHOILIOTHBIM XPOMAaTHHOM U aKpOCOMOif; E — momnepeunslit cpe3 akpoCOMEL, spa, aXOHEMBI U
OJIMHapHbIE (DHIAMEHTHI XBOCTOBOTO IyuKa; F — momnepedHslii cpe3 akcoHeMbI «9+2), OKPYKEHHOH JIEBSITHIO HAPY K-
HBIMHU YJICKTPOHHOIIOTHBIMHU JTOIIOIHUTENIHEIMI BOJIOKHAMH.

O003HauCHUS: a — aKPOCOMa; aX — aKCOHEMa; N — SPO; tt— DIEMEHTHI TePMUHAIBHOTO ITyuka. MacmTat: A — IMKM;
B-D — 0,5 mxm; E, F — 0,1 MxMm.
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Fig. 7. Testicular spermatozoon of Macrobiotus harmsworthi (SEM).

A — in toto male gamete; B — cylindrical acrosome and tightly helical nuclear region; C — middle piece with small
superficial swellings (ovoid elements) and a portion of the helical nuclear region.

Abbreviations: a — acrosome; md — middle piece; nr — nuclear region; ov — hemispherical protuberances (ovoid
elements); t — tail; tt — terminal tuft. Scale bars: A — 10 pm; B, C — 5 um.

Puc. 7. Tectuxynsapusle criepmato3onast Macrobiotus harmsworthi (COM).

A — nenast MyKcKasi ramera; B — muuiiHapudeckas akpocoMa | cliabo CIMPaIbHBIN SACPHBIH PETHOH.
O603HaueHus: a— akpocoma; md — CpeIHHHAs YaCTh; NI — SACPHBII PETHOH; OV — MOoJTycheprIecKie IPOTyOepaHIibl
(OBOM/IHBIE JIEMEHTBI); t — XBOCT; tt — TepMHUHaIbHBIN y4yok. MacmTad: A — 10 mxm; B, C — 5 Mkm.

to the male gametes of Hypsibius (Hypsibiidae)
and Ramazzottius (Ramazzottidae) (Rebecchi,
Bertolani, 1999; Rebecchi, 2001). Neverthe-
less, further studies are necessary to understand
if the similarities among Ramazzottius, Macro-
biotus and Xerobiotus are due to a phylogenetic
relationship. However, we should note that the
hypsibiids Ramazzottius lay free ornamented
eggs as well as all Macrobiotus and Xerobiotus
species (Guidetti, Bertolani, 2005).

Within the Macrobiotidae family we can
identify at least three types of spermatozoa that
identify three separated evolutionary lines. Even
though within macrobiotids three types of sper-
matozoa exist, macrobiotids spermatozoa are
characterized by a common structure, repre-
sented by an evident and cylindrical acrosome
with a perforatorium, a coiled nucleus with coils
increasing in width caudally, and a kidney-
shaped midpiece with ovoid elements and a
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Fig. 8. Cross section of a was deferens of Paramacrobiotus areolatus showing nuclei with electron-dense
chromatin and middle piece with axonemes, mitochondrial sheaths and ovoid elements (TEM).
Abbreviations: ax — axoneme; n — nucleus; md — middle piece. Scale bar 0.5 um.

Puc. 8. IlonepedHsii cpe3 BEIHOCSIIETO POTOKa Yy Paramacrobiotus areolatus, oKa3aHo: SIPO C DIEKT-
POHHOILIOTHBIM XPOMAaTHHOM U CPEJIHSS YaCTh C aKCOHEMOIT; MUTOXOHIPHATbHAsE 000JI0YKa M OBOHTHBIE

anemeHTH (TOM).

O06o03HaueHus: ax — akcoHeMma; n — sapo; md — cpexuss yacts. Maciutab 0,5 MkM.

mitochondrial sheath. The male gametes of
macrobiotids are clearly distinguishable from
the spermatozoa of the other two eutardigrade
families thus far studied, namely Hypsibiidae
and Eohypsibiidae. Similarly, the male gametes
of'the species belonging to the Hypsibiidae fam-
ily are morphologically quite different and at
least three types of spermatozoa can be identified
(Wolburg-Buchholz, Greven, 1979; Baccetti,
1987; Bertolani, Rebecchi, 1999; Rebecchi, Ber-
tolani, 1999; Rebecchi, 2001; Nelsonetal., 2010).
Instead, the spermatozoa of the species belong-
ing to the Eohypsibiidae family are morphologi-
cally quite similar (Rebecchi, Guidi, 1995). This
study demonstrates that sperm ultrastructure pro-
vides additional phylogenetic signal and can be
used for identifying phylogenetic relationships

among eutardigrades, especially at lower taxo-
nomic levels (genera and species).
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