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ABSTRACT: The spermatozoan ultrastructure was investigated in three semiterrestrial
eutardigrade species belonging to two different genera of Macrobiotidae (Paramacrobiotus 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 µm) 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 spermatozoon 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
4650 µm 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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Óëüòðàñòðóêòóðà ñïåðìàòîçîèäîâ òàðäèãðàä:
ñðàâíèòåëüíûé àíàëèç Paramacrobiotus
è Macrobiotus (Eutardigrada)
Ë. Ðåáåêêè, Ò. Àëüòèåðî, À. Ãóèäè
Îòäåë áèîëîãèè, Óíèâåðñèòåò Ìîäåíû è Ýìèëèè, Ìîäåíà 41125, Èòàëèÿ.
e-mail: lorena.rebecchi@unimore.it

ÐÅÇÞÌÅ: Óëüòðàñòðóêòóðà ñïåðìàòîçîèäîâ áûëà èññëåäîâàíà ó òðåõ âèäîâ ýóòàðäèãðàä, èç äâóõ ðàçíûõ ðîäîâ Paramacrobiotus è Macrobiotus (Macrobiotidae). Ñïåðìàòîçîèäû P. areolatus è P. richtersi î÷åíü ïîõîæè è ñîñòîÿò èç òðåõ ÷àñòåé: ñèëüíî
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âûòÿíóòàÿ ãîëîâêà, êîðîòêèé áîáîâèäíûé ñðåäèííûé ó÷àñòîê è êîðîòêèé õâîñò ñ
òåðìèíàëüíûì ïó÷êîì. Ñïåðìàòîçîèäû ýòèõ âèäîâ íåîáû÷àéíî äëèííûå (äî 100
ìêì) è î÷åíü òîíêèå. Ýòî ñâÿçàíî ñ íåîáûêíîâåííî ðàçâèòîé äëèííîé ãîëîâêîé,
âêëþ÷àþùåé öèëèíäðè÷åñêóþ àêðîñîìó è ñëàáî çàêðó÷åííîå ÿäðî, øèðèíà êîòîðîãî óâåëè÷èâàåòñÿ êàóäàëüíî. Íàëè÷èå ó èçó÷åííûõ ïðåäñòàâèòåëåé äëèííîãî ÿäðà,
ýëåêòðîííîïëîòíîé ñåðäöåâèíû èç ôèáðèëë, ïðîõîäÿùèõ ïàðàëëåëüíî ÿäðó, à òàê æå
äåâÿòè íàðóæíûõ ýëåêòðîííîïëîòíûõ âîëîêîí âîêðóã ïðîêñèìàëüíîé ÷àñòè àêñîíåìû  íîâûå ôàêòû â óëüòðàñòðóêòóðå ñïåðìàòîçîèäîâ òàðäèãðàä. Ýòè ñòðóêòóðû
ðàíåå íå áûëè îïèñàíû è, âåðîÿòíî, ñâÿçàíû ñ äâèæåíèåì ýòèõ ýêñòðàîðäèíàðíî
äëèííûõ ãàìåò ñàìöîâ Paramacrobiotus. Ñïåðìàòîçîèäû M. harmsworthi òàê æå
ïðåäñòàâëåíû òðåìÿ ÷àñòÿìè: ãîëîâêà, âêëþ÷àþùàÿ àêðîñîìó è ÿäåðíûé ðåãèîí,
ñðåäíÿÿ ÷àñòü è õâîñò ñ òåðìèíàëüíûì ïó÷êîì. Òåì íå ìåíåå, èõ äëèíà ñîñòàâëÿåò
âñåãî 4650 ìêì, è ãîëîâêà, âìåñòå ñ ïëîòíî çàêðó÷åííûì ÿäåðíûì ðåãèîíîì, ñõîäíà
ïî äëèíå ñ õâîñòîì. Ó âñåõ èçó÷åííûõ ìàêðîáèîòèä, âêëþ÷àÿ äàííûå ëèòåðàòóðû,
ñïåðìàòîçîèäû âíóòðè was deferens âñåãäà èìåþò ñêëàä÷àòîñòü, ñ ïåòëÿìè ðàñïîëîæåííûìè ìåæäó êîíöîì ãîëîâêè è íà÷àëîì ñðåäíåé ÷àñòè, è íàïîìèíàþùèìè
äëèííûå ùèïöû äëÿ îðåõîâ. Èñïîëüçîâàíèå îñîáåííîñòåé ñòðîåíèÿ ñïåðìàòîçîèäîâ
äëÿ ôèëîãåíèè òàðäèãðàä îáñóæäàåòñÿ.
ÊËÞ×ÅÂÛÅ ÑËÎÂÀ: Òèõîõîäêè, Tardigrada, Macrobiotidae, Paramacrobiotus,
Macrobiotus, ñïåðìàòîçîèäû, óëüòðàñòðóêòóðà, ôèëîãåíèÿ.

Introduction
Tardigrades are hydrophilous micrometazoans most of which belong to the desiccationtolerant multicellular organisms. Although all
active individuals require water, the environments in which tardigrades live are generally
divided into marine and brackish water, freshwater, and terrestrial and limnoterrestrial habitats. 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 taxon 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 Eutardigrada), 4 orders, 21 families, 106 genera
and 1047 species (Guidetti, Bertolani, 2005;
Pilato, Binda, 2010). A third class (Mesotar-

digrada) is dubious. Heterotardigrada and Eutardigrada have been confirmed by molecular
studies (Jørgensen, Kristensen, 2004; Guidetti
et al., 2005, Nichols et al., 2006; Jørgensen et
al., 2009). Within the Eutardigrada, there are
two orders: Apochela (with the only family
Milnesiidae) and Parachela (made up by 8 families). The parachelan families most rich in
species are Macrobiotidae, Hypsibiidae, Eohypsibiidae and Calohypsibiidae. The relationships 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 Isohypsibiidae (separating several genera from Hypsibiidae) and to erect the new family Ramazzottiidae (Sands et al. 2008), The only family
Ramazzottiidae is supported by morphological
data. In this paper only taxa supported by morphological data are considered, i.e. the systematics proposed by Pilato and Binda (2010) plus
the family Ramazzottiidae.

The ultrastructure of the tardigrade spermatozoon
The ultrastructure of the male gamete is
widely used for investigations of phylogeny
and adaptations in several animal groups (Franzén, 1970; Jamieson et al., 1999), including
tardigrades (for review see Rebecchi et al.,
2000). With regard to this phylum, all tardigrade spermatozoa are flagellate, with a 9+2
axoneme. The spermatozoa of Heterotardigrada, considered of primitive type, are short (14
20 µm in length), have a globose or slightly
elongated head with a nucleus containing homogeneous, and sometime electron-dense chromatin. They lack a well-defined midpiece and
the head is followed by two elongated mitochondria extending from the main axis of the
cell and by a flagellum tapering out of its
termination (Kristensen, 1979, 1984; Kristensen, Hallas, 1980; Jørgensen et al., 1999; Greven,
Kristensen, 2001; Rebecchi et al., 2000, 2003).
On the contrary, the spermatozoa of Eutardigrada can be attributed to a derivative type
and display a remarkable morphological heterogeneity. They are longer (30100 µm) 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 nucleus is made up by homogeneous electron-dense
chromatin and it is surrounded by scanty cytoplasm. A neck or midpiece can be present or
absent. It is small cup-shaped with large mitochondria, or elongated with many ovoidal
elements with a dense core around a mitochondrial sleeve. The flagellum always ends
with a tuft of 911 fine filaments (Rebecchi et
al., 2000; Rebecchi, 2001; Bertolani et al.,
2009; Nelson et al., 2010). Only a few taxonomic studies have been conducted to date,
but spermatozoan differences should be considered more in depth for identifying phylogenetic relationships. Consequently, in this
paper the spermatozoan ultrastructure of three
gonochoristic species belonging to two genera
(Paramacrobiotus and Macrobiotus) of Macrobiotidae (Eutardigrada, Parachela) is considered and compared with reference data on
the spermatozoan ultrastructure of other macrobiotid species.
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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 Macrobiotidae. 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. richtersi came from hazel leaf litter collected at
Formigine (Modena, Northern Italy; N 44°
34.253, E 10°50.892), at 80 m above sea level.
Specimens of P. areolatus came from moss on
rock collected at Monte Calvario (Reggio Emilia, Northern Italy; N 44°18.764, E 10°36.686),
at 774 m above sea level. Specimens of M.
harmsworthi came from beech leaf litter collected 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. Tardigrades were extracted from the substrate by
sieves (250 and 37 mm 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 under 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 technique perfected by Rebecchi and Guidi (1991).
For transmission electron microscopy (TEM)
analyses of spermatozoa, in toto 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 Interdipartimentale Grandi Strumenti (C.I.G.S.) of the
University of Modena and Reggio Emilia, Modena, Italy.

Results
With SEM, the testicular spermatozoa of
Paramacrobiotus richtersi and Paramacrobiotus 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 µm) and very
thin. The peculiar length is due to the remarkably developed head.
The spermatozoan head of P. areolatus is
about 65 µm in length and exhibits two morphologically very different parts. The first one corresponds to a long (36 µm) cylindrical acrosome
with a smooth surface, constant diameter and
rounded tip (Fig. 1AC). With TEM, the
acrosome exhibits a central electron-lucent core
surrounded by a sheath of electron-dense material (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 weakly helical nuclear region, whose diameter increases 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
a nucleus 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 electrondense material, an intermediate layer of electron-lucent material and an outer layer of moderate electron-dense material (Fig. 2C, E). The
caudal part of the nucleus is surrounded only by
a layer 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 µm in
length) and kidney-shaped, and contains several
structures (Figs. 1A, B; 2FI). In particular, it
contains the last coils of the nucleus, the centriole 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
µm to 1.1 µm in diameter) in tightly packed
arrays (Fig. 2FH). Each of these elements,
delimited by a cytomembrane, has an irregularly electron-dense granular core surrounded by a
translucent zone with concentric lamellae (Fig.
2FH). The ovoid or spherical elements are
located at one side of the middle piece, between
the mitochondrial sheath and the cell membrane. The tail is about 32 µm in length and is
always clearly shorter than the head. It is constant in diameter and splits terminally into a tuft
of 811 elements each about 10 µm in length
(Fig. 1A). The tail has the typical 9+2 axonemal complex (Fig. 8). Its proximal part is surrounded by nine outer accessory electron-dense
structures (fibers; Fig. 2JK). 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 µm 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 µm). In cross section, the
acrosome exhibits a central electron-lucent core
surrounded by a sheath of electron-dense material (Fig. 6A, D, E). This sheath is separated
from the plasma-membrane by a thin electronlucent ring. The acrosome is separated from the
nucleus by a thin lamina and fits over the apical
part of the 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 µm; B, C  5 µm; D  1 µm.

Ðèñ.1. Òåñòèêóëÿðíûå ñïåðìàòîçîèäû Paramacrobiotus areolatus (ÑÝÌ).

À  òîòàëüíûé ïðåïàðàò ìóæñêîé ãàìåòû; Â  àêðîñîìà, îáëàñòü ÿäðà è ñðåäíÿÿ ÷àñòü; Ñ  öèëèíäðè÷åñêàÿ
àêðîñîìà ñ øàðîâèäíûì êîí÷èêîì è íà÷àëîì ÿäåðíîãî ðåãèîíà (ñòðåëêà); D  ïðîìåæóòî÷íàÿ îáëàñòü (ñòðåëêà)
ìåæäó àêðîñîìîé è ïðîêñèìàëüíîé ÷àñòüþ ÿäåðíîãî ðåãèîíà.
Îáîçíà÷åíèÿ: a  àêðîñîìà; md  ñðåäíèé êóñî÷åê; nr  ÿäåðíûé ðåãèîí; t  õâîñò; tt  òåðìèíàëüíûé ïó÷îê.
Ìàñøòàá: À  10 ìêì; Â  5 ìêì; Ñ  5 ìêì; D  1 ìêì.
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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, FJ  0.5 µm; B, E, K  0.1 µm.

Ðèñ. 2. Óëüòðàñòðóêòóðà òåñòèêóëÿðíûõ ñïåðìàòîçîèäîâ Paramacrobiotus areolatus (TÝM).

À  ïðîäîëüíûé ñðåç àêðîñîìû è ïåðåõîäíîé îáëàñòè (ñòðåëêà) ìåæäó àêðîñîìîé è ÿäðîì; Â  ïîïåðå÷íûé
ñðåç àêðîñîìû; ïîêàçàíà âíóòðåííÿÿ ýëåêòðîííîñâåòëàÿ ñåðäöåâèíà; Ñ  ïðîäîëüíûé ñðåç ïåðåäíåé ÷àñòè ÿäðà;
Ä  ïðîäîëüíûé ñðåç çàäíåé ÷àñòè ÿäðà; Å  ïîïåðå÷íûé ñðåç ïåðåäíåé îáëàñòè ÿäðà. F  ïðîäîëüíûé ñðåç
äèñòàëüíîé ÷àñòè ÿäðà è ñðåäíåãî êóñî÷êà. Ïîêàçàíû îâàëüíûå ýëåìåíòû è ìèòîõîíäðèè; G  ñðåäíÿÿ ÷àñòü ñ
îâîèäíûìè ýëåìåíòàìè; H, I  ïðîäîëüíûå ñðåçû ñðåäíåé ÷àñòè ïîêàçûâàþùèé ïîñëåäíèé V- îáðàçíûé èçãèá
ÿäðà, âêëþ÷àþùèé ïðîäîëüíóþ öåíòðèîëü (ñòðåëêà), ìèòîõîíäðèàëüíóþ îáîëî÷êó è îâîèäíûå ýëåìåíòû; J, K 
àêñîíåìû ñ îðãàíèçàöèåé ìèêðîòðóáî÷åê «9+2», îêðóæåííàÿ äåâÿòüþ íàðóæíûìè ýëåêòðîííîïëîòíûìè äîïîëíèòåëüíûìè âîëîêíàìè.
Îáîçíà÷åíèÿ: a  àêðîñîìà; ax  àêñîíåìà; ce  öåíòðèîëü; m  ìèòîõîíäðèàëüíûé ðóêàâ; n  ÿäðî; ov 
îâîèäíûå ýëåìåíòû. Ìàñøòàá: A, C, D, FJ  0,5 ìêì; B, E, K  0,1 ìêì
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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.

Ðèñ. 3. Ñõåìà ñòðîåíèÿ òåñòèêóëÿðíîãî ñïåðìàòîçîèäà Paramacrobiotus richtersi.

Îáîçíà÷åíèÿ: a  àêðîñîìà; ax  àêñîíåìà; ce  öåíòðèîëü; m  ìèòîõîíäðèÿ; md  ñðåäíÿÿ ÷àñòü; n  ÿäðî;
nr  ÿäåðíàÿ îáëàñòü; ov  îâîèäíûå ýëåìåíòû; t  õâîñò; tt  òåðìèíàëüíûé ïó÷îê.

it is surrounded by a small amount of moderate
electron-dense material organized in thin lamellae (fibrils) that run parallel to the major axis of
the nucleus (Fig. 6AE). 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 (34 µm in
length) and elongated kidney-shaped mid-piece,

sometimes exhibiting very small hemispherical
protuberances on its surface (Figs. 4, 5AC).
The mid-piece contains the caudal part of the
nucleus, the longitudinal centriole and the proximal part of the axonemal complex which is
surrounded by 9 accessory electron-dense fibers (Fig. 6F), and small rod-shaped mitochondria (or a mitochondrial sheath). Around all
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Fig. 4. In vivo spermatozoon of Paramacrobiotus richtersi extracted from the
testis (DIC).
Abbreviations: a  acrosome; md  middle
piece; nr  nuclear region; t  tail; tt 
terminal tuft. Scale bar 10 µm.

Ðèñ. 4. Ñïåðìàòîçîèä Paramacrobiotus
richtersi âûäåëåííûé èç ñåìåííèêà in
vivo (DIC).
Îáîçíà÷åíèÿ: a  àêðîñîìà; md  ñðåäíÿÿ ÷àñòü; nr  ÿäåðíàÿ îáëàñòü; t 
õâîñò; tt  òåðìèíàëüíûé ïó÷îê. Ìàñøòàá 10 ìêì.

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 2530 µm 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 organization. Groups of microtubules can be observed,
comprising two to ten singlets, all inside a single
cytomembrane, in addition to numerous individual microtubules surrounded by their own
cytomemebrane (Fig. 6E).
The testicular spermatozoon of Macrobiotus harmsworthi is 4650 µm 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 µm in length. The acrosome is
about 8.5 µm in length; it has a constant diameter (0.2 µm), smooth surface and rounded tip
(Fig. 7A, B). The nuclear region (about 10.5 µm
in length) is helical and tightly coiled (Fig. 7AC). Its coils increase in width (from 0.4 µm to
0.6 µm) caudally, towards the middle piece. The
midpiece (about 4.0 µm in length) is kidneyshaped; nevertheless its anterior region is particularly large, whereas its terminal region is
elongated and thin (Fig 7A, C). On its surface
hemispherical protuberances (ovoid elements)

can be present (Fig. 7C). Sometimes the transition between middle piece and tail is indicated
by an evident constriction. The tail (about 19.0
µm in length) has a constant diameter and splits
terminally into a tuft (Fig. 7A).
In P. richtersi, P. areolatus and M. harmsworthi 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 nutcracker. 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 spermatozoa 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 different 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. Another novelty is the presence of nine outer electron-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 µm; C, D  5 µm.

Ðèñ. 5. Òåñòèêóëÿðíûå ñïåðìàòîçîèäû Paramacrobiotus richtersi (ÑÝÌ).

À, Â  öåëûå ìóæñêèå ãàìåòû. Íà ðèñ. Â êëåòêà ñïåðìû äåìîíñòðèðóåò áîëüøóþ ñðåäíþþ ÷àñòü; Ñ  ñðåäíÿÿ
÷àñòü â âèäå ïî÷êè (áîáîâèäíàÿ) è ñëàáî çàêðó÷åííûé ÿäåðíûé ðåãèîí; D  ÷âîñò ñ òåðìèíàëüíûì ïó÷êîì.
Îáîçíà÷åíèÿ: a  àêðîñîìà; md  ñðåäíÿÿ ÷àñòü; nr  ÿäåðíàÿ îáëàñòü; t  õâîñò; tt  òåðìèíàëüíûé ïó÷îê.
Ìàñøòàá: A, B  10 ìêì; C, D  5 ìêì.
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of the axonemal complex that could correspond
to the outer dense accessory fibers already described for the spermatozoa of some metazoans
(Fawcett, Philips, 1970). Once again, this organization, 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 accessory fibers or tubules represent additional motor
elements developed in relationship to the acquisition 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, Bertolani, 1999) and for the few species in which
females bear an internal spermatheca (Xerobiotus pseudohufelandi, Ramazzottius tribulosus
and some Macrobiotus species; Rebecchi, Bertolani 1988; Rebecchi, 1997). Spermatheca has
never been observed in Paramacrobiotus species. 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 differs from that of Paramacrobiotus because the
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length of its head is similar to that of its tail and
the nuclear helical region is slightly coiled compared to that of Paramacrobiotus species. However, the midpiece and the tail of M. harmsworthi 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, Rebecchi, 1996; Bertolani, Rebecchi, 1999; Rebecchi, 2001; Rebecchi et al., 2000). The similarities between the male gamete of M. harmsworthi and that of M. islandicus should be studied
more in depth to understand if the similarities
are due to a phylogenetic relationship. We should
note that the morphology of the sclerified structures (e.g. claws, buccal-pharyngeal apparatuses) 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 surrounding 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 µm; BD
 0.5 µm; E, F  0.1 µm.

Ðèñ. 6. Óëüòðàñòðóêòóðà òåñòèêóëÿðíûõ ñïåðìàòîçîîèäîâ Paramacrobiotus richtersi (TÝM).

A  íà ïîïåðå÷íîì ñðåçå ñåìåííèêà ïîêàçàíû ðàçíûå îáëàñòè ìóæñêèõ ãàìåò; Â, Ñ  ïðîäîëüíûé ñðåç ÿäðà.
Íà ðèñ. Ñ ïîêàçàí ïîñëåäíèé V- îáðàçíûé âèòîê ÿäðà âíóòðè êîòîðîãî âèäíà ïðîäîëüíàÿ öåíòðèîëü (ñòðåëêà);
D  ÿäðî ñ ýëåêòðîííîïëîòíûì õðîìàòèíîì è àêðîñîìîé; Å  ïîïåðå÷íûé ñðåç àêðîñîìû, ÿäðà, àõîíåìû è
îäèíàðíûå ôèëàìåíòû õâîñòîâîãî ïó÷êà; F  ïîïåðå÷íûé ñðåç àêñîíåìû «9+2», îêðóæåííîé äåâÿòüþ íàðóæíûìè ýëåêòðîííîïëîòíûìè äîïîëíèòåëüíûìè âîëîêíàìè.
Îáîçíà÷åíèÿ: a  àêðîñîìà; ax  àêñîíåìà; n  ÿäðî; tt  ýëåìåíòû òåðìèíàëüíîãî ïó÷êà. Ìàñøòàá: A  1ìêì;
BD  0,5 ìêì; E, F  0,1 ìêì.
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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 µm; B, C  5 µm.

Ðèñ. 7. Òåñòèêóëÿðíûå ñïåðìàòîçîèäû Macrobiotus harmsworthi (ÑÝM).

À  öåëàÿ ìóæñêàÿ ãàìåòà; Â  öèëèíäðè÷åñêàÿ àêðîñîìà è ñëàáî ñïèðàëüíûé ÿäåðíûé ðåãèîí.
Îáîçíà÷åíèÿ: a  àêðîñîìà; md  ñðåäèííàÿ ÷àñòü; nr  ÿäåðíûé ðåãèîí; ov  ïîëóñôåðè÷åñêèå ïðîòóáåðàíöû
(îâîèäíûå ýëåìåíòû); t  õâîñò; tt  òåðìèíàëüíûé ïó÷îê. Ìàñøòàá: A  10 ìêì; B, C  5 ìêì.

to the male gametes of Hypsibius (Hypsibiidae)
and Ramazzottius (Ramazzottidae) (Rebecchi,
Bertolani, 1999; Rebecchi, 2001). Nevertheless, further studies are necessary to understand
if the similarities among Ramazzottius, Macrobiotus 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 spermatozoa exist, macrobiotids spermatozoa are
characterized by a common structure, represented by an evident and cylindrical acrosome
with a perforatorium, a coiled nucleus with coils
increasing in width caudally, and a kidneyshaped 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 µm.

Ðèñ. 8. Ïîïåðå÷íûé ñðåç âûíîñÿùåãî ïðîòîêà ó Paramacrobiotus areolatus, ïîêàçàíî: ÿäðî ñ ýëåêòðîííîïëîòíûì õðîìàòèíîì è ñðåäíÿÿ ÷àñòü ñ àêñîíåìîé; ìèòîõîíäðèàëüíàÿ îáîëî÷êà è îâîèäíûå
ýëåìåíòû (ÒÝÌ).
Îáîçíà÷åíèÿ: ax  àêñîíåìà; n  ÿäðî; md  ñðåäíÿÿ ÷àñòü. Ìàñøòàá 0,5 ìêì.

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 family are morphologically quite different and at
least three types of spermatozoa can be identified
(Wolburg-Buchholz, Greven, 1979; Baccetti,
1987; Bertolani, Rebecchi, 1999; Rebecchi, Bertolani, 1999; Rebecchi, 2001; Nelson et al., 2010).
Instead, the spermatozoa of the species belonging to the Eohypsibiidae family are morphologically quite similar (Rebecchi, Guidi, 1995). This
study demonstrates that sperm ultrastructure provides additional phylogenetic signal and can be
used for identifying phylogenetic relationships

among eutardigrades, especially at lower taxonomic levels (genera and species).
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