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Abstract: In the present paper, we describe the ultrastructure of the spermatozoon of the notocotylid Notocotylus noyeri (Joyeux, 
1922) by means of transmission electron microscopy. The mature spermatozoon of N. noyeri exhibits the general pattern described 
in the majority of digeneans: two axonemes of the 9 + “1” pattern of the Trepaxonemata, nucleus, mitochondria, parallel cortical mi-
crotubules, spine-like bodies and ornamentation of the plasma membrane. The glycogenic nature of the electron-dense granules was 
evidenced applying the test of Thiéry. The ultrastructural features of the spermatozoon of N. noyeri present some differences in relation 
to those of the Pronocephalidea described until now, but confirm a general pattern for the Notocotylidae, namely a spermatozoon with 
two mitochondria and an anterior region with ornamentation of the plasma membrane associated with spine-like bodies. The posterior 
extremity of the spermatozoon exhibits only some microtubules after the disorganisation of the second axoneme. The present study 
confirms that some ultrastructural characters of the sperm cell such as the presence or absence of lateral expansions, the number of 
mitochondria and the morphology of both anterior and posterior spermatozoon extremities are useful for phylogenetic purposes within 
the Pronocephaloidea. Thus, unlike notocotylids, pronocephalids exhibit external ornamentation and a lateral expansion in the anterior 
spermatozoon region. Moreover, notocotylid spermatozoa present two mitochondria, whereas pronocephalid spermatozoa exhibit a 
single mitochondrion. Finally, pronocephalids are characterised by a type 2 posterior spermatozoon extremity, whereas notocotylids 
exhibit a type 3 posterior spermatozoon extremity.
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The cosmopolitan digenean genus Notocotylus Diesing, 
1839 includes more than forty species of intestinal flukes 
that are mainly parasites of aquatic birds, but also mammals 
(rodents and chiropterans), all dwelling in wetland habitats 
because of their life cycle that involves aquatic gastropods 
(Barton and Blair 2005a, Kinsella and Tkach 2005, Chai-
siri et al. 2011). The genus Notocotylus as a  member of 
the family Notocotylidae Lühe, 1909 belongs to the su-
perfamily Pronocephaloidea Looss, 1899, which has been 
a subject of many controversies from a  systematic point 
of view (see Barton and Blair 2005b). According to these 
authors, there are six families recognised within the Prono-
cephaloidea: Pronocephalidae Looss, 1899, Notocotylidae 
Lühe, 1909, Nudacotylidae Barker, 1916, Opisthotremati-

dae Poche, 1926, Rhabdiopoeidae Poche, 1926 and Labi-
colidae Blair, 1979.

Over the last decades, there has been an important in-
crease in the number of ultrastructural studies on sper-
miogenesis and/or on the spermatozoon of digeneans (Ba-
khoum et al. 2013, Miquel et al. 2013, Ndiaye et al. 2013). 
Moreover, there have been important efforts to clarify the 
usefulness of spermiological characters in digeneans in the 
near future, especially since sperm models were already es-
tablished for cestodes (Levron et al. 2010). Until now, the 
ultrastructural and spermiological knowledge on the Pro-
nocephaloidea was restricted to three species belonging to 
two families: the notocotylid Notocotylus neyrai González 
Castro, 1945 and the pronocephalids Cricocephalus albus 
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(Kuhl et van Hasselt, 1822) and Pleurogonius truncatus 
Prudhoe, 1944 (see Ndiaye et al. 2003, 2011, 2012).

The aim of the present study is to describe the ultrastruc-
ture of the spermatozoon of a second species of the genus 
Notocotylus, N. noyeri (Joyeux, 1922), and to compare its 
ultrastructural organisation with those of other digeneans, 
particularly pronocephaloideans.

MATERIALS AND METHODS

Live specimens of Notocotylus noyeri were collected from the 
intestine of a naturally infected Microtus arvalis (Pallas). Voles 
were captured by V.V. Shimalov in the Bugskiy landscape reserve 
(Southwest Belarus).

After their extraction, adult worms were immediately rinsed 
with a 0.9% NaCl solution and fixed in cold (4 °C) 2.5% glutaral-

Fig. 1. Mature spermatozoon of Notocotylus noyeri (Joyeux, 1922) from Microtus arvalis. a – longitudinal section of anterior extremity 
of the spermatozoon showing the two centrioles; b – cross-section of the anterior extremity of spermatozoon showing microtubules of 
future axoneme; c–e – consecutive cross-sections showing appearance of the axonemes; f, g – cross-sections showing continuous layer 
of cortical microtubules and appearance of external ornamentation of plasma membrane (arrowheads); h–j – cross-section of orna-
mented region with spine-like bodies and first mitochondrion. Note the presence of two attachment points (arrowheads). Abbreviations: 
ASE – anterior spermatozoon extremity; Ax1 – first axoneme; Ax2 – second axoneme; AxM – axonemal microtubules; C1 – centriole 
of the first axoneme; C2 – centriole of the second axoneme; CM – cortical microtubules; EO – external ornamentation of plasma mem-
brane; M1 – first mitochondrion; SB – spine-like bodies.  
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dehyde in a 0.1 M sodium cacodylate buffer at pH 7.4 for a mini-
mum of 2 h, rinsed in 0.1 M sodium cacodylate buffer at pH 7.4, 
post-fixed in cold (4 °C) 1% osmium tetroxide with 0.9% potas-
sium ferricyanide [K3Fe(CN)6] in the same buffer for 1 h, rinsed 
in milliQ water, dehydrated in an ethanol series and propylene ox-
ide, embedded in Spurr’s resin and polymerised at 60 °C for 72 h.

Ultrathin sections (60–90 nm thick) of specimens at the level 
of the internal seminal vesicle were obtained in a Reichert-Jung 

Ultracut E ultramicrotome using a diamond knife. Sections were 
placed on copper and gold 200 µm mesh grids. Sections placed on 
copper grids were double-stained with uranyl acetate and lead cit-
rate according to the Reynolds (1963) procedure. Sections placed 
on gold grids were treated according to the Thiéry (1967) test to 
reveal the presence of glycogen. Thus, they were treated in peri-
odic acid (PA), thiocarbohydrazide (TCH) and silver proteinate 
(SP) as follows: 30 min in 10% PA, rinsed in milliQ water; 24 h 

Fig. 2. Mature spermatozoon of Notocotylus noyeri (Joyeux, 1922) from Microtus arvalis. a–b – longitudinal sections of ornamented 
area of sperm showing details of spine-like bodies; c–g – cross-sections in region II of spermatozoon showing the two axonemes, corti-
cal microtubules, granules of glycogen, and two attachment points in c and four attachment points in e (arrowheads). Note the progres-
sive reduction of the cortical microtubules disposed in two bundles and the apparition of the second mitochondrion in the posterior 
part of this region; h – cross-section in the anterior part of region III showing the simultaneous presence of the nucleus and second 
mitochondrion. Abbreviations: CM – cortical microtubules; EO – external ornamentation of the plasma membrane; G – granules of 
glycogen; M2 – second mitochondrion; N – nucleus; SB – spine-like bodies.
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in TCH, rinsed in acetic solutions and milliQ water; and 30 min 
in 1% SP in the dark, rinsed in milliQ water.

The grids were examined in a JEOL 1010 transmission elec-
tron microscope operated at 80kV, in the Centres Científics i Tec-
nològics de la Universitat de Barcelona (CCiTUB). 

Table 1. Spermatological characters in the superfamily Pronocephaloidea.

Families and species Spermatological characters

References ASE EO1 EO2 LE SB M G PSE Type3

Notocotylidae
Notocotylus neyrai
Ndiaye et al. (2003) 1 Ax? - + - + 2 + Ax 3

Notocotylus noyeri
Present study 2 Ax - + - + 2 + Ax 3

Pronocephalidae
Cricocephalus albus
Ndiaye et al. (2011) DM-EO-CM + + + + 1 + N 2

Pleurogonius truncatus
Ndiaye et al. (2012) EO-CM + + + + 1 + N 2

Abbreviations: ASE – anterior spermatozoon extremity; Ax – axoneme; CM – cortical microtubules; DM – electron-dense material; EO – external 
ornamentation of plasma membrane; G – granules of glycogen; LE – lateral expansion; M – number of mitochondria; N – nucleus; PSE – posterior 
spermatozoon extremity; SB – spine-like body; 1 external ornamentation located in the anterior spermatozoon tip; 2 external ornamentation located in the 
middle spermatozoon area; 3 Quilichini et al. (2010)’s types of digenean posterior spermatozoon extremities.

Fig. 3. Mature spermatozoon of Notocotylus noyeri (Joyeux, 1922) from Microtus arvalis. a–g – consecutive cross-sections of region 
III showing disorganisation of the first axoneme in c, stopping of the second mitochondrion in e and reduction of nuclear size until its 
disappearance in g. Arrowheads in d–g indicate the attachment points; h–j – cross-sections of the posterior spermatozoon tip showing 
disorganisation of the second axoneme. Abbreviations: CC – central core; CM – cortical microtubules; D – doublets; M2 – second 
mitochondrion; N – nucleus; S – singlets. 
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RESULTS
The observation of numerous cross and longitudinal 

sections of the mature spermatozoon of Notocotylus noyeri 
allowed us to distinguish three regions from the anterior to 
the posterior extremities of the spermatozoon.

Region I (Figs. 1a–j, 2a,b and 5I) corresponds to the 
anterior region of the spermatozoon. It is characterised 
by the presence of two axonemes (Ax1, Ax2) and corti-
cal microtubules (CM) in the anterior part and spine-like 
bodies (SB), external ornamentation (EO) of the plasma 
membrane and the first mitochondrion (M1) in the poste-
rior part. A longitudinal section in the anterior extremity 
of the spermatozoon (Fig. 1a) shows a slight longitudinal 
displacement between the centrioles C1 and C2. Howev-
er, the observation of the centrioles at the same level in 
a cross-section (Fig. 1c) allows us to consider the presence 
of two axonemes as a characteristic of the anterior sperma-
tozoon extremity (see Table 1). Consecutive cross-sections 
of region I show the singlets of axonemes (AxM) (Fig. 1b) 
successively turning into doublets of the centrioles C1 and 
C2 (Fig. 1c), which will then become axonemes Ax1 and 
Ax2 (Fig. 1d,e). The anterior tip of the spermatozoon is 
devoid of cortical microtubules (Fig.  1a,b). The cortical 
microtubules appear right posterior to the tip (Fig. 1c–e) 
and increase in number to form a complete layer of cortical 
microtubules under the plasma membrane (Fig. 1 f,g). In 
posterior areas of region I the layer of submembraneous 
cortical microtubules becomes discontinuous showing two 
electron-dense marks that correspond to the attachment 

Fig. 4. TEM micrograph showing the positive results of test of 
Thiéry. Abbreviations: G – granules of glycogen; M2 – second 
mitochondrion; N – nucleus. 

zones (Fig. 1h–j). This posterior area of region I also ex-
hibits the external ornamentation of the plasma membrane 
(EO), the spine-like bodies (SB) and the first mitochon-
drion (M1) (Figs. 1h–j, 2a,b).

Region II (Figs. 2c–g and 5II) corresponds to the mid-
dle region of the spermatozoon. It is characterised by the 
disappearance of the external ornamentation of the plasma 
membrane, spine-like bodies and the first mitochondrion. 
Thus, cross-sections of the anterior areas of region II show 
only two axonemes, granules of glycogen (G) (Fig. 2c) and 
reorganisation of the submembraneous layer of cortical mi-
crotubules in two reduced bundles placed in the ventral and 
dorsal sides of the spermatozoon (Fig. 2d,e). The posterior 
area of region II is characterised by the appearance of the 
second mitochondrion (M2) in addition to the already de-
scribed structures (two axonemes, cortical microtubules, 
granules of glycogen and four attachment zones).

Region III (Figs. 2h, 3a–j and 5III) corresponds to the 
posterior region of the spermatozoon. It is characterised 
by the simultaneous presence of the nucleus (N) and the 
second mitochondrion (M2) in addition to the structures 
described in the posterior part of region II (Figs. 2h, 3a,b). 
Toward the posterior spermatozoon tip, consecutive cross-
sections show the disorganisation and disappearance of the 
first axoneme (Fig. 3c,d), then the second mitochondrion 
(Fig. 3e), progressive disappearance of cortical microtu-
bules (Fig. 3e–g) and finally the nucleus (Fig 3h). Thus, the 
posterior extremity of the spermatozoon is characterised 
by the presence of only the second axoneme (Fig. 3h) that 
progressively disorganises showing the central core (CC), 
doublets (D) and singlets (S) (Fig. 3i,j).

The glycogenic nature of the electron-dense granules 
was evidenced applying the test of Thiéry (Fig. 4).

DISCUSSION
In the superfamily Pronocephaloidea, the ultrastructural 

organisation of the spermatozoon is known for four spe-
cies belonging to two of the six families that constitute this 
superfamily (see Barton and Blair 2005b). These species 
are the notocotylids Notocotylus neyrai and N. noyeri, and 
two pronocephalids Cricocephalus albus and Pleurogon-
ius truncatus (see Ndiaye et al. 2003, 2011, 2012; present 
study).

The mature spermatozoon of N. noyeri shows an ul-
trastructural organisation with numerous characters de-
scribed in most digeneans: the presence of two axonemes 
of the 9 + “1” type of the Trepaxonemata (Ehlers 1984), 
mitochondrion, nucleus and parallel cortical microtubules 
(Miquel et al. 2006, Quilichini et al. 2010, Bakhoum et al. 
2013, Ndiaye et al. 2013). Furthermore, additional features 
are described, which are potentially useful for comparing 
species belonging the Pronocephaloidea (see Table 1).

With respect to the anterior extremity, the spermatozoa 
of species of Notocotylus appear to differ in the number of 
axonemes, namely N. neyrai was described as presenting 
only one axoneme (Ndiaye et al. 2003), whereas N. noyeri 
undoubtedly presents two axonemes (present study). Nev-
ertheless, it is remarkable that longitudinal micrographs in 
the ultrastructural studies of digenean spermatozoa often 
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Fig. 5. A schematic reconstruction of the mature spermatozoon of Notocotylus noyeri (Joyeux, 1922) from Microtus arvalis. 
Abbreviations: ASE – anterior spermatozoon extremity; Ax1 – first axoneme; Ax2 –second axoneme; AxM – axonemal microtubules; 
AZ – attachment zones, C1 – centriole of the first axoneme; C2 – centriole of the second axoneme; CC – central core; CM – cortical 
microtubules; D – doublets; EO – external ornamentation of the plasma membrane; G – granules of glycogen; M1 – first mitochon-
drion; M2 – second mitochondrion; N – nucleus; PM – plasma membrane; PSE – posterior spermatozoon extremity; S – singlets; 
SB – spine-like bodies.
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do not provide a complete insight on the characters, e.g. 
the presence of one or two axonemes. In this sense, the 
observation of cross-sections showing centrioles is crucial 
in order to evaluate the presence of one or two axonemes 
in the anterior spermatozoon extremity. In fact, results on 
N. neyrai concerning the anterior spermatozoon tip must 
be considered with caution since it is possible that two ax-
onemes are present instead of just the one (Ndiaye et al. 
2003).

When members of the superfamily Pronocephaloidea 
are compared, the most interesting feature at this level of 
the spermatozoon is the presence of external ornamenta-
tion of the plasma membrane associated to an important 
number of cortical microtubules in pronocephalids (Ndiaye 
et al. 2011, 2012). Additionally, in C. albus, the anterior 
extremity also contains an apical electron-dense material 
(Ndiaye et al. 2011). In contrast, in notocotylids the ante-
rior spermatozoon tip is devoid of external ornamentation 
of the plasma membrane and these structures are present in 
more posterior areas of the sperm cell (Ndiaye et al. 2003; 
present study).

In addition, the presence/absence of a lateral expansion 
can be a differential character within the Pronocephaloi-
dea, at least for the two examined families. Thus, a lat-
eral expansion is present in the pronocephalids C. albus 
and P. truncatus and absent in the notocotylids N. neyrai 
and N. noyeri (see Ndiaye et al. 2003, 2011, 2012; present 
study).

Spine-like bodies associated with the external ornamen-
tation of the plasma membrane have been evidenced in the 
anterior areas of the spermatozoon of all the Pronocepha-
loidea studied until now (Ndiaye et al. 2003, 2011, 2012; 
present study). These structures were described for the first 
time in the opecoelid Opecoeloides furcatus (Bremser in 
Rudolphi, 1819) – see Miquel et al. (2000) – and since 
then, these elements have been found by different authors 
in the sperm cell of numerous digeneans (for a review see 
Bakhoum 2012 and Miquel et al. 2013). The function of 
these structures remains unknown, but like the external 
ornamentation of the plasma membrane and the lateral ex-
pansions, they may play an important role in the process of 
fertilisation (Justine and Mattei 1982, 1984, 1986, Miquel 
et al. 2013).

Apart from the differentiating character ‘lateral expan-
sion’ (present in pronocephalids and absent in notocoty-
lids), the number of mitochondria is also a discriminating 
character between pronocephalids and notocotylids, each 
presenting one and two mitochondria, respectively (Ndiaye 
et al. 2003, 2011, 2012; present study).

Taking into account the three types of posterior ex-
tremities of the spermatozoa in the Digenea postulated by 
Quilichini et al. (2010), other interesting differences in the 
ultrastructural organisation of male gametes can be distin-
guished between these two families. Thus, according to the 
Quilichini’s types of posterior spermatozoon extremities, 
both N. noyeri and N. neyrai exhibit a posterior extremity 
of the sperm cell that corresponds to the type 3 or the cryp-
togonimidean type characterised by the sequence ‘cortical 
microtubules-nucleus-second axoneme’ towards the poste-
rior spermatozoon tip. In contrast, the posterior spermato-
zoon extremity of pronocephalids follows the type 2 (‘fas-
ciolidean’ type) with the nucleus as a terminal character.

The comparative analysis of the ultrastructural organi-
sation of spermatozoa of N. noyeri (present study) and 
those of N. neyrai (Ndiaye et al. 2003) enables us to es-
tablish a general model for the genus Notocotylus. Thus, 
the mature spermatozoon of species of Notocotylus present 
two axonemes of the 9 + “1” trepaxonematan pattern, two 
mitochondria (one located in the anterior spermatozoon 
region and another that occupies both middle and poste-
rior spermatozoon regions), parallel cortical microtubules, 
granules of glycogen, a nucleus in the posterior region, and 
spine-like bodies associated with external ornamentation 
of the plasma membrane in the anterior region. Moreover, 
the genus Notocotylus exhibits a type 3 (‘cryptogonimide-
an’ type) of posterior spermatozoon extremity.
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