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Abstract: Spermatological characters of the liver fluke Mediogonimus jourdanei Mas-Coma et Rocamora, 1978 were studied by
means of transmission and scanning electron microscopy. Spermiogenesis begins with the formation of the differentiation zone con-
taining two centrioles associated with striated rootlets and an intercentriolar body. These two centrioles originate two free flagella
that undergo a 90° rotation before fusing with the median cytoplasmic process. Both nuclear and mitochondrial migrations toward
the median cytoplasmic process occur before the proximodistal fusion of flagella. Finally, the constriction of the ring of arched mem-
branes gives rise to the young spermatozoon. The mature sperm of M. jourdanei measures about 260 pm and presents two axonemes
of different lengths with the typical pattern of the Trepaxonemata, two bundles of parallel cortical microtubules, one mitochondrion,
a nucleus and granules of glycogen. An analysis of all the microphalloidean species studied to date emphasised some differences in
certain characters found in Maritrema linguilla Jagerskiold, 1908 and Ganeo tigrinum Mehra et Negi, 1928 in comparison to those
in the remaining microphalloideans. The presence and variability of such ultrastructural characters according to family, superfamily
or order have led several authors to propose their use in the analysis of trematode relationships and phylogeny. Therefore, apart from
producing new data on the family Prosthogonimidae, the present study also compares the spermatological organization of M. jour-
danei with other available ultrastructural studies focusing on the Microphalloidea.
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The genus Mediogonimus Woodhead et Malewitz,
1936 includes liver parasites of arvicoline and murine ro-
dents from North America and Europe (see Jones 2008).
To date, this genus includes only two species, namely Me-
diogonimus ovilacus Woodhead et Malewitz, 1936 and
Mediogonimus jourdanei Mas-Coma et Rocamora, 1978.
The genus Mediogonimus was initially placed in the sub-
family Prosthogoniminae Liihe, 1909 in the family Pros-
thogonimidae Liihe, 1909. Later, other authors included
this subfamily in the family Plagiorchiidae Liihe, 1901 or
Lepodermatidae Odhner, 1910 (now synonymized with
Plagiorchiidae). The classification and taxonomic status
of Prosthogonimidae have varied considerably according
to authors. The Prosthogonimidae have been considered
a family closely related to the Cephalogonimidae Looss,
1899, both families included in the superfamily Plagior-
chioidea Liihe, 1901, due to morphoanatomical aspects

(see Jones 2008). Brooks et al. (1989), who accept the
latter family status, propose placing it in the superfamily
Microphalloidea Ward, 1901, although it is unclear how
they reached this conclusion based on their morphologi-
cal phylogenetic analysis (see Cribb et al. 2001). Recently,
the relationship between cephalogonimids and prostho-
gonimids was not corroborated by molecular analysis (Ol-
son et al. 2003). According to the latter authors, they rep-
resent different clades and prosthogonimids are the sister
group of the microphalloidean family Pleurogenidae Tra-
vassos, 1921. These results are in agreement with Jones
(2008) who considers that the family Prosthogonimidae
should belong to the superfamily Microphalloidea.

The controversies concerning this family are common
to most digenean taxa, being recurrent problems to the
establishment of relationships within the Platyhelminthes.
In order to help clarifying such relationships in the Platy-
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helminthes, several authors suggest the use of reproduc-
tion-related ultrastructural characters (spermiogenesis
and/or spermatozoon) (Brooks et al. 1985, Ba and March-
and 1995, Justine 1998, 2001, 2003, Levron et al. 2010).
Concerning digeneans, the use of ultrastructural char-
acters for phylogenetic purposes is not yet applied basi-
cally due to: (i) the insufficient amount of ultrastructural
studies and (ii) the great diversity of this class, containing
about 18,000 species (see Cribb et al. 2001). However,
the recent increase of ultrastructural studies allowed pro-
posing several characters as potentially useful to phyloge-
netic inferences (Levron et al. 2004b, Miquel et al. 2006,
Bakhoum et al. 2009, Ternengo et al. 2009). The aim of
the present study is to produce the first data on the fam-
ily Prosthogonimidae, contributing to the ultrastructural
database concerning the Digenea. We also compare our
results with the available data on digenean spermatology,
in particular with those species belonging to the super-
family Microphalloidea.

MATERIALS AND METHODS

A naturally infected bank vole, Myodes glareolus (Schre-
ber, 1780) was captured in the Nature Reserve of Py (Pyrenean
Mountains, France) during June 2009. Live mature specimens
of Mediogonimus jourdanei were collected from the liver and
placed in a 0.9% NaCl solution and routinely processed for
TEM and SEM examination.

Transmission electron microscopy (TEM) examination

After dissection, specimens were fixed in cold (4°C) 2.5%
glutaraldehyde in a 0.1M sodium cacodylate buffer at pH 7.4
for 2 h, rinsed in a 0.1M sodium cacodylate buffer at pH 7.4,
postfixed in cold (4 °C) 1% osmium tetroxide in the same buffer
for 1 h, rinsed in a 0.1M sodium cacodylate buffer at pH 7.4,
dehydrated in an ethanol series and propylene oxide, and finally
embedded in Spurr’s resin. Ultrathin sections were obtained us-
ing a Reichert-Jung Ultracut Electronic ultramicrotome, placed
on copper grids and double-stained with uranyl acetate and lead
citrate according to Reynolds (1963).

Gold grids were made to reveal the presence of glycogen
according the Thiéry (1967) methodology. Ultrathin sections
placed on gold grids were treated in periodic acid, thiocarbo-
hydrazide, and silver proteinate (PA-TCH-SP) as follows: 30
min in 10% PA, rinsed in Milli-Q water, 24 h in TCH, rinsed in
acetic solutions and Milli-Q water, 30 min in 1% SP in the dark,
and rinsed in Milli-Q water.

All ultrathin sections were examined using a JEOL 1010
transmission electron microscope operated at 80 k'V.

Scanning electron microscopy (SEM) examination

Sections of flukes containing seminal vesicle were placed in
Tyrode solution to allow for the liberation of the spermatozoa
(Bedford 1975). Thus, the solution containing living spermato-
zoa was fixed in cold (4°C) 8% glutaraldehyde in 0.1M phos-
phate buffer at pH 7.4 (1 volume of sample with 3 volumes of
fixative). Then, the solution was placed in a centrifuge at 500
to 1000 rpm. After agitation the solution was postfixed in cold
(4°C) 2% glutaraldehyde, rinsed in 0.1M phosphate buffer at pH
7.4 and in MilliQ water. Later, 100 pl of this solution was de-
posited on cover glasses with poly-L-lysine before dehydration
in an alcohol series. The samples were critical-point-dried with
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a Polaron CPD 7501 system (VG Microtech, UK), using hexa-
methyldisilazane before coating with gold (15-20 nm thick) us-
ing a SC510 sputter coater (Fisons Instruments). Finally, sam-
ples were examined using a Zeiss DSM 940 scanning electron
microscope at 15 kV to a distance of 4 mm.

RESULTS
Spermiogenesis

The beginning of the spermiogenesis of Mediogonimus
jourdanei is marked by the formation of the differentia-
tion zone. This zone is bordered by cortical microtubules
and contains the nucleus, an intercentriolar body located
between two centrioles, which will originate two free
flagella (Figs. 1a, c, 3a). The intercentriolar body consists
of seven electron-dense layers, with three thicker dark ex-
ternal plates on each side of a thinner central plate (Fig.
1b). A cross-section of the differentiation zone in an early
stage of spermiogenesis exhibits the median cytoplasmic
process, nucleus, centrioles, intercentriolar body, and cor-
tical microtubules (Fig. 1¢). After their orthogonal growth,
both flagella begin their rotation to become parallel to the
median cytoplasmic process (Figs. 1a, d, e, 3a, b). Cross-
sections at this stage show the median cytoplasmic proc-
ess containing a nucleus, a mitochondrion and two fields
of cortical microtubules, along with two external free
flagella on each side of the median cytoplasmic process
(Fig. 1f). In distal areas of the differentiation zone before
the fusion, several cross-sections show the median cy-
toplasmic processes and the free flagella (Fig. 2a). The
asynchronous fusion of flagella with the median cytoplas-
mic process is demonstrated in cross-sections exhibiting
the nucleus, one axoneme, and a mitochondrion while the
other flagellum is still free (Fig. 2b).

After the fusion of both flagella, the ring of arched
membranes initiates its constriction. In an early stage of
this progressive constriction process, the striated rootlets
are still present in the spermatid body. At this stage, both
longitudinal and cross-sections show that mitochondria
are still migrating (Fig. 2c, d). Finally, in a terminal stage
of the constriction process, striated rootlets disappear and
the young spermatozoon detaches from the residual cyto-
plasm (Figs. 2e, 3d).

Spermatozoon

The ultrastructural aspects of the mature spermatozoon
of M. jourdanei are illustrated in Figs. 4—-6. The sperma-
tozoon is filiform and measures about 260 um (Fig. 4a).
It is characterized by the presence of two axonemes of
different lengths exhibiting the 9+“1” trepaxonematan
pattern, a nucleus, one mitochondrion, two sets of paral-
lel submembranous cortical microtubules, an external or-
namentation, spine-like bodies and granules of glycogen
(Fig. 5a-r). The interpretation of several cross and lon-
gitudinal sections allows us to establish three distinctive
regions from the anterior to the posterior extremity of the
spermatozoon of M. jourdanei.
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Fig 1. Transmission electron micrographs of spermiogenesis of Mediogonimus jourdanei. a — Initial stage of the zone of differentia-
tion showing the development of the two flagella; b — Detail of the intercentriolar body; ¢ — Cross-section of the differentiation zone
at the level of centrioles; d — Intermediate stage during flagellar rotation; e — Longitudinal section showing the two flagella parallel to
the median cytoplasmic process; f — Cross-section before flagellar fusion showing nuclear and mitochondrial migrations. Abbrevia-
tions: AM — arched membranes; C — centriole; CM — cortical microtubules; F — flagellum; IB — intercentriolar body; M — mitochon-
drion; MCP — median cytoplasmic process; N — nucleus; SR — striated rootlets. Scale bars: a—f = 0.5 um.

Region I

It corresponds to the anterior spermatozoon extremity
presenting a sharp morphology (Figs. 4b, 5a, b, 61). Both
longitudinal and cross-sections in this region show cen-
trioles surrounded by a continuous layer of parallel corti-
cal microtubules (Figs. Sc, d, 61). Cross-sections in more
posterior areas of the anterior spermatozoon extremity
exhibit two axonemes also surrounded by a continuous
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layer of cortical microtubules (about 34 to 39). Note that
in this area the attachment zones are not observed (Fig.
Se). The central part of region I is an ornamented zone,
characterized by the presence of external ornamentation
of the plasma membrane associated with cortical microtu-
bules and spine-like bodies (Figs. 51, g, 61). Moreover, the
external ornamentation appears only in those areas where
the cortical microtubules are present and surrounds one
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Fig 2. Transmission electron micrographs of spermiogenesis of Mediogonimus jourdanei. a — Cross-sections showing median cyto-
plasmic processes before their fusion with flagella; arrowheads indicate attachment zones; b — Several cross-sections showing the
asynchronous fusion of flagella; ¢ — Longitudinal section after flagellar rotation; note the mitochondrial migration and the presence
of striated rootlets; d — Cross-section at the level of arched membranes showing several mitochondria; e — Advanced stage during
the constriction of the ring of arched membranes; note the absence of striated rootlets. Abbreviations: AM — arched membranes;
Ax — axoneme; C — centriole; CM — cortical microtubules; F — flagellum; M — mitochondrion; MCP — median cytoplasmic process;
N — nucleus; SR — striated rootlets. Scale bars: a, b, d=0.3 um; ¢, e = 0.5 um.

of the axonemes (Figs. 5f, 6I). It is also noticeable that

only two attachment zones are present in this area (Figs.

5f, 6I). The end of region I is marked by the presence
of cortical microtubules organized in two fields and by

the appearance of granules of glycogen (Figs. 5h, i, 6I).

Glycogen has been evidenced by the cytochemical test
of Thiéry (Fig. 5r). This zone that exhibits another four
attachment zones marks the transition between regions |
and II (Figs. 5h, 1).

Region II

In this region the mitochondrion is accompanied by the
nucleus, both axonemes and a reduced number of cortical
microtubules present in a nuclear or dorsal face (about
4-5) and in a mitochondrial or ventral face (about 7) (Figs.
4c, 5j-1, 61I). Granules of glycogen are also observed in
this area. When the diameter of the nucleus increases, the
cortical microtubules form two lateral bundles (Fig. 5I,
m). The posterior part of region II is characterized by the
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disappearance of one axoneme. At this level, it is possible
to observe the axoneme, nucleus, mitochondrion, gran-
ules of glycogen and a reduced number of cortical micro-
tubules (about 2—4) (Figs. 5m, 6II).

Region III

It corresponds to the posterior spermatozoon extremity,
being characterised by the disappearance of the mitochon-
drion and cortical microtubules, and showing only a sin-
gle axoneme, the nucleus and granules of glycogen (Figs.
Sn, 6lII). Several cross-sections toward the posterior ex-
tremity exhibit the progressive reduction of the nucleus
diameter and its disappearance. The posterior extremity
of the nucleus was also observed by means of SEM (Fig.
4d). Finally, the single axoneme begins its disorganization
characterised by the presence of doublets and singlets that
reach the posterior spermatozoon extremity (Figs. 50—q,
6111). The posterior tip of the spermatozoon exhibits only
singlets and some granules of glycogen (Figs. 5q, 611I).

DISCUSSION
Spermiogenesis

Despite the great similarities observed between the
spermiogenesis processes of M. jourdanei and those of
other digeneans, the present study allowed observing var-
iations of some characters.

Spermiogenesis of M. jourdanei begins with the for-
mation of the differentiation zone at the periphery of each
early spermatid. This zone is delimited by a ring of arched
membranes and contains the intercentriolar body between
two centrioles, which are associated to striated rootlets.
This differentiation zone characterises the spermiogenesis
of neodermatans (see Justine 2003). Each centriole gives
rise to a flagellum that grows orthogonally to a median
cytoplasmic process before fusing with it. A flagellar rota-
tion of 90° was described in all microphalloidean species
studied to date (see Table 1) and also in other digeneans
[e.g. Opecoeloides furcatus (Bremser in Rudolphi, 1819)
by Miquel et al. (2000), Poracanthium furcatum Dollfus,
1948 by Levron et al. (2004b), Dicrocoelium dendriti-
cum (Rudolphi, 1819) by Cifrian et al. (1993), Corrigia
vitta (Dujardin, 1845) by Robinson and Halton (1982),
Troglotrema acutum (Leuckart, 1842) by Miquel et al.
(2006), Neoapocreadium chabaudi Kohn et Fernandes,
1982 by Kacem et al. (2010), or Deropristis inflata (Molin,
1859) by Foata et al. (2007)]. In other digeneans a flagel-
lar rotation greater than 90° was described. This is the
case of Helicometra fasciata (Rudolphi, 1819), Fasciola
hepatica Linnaeus, 1758, Nicolla wisniewskii (Slusar-
ski, 1958), Dicrocoelium hospes (Looss, 1907), Monor-
chis parvus Looss, 1902, and Crepidostomum metoecus
(Braun, 1900) (Levron et al. 2003, 2004c, Ndiaye et al.
2003, Agostini et al. 2005, Quilichini et al. 2007a,b). The
importance of this flagellar rotation resides in the com-
parison between trematodes and cestodes. In fact, in the
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Fig 3. Schematic reconstruction of the spermiogenesis of Medi-
ogonimus jourdanei. Abbreviations: AM — arched membranes;
Ax —axoneme; C —centriole; CM — cortical microtubules;
F — flagellum; IB — intercentriolar body; M — mitochondrion;
MCP — median cytoplasmic process; N — nucleus; SR — striated
rootlets.

cestodes the flagellar rotation decreases from 90° until 0°
in some cyclophyllideans (see Miquel et al. 2009). Never-
theless, some cestodes present a flagellar rotation greater
than 90° (Brunanska et al. 2006, Miquel et al. 2008). All
these aspects allow interpreting this variability as a grad-
ual reduction of the angle of rotation of free flagellum/a
from the more basal to the more evolved Platyhelminthes
(see Miquel et al. 20006).

The intercentriolar body is another plesiomorphic char-
acter present in the Digenea and also in most cestodes,
except for tetrabothriideans and cyclophyllideans (Justine
1998, 2001). The variability in the number of its constitu-
tional plates according to parasitic Platyhelminthes em-
phasises its importance for phylogenetic purposes (see
Bakhoum et al. 2011a, b). In fact, some aspidogastreans
present an intercentriolar body with 11 electron-dense
plates (see Levron et al. 2009). In digeneans most spe-
cies present an intercentriolar body with seven electron-
dense plates as described in M. jourdanei and other mi-
crophalloideans (Table 1). However, an intercentriolar
body with nine electron-dense layers has been described
in Cryptocotyle lingua (Creplin, 1825) and in M. parvus
(Rees 1979, Levron et al. 2004c). Moreover, Levron et
al. (2003) observed five to seven electron-dense layers in
H. fasciata and Foata et al. (2007) described six electron-
dense layers in D. inflata. The absence of this character
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Fig 4. Scanning electron micrographs of the spermatozoon of Mediogonimus jourdanei. a — Entire spermatozoon; b — Morphology
of anterior spermatozoon extremity; ¢ — Median region of the spermatozoon exhibiting both axonemes with mitochondrion and/or
nucleus; d — Posterior spermatozoon extremity; note the posterior nuclear extremity. Abbreviations: ASE — anterior spermatozoon
extremity; Ax — axoneme; M — mitochondrion; N — nucleus; PNE — posterior nuclear extremity; PSE — posterior spermatozoon ex-

tremity. Scale bars: a =20 pm; b, d =2 pm; ¢ =3 um.

is reported in some schistosomatids and didymozoids
(Justine and Mattei 1984, Pamplona-Basilio et al. 2001).
Within cestodes, which are considered the most evolved
Platyhelminthes, a gradual reduction of the intercentriolar
body is also observed (Justine 2001, Levron et al. 2010)

In the mature spermatozoon of M. jourdanei, as in
other digeneans, the intercentriolar body and the striated
rootlets are absent. According to Burton (1972) these
structures remain in the residual cytoplasm after the total
constriction of the ring of arched membranes or degen-
erate by a process of depolymerisation (see Justine and
Mattei 1982, Levron et al. 2004c).

Spermatozoon

The mature spermatozoon of M. jourdanei presents the
principal structures described previously in the male gam-
ete of digeneans. Like the remaining microphalloideans

described to date, the mature spermatozoon of M. jour-
danei exhibits two axonemes of different length present-
ing the 9+“1” pattern of trepaxonematans (Ehlers 1984),
a nucleus, one mitochondrion, two sets of parallel cortical
microtubules, an external ornamentation accompanied by
spine-like bodies, and granules of glycogen irregularly
distributed along the spermatozoon except for the anterior
extremity. It is interesting to remark that some of these
characters and also the morphology of both extremities
could be potential candidates for phylogenetic analysis.
The anterior spermatozoon extremity of M. jourdanei
exhibits two centrioles corresponding to two axonemes.
Such description is also reported in Microphallus primas
(Jagerskiold, 1908) by Castilho and Barandela (1990),
contrarily to the remaining microphalloideans that present
only a single axoneme (see Table 1) as most digeneans
studied to date (see Agostini et al. 2005, Quilichini et al.
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Fig 5. Transmission electron micrographs of the spermatozoon of Mediogonimus jourdanei. a, b — Longitudinal sections of the an-
terior spermatozoon extremity; c—e — Cross-sections showing the progressive appearance of the first and second axoneme; note the
continuous layer of cortical microtubules surrounding both centrioles and/or axonemes; f, g — Cross and longitudinal sections in the
ornamented area exhibiting the spine-like body; arrowheads indicate the presence of only two attachment zones; h, i — Transitional
zone between regions I and II of the spermatozoon; note the appearance of glycogen granules; arrowheads indicate the presence of
four attachment zones; j—1 — Several cross-sections of region II showing the presence of nucleus, mitochondrion, cortical microtu-
bules, both axonemes and granules of glycogen; m — Cross-section of the posterior area of region II characterized by the disappear-
ance of one axoneme; n—q — Serial cross-sections of region III exhibiting only one axoneme, nucleus and glycogen granules; note the
absence of cortical microtubules; r — Cross-section showing the result of Thiéry staining for glycogen. Abbreviations: ASE — anterior
spermatozoon extremity; Ax — axoneme; Ax1 — first axoneme; C — centriole; C1 — first centriole; C2 — second centriole; CM — corti-
cal microtubules; D — doublet; EO — external ornamentation; G — granules of glycogen; M — mitochondrion; N — nucleus; S — sin-
glet; SB — spine-like body. Scale bars: a—r = 0.3 pm.
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Fig 6. Schematic illustration of the mature spermatozoon of Me-
diogonimus jourdanei. Abbreviations: ASE — anterior spermato-
zoon extremity; Ax1 — first axoneme; Ax2 — second axoneme;
AZ — attachment zone; C1 — first centriole; C2 — second centri-
ole; CM — cortical microtubules; EO — external ornamentation;
G — granules of glycogen; M — mitochondrion; N —nucleus;
PM — plasma membrane; PSE — posterior spermatozoon ex-
tremity; S — singlet; SB — spine-like body.
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2009). Additionally, a different morphology of the ante-
rior spermatozoon extremity has been recently evidenced
by Kacem et al. (2010) in N. chabaudi. The latter authors
observed that the anterior tip of the spermatozoon in this
species is constituted by cortical microtubules accompa-
nied by external ornamentation.

It is also noticeable to remark the absence of glyco-
gen granules in all sections between the anterior tip of the
spermatozoon and the ornamented area. We think that the
lack of glycogen could be used in some cases to locate
sections belonging to the anterior region of the sperma-
tozoon. This variability in the morphology of the ante-
rior spermatozoon extremity emphasises the importance
of this region in the analysis of relationships within the
Digenea.

The external ornamentation, present in the anterior re-
gion of the spermatozoon, represents a structure generally
described in the mature spermatozoon of digeneans (see
Miquel et al. 2006, Bakhoum et al. 2011b). However, ex-
ternal ornamentation of the plasma membrane is not ex-
clusive to digeneans. A similar structure was reported in
the polyopisthocotylean Pseudomazocraes monsivaisae
Caballero et Bravo, 1955 by Justine and Mattei (1985).

With respect to digeneans, Quilichini et al. (2007c)
proposed two different groups of digeneans according
to the localisation of external ornamentations. However,
there are some digeneans without external ornamentation
in the sperm cell (see Cifrian et al. 1993, Levron et al.
2003) and it is also remarkable the recent description of
a species presenting an external ornamentation through-
out the full length of the anterior region (see Kacem et al.
2010). This variability highlights the need for more ul-
trastructural studies that may allow establishing different
patterns according to different families or superfamilies.

The external ornamentation is generally accompanied
by cortical microtubules as described in M. jourdanei
(present study) and also in other microphalloidean spe-
cies, except for Maritrema linguilla and Ganeo tigrinum
(see Table 1). Therefore, the systematic status of the lat-
ter genera is controversial (see Tkach et al. 2003, Jones
2008).

In some digeneans presenting more than one mito-
chondrion, the external ornamentation appears in the mi-
tochondrial region accompanied by cortical microtubules
and spine-like bodies. For example, such description is
observed in the troglotrematid 7 acutum (Miquel et al.
2006), or in the cryptogonimids S. elongata (see Quili-
chini et al. 2009), and Anisocoelium capitellatum (Ru-
dolphi, 1819) (Ternengo et al. 2009). Thus, the presence,
absence and the variability in the disposition of the ex-
ternal ornamentation are other aspects of importance to
use for achieving a better understanding of phylogenetic
relationships within the digeneans at a family or super-
family levels.

In the ornamented area, some electron-dense elements
appear under the cytoplasmic membrane. Miquel et al.
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Table 1. Spermatological characters in the superfamily Microphalloidea.

Spermatological characters

Families and species

IB AZ FR EO SB M ASE PSE

References

Faustulidae

Pronoprymna ventricosa
Lecithodendriidae

Ganeo tigrinum
Microphallidae

Microphallus primas 7 4 2

Maritrema linguilla 90°
Phaneropsolidae

Postorchigenes gymnesicus 7 4
Prosthogonimidae

Mediogonimus jourdanei 7 4
Zoogonidae

Diphterostomum brusinae 7 4

x
~

90°
90° +

90° +

1 1Ax 1Ax Quilichini et al. (2007c)

1 2 1Ax Sharma and Rai (1995)

1 2Ax 1Ax Castilho and Barandela (1990)
2 ? 1Ax Hendow and James (1988)

2 1Ax 1Ax+G Gracenea et al. (1997)

1 2Ax 1Ax Present study

I 1Ax N+G Levron et al. (2004a)

Abbreviations: ASE — anterior spermatozoon extremity; Ax — axoneme; AZ — attachment zone; EO — external ornamentation; FR — flagellar rotation;
G — granules of glycogen; IB — intercentriolar body; M — mitochondrion; N — nucleus; PSE — posterior spermatozoon extremity; SB — spine-like body.

(2000) reported such structures named spine-like bodies
for the first time in the spermatozoon of the opecoelid
O. furcatus. In all digeneans with spine-like bodies, this
structure is located in the anterior area of the spermatozo-
on, being usually associated with the external ornamenta-
tion of the plasma membrane. Nevertheless, in N. chabau-
di the ornamented zone is anterior to the spine-like bodies
(Kacem et al. 2010). Similar structures were previously
observed in the spermatozoon of other digeneans. Con-
cerning the superfamily Microphalloidea, spine-like bod-
ies were observed in M. jourdanei only (present study). In
fact, the observation of micrographs published in older
studies reveals several cross-sections where electron-
dense structures are present (probably spine-like bodies),
for example in the anterior region of the spermatozoon
of Haematoloechus medioplexus Stafford, 1902 (Justine
and Mattei 1982). Unfortunately, the latter authors did not
mention these electron-dense structures. Thus, it is pos-
sible that in several older studies spine-like bodies have
been omitted or misinterpreted as artifacts.

The spine-like bodies seem to be very interesting at
a family, superfamily or order level. Much like external
ornamentations, some authors have suggested that the
formation of spine-like bodies takes place in the last
stages of spermiogenesis (Miquel et al. 2000) as observed
in M. jourdanei. However, in Diplodiscus subclavatus
(Pallas, 1760) and Rubenstrema exasperatum (Rudolphi,
1819), spine-like bodies are observed at an early stage of
spermiogenesis, before the fusion of both flagella with the
median cytoplasmic process (Bakhoum et al. 2011a, b).

Concerning mitochondria, several viewpoints have
been given to explain their number in the mature sper-
matozoon of Digenea. Burton (1972) argued that the mi-
tochondria observed in the differentiation zone during
spermiogenesis fuse and form one mitochondrion after
their migration within the median cytoplasmic process. In
M. jourdanei, while several mitochondria migrate along
the spermatid in the late stage of spermiogenesis, only
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one mitochondrion was observed in the mature sperma-
tozoon. In the Microphalloidea, one mitochondrion has
been described in three species (see Table 1). This is also
the case in most digenean species (see Quilichini et al.
2007a). The real difficulty in evaluating the number of
mitochondria lies in the impossibility of observing their
entire form in longitudinal sections. However, several
authors assume the existence of more than one mitochon-
drion after making logical interpretations of many cross
and longitudinal sections. For instance, two mitochondria
were observed in the spermatozoon of the microphalloi-
deans Postorchigenes gymnesicus Mas-Coma, Bargues
et Esteban, 1981 (Gracenea et al. 1997) and M. linguilla
(Hendow and James 1988), but also in other digeneans
such as F. hepatica (Ndiaye et al. 2003), D. hospes (Agos-
tini et al. 2005) or 7. acutum (Miquel et al. 2006). Three
mitochondria were described in the male gamete of Ba-
sidiodiscus ectorchus Fischthal et Kuntz, 1959, Sandonia
sudanensis McClelland, 1957, E. squamula and Aniso-
coelium capitellatum Rudolphi, 1819 (Ashour et al. 2007,
Bakhoum et al. 2009, Ternengo et al. 2009). The number
of mitochondria and their location raise several contro-
versies, which have led researchers to propose the use of
some techniques such as mitochondria labelling to assess
the real variability in the number of mitochondria (see
Miquel et al. 2006).

The posterior spermatozoon extremity also presents
a great variability. In M. jourdanei the posterior sperma-
tozoon extremity is devoid of cortical microtubules and
exhibits one of the axonemes. Within the superfamily, the
spermatozoon of all the species described presents a sin-
gle axoneme in the posterior extremity except for Diphter-
ostomum brusinae (Stossich, 1888) (Levron et al. 2004a),
which contains the nucleus. Quilichini et al. (2010) have
proposed three morphological types of spermatozoon
posterior extremities according to the relative position of
several characters. In other study, Bakhoum et al. (2011b)
proposed the use of only the terminal character to de-



fine the posterior spermatozoon extremity, instead of the
character sequence toward the terminal extremity. These
morphological differences of the posterior spermatozoon
extremity could be interesting arguments to include in
a future phylogenetic analysis of the Digenea.

A comparison of ultrastructural studies with molecular
analyses shows some concordances in the Microphalloi-
dea. In a phylogenetic analysis of this superfamily based
on molecular data, Tkach et al. (2003) discuss the incon-
gruent status of the genus Maritrema. In our study, the
global analysis of the studied microphalloidean species
emphasises that external ornamentation is a significant
difference between the ultrastructural organisation of
spermatozoa of M. primas (Castilho and Barandela 1990),
P. gymnesicus (Gracenea et al. 1997), D. brusinae (Lev-
ron et al. 2004a), Pronoprymna ventricosa (Rudolphi,
1819) (Quilichini et al. 2007¢) and M. jourdanei (present
study), and that of the spermatozoa of the remaining spe-
cies, G. tigrinum (Sharma and Rai 1995) and M. linguilla
(Hendow and James 1988). Spermatozoal characters cor-
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