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1. INTRODUCTION

1.1. Model of study

1.1.1. Parasitic Platyhelminthes

Parasitic Platyhelminthes compose a monophyleiighly diversified group of
bilaterally symmetric and dorsoventrally flatteneshimals (Bilateria, Protostomia).
Molecular phylogenetic analyses (Fig. 1) have showrat most of parasitic
Platyhelminthes form a derived clade “Neodermatad anclude members of three major
classes — Cestoda (Gyrocotylidea, Amphilinidea aBaicestoda), Monogenea
(Monopisthocotylea and Polyopisthocotylea) and Taema (Aspidogastrea and Digenea)
(Baverstock et al. 1991; Blair 1993; Rohde et &93 Littlewood et al. 1998, 1999;
Litvaitis and Rohde 1999; Littlewood and Olson 200ittlewood 2008).
Ehlers (1984) proposed the term

Catenulida
Macrostomida Neodermata on the basis of the presence
Haplopharyngida . .
Polycladida of a syncytial tegument in adult stages.
Lecithoepitheliata ,
cerhoepiinela Parasites of the taxon Neodermata do
Proseriata
Rhabdocoela not possess a ciliary epidermis (except
Facampiz+Urasiomid ae+G enosiomatidas
Prolecithophora larvae), but they create a new epidermal
Tricladida . L
Polyopisthocotylea syncytial epithelium of mesodermal
Monopisthocotylea origin, called neodermis, or tegument
) Castocs Gyrocotylidea _ _
Nedsrmata Amphilinidea (Ehlers 1985). This syncytium serves for
Eucestoda . .
Aspidogastrea the digestion and transport of the
T &= Digenea nutrients, protection of the parasite

Fig. 1. Summary of major interrelationships among against the environment, including
Platyhelminthes (Littlewood 2008). components of the digestive and
immunity system of the host. The cells
and ducts participate in metabolism and transpbriutrients and metabolic products of
metabolism, whereas function of the parenchymaoispitovide the internal support
(Roberts and Janovy 2005; Mehlhorn 2008). The alpiharacter of Neodermata is the
presence of neoblasts. These totipotent cells mpeeto individual differentiated cells and
tissues of Neodermata and are also responsiblefpooduction (Roberts and Janovy 2005;

Mehlhorn 2008).



Subtegumental muscular system is composed of lamcdongitudinal and
transversal muscles. Well developed musculatusis present in the suckers, pharynx
and other organs. Excretory system consists obpsegthridia. Flame cells filtre a body
fluid from parenchymatous spaces through the sysitoanals. These canals unify and
empty in the excretory bladder, which opens ont® ghrface of the body by excretory
pore. Nervous system is composed of a furcatedligantn the forebody, from which
short and longer strands branch out to the antaridrposterior part of the body.

Parasitic Platyhelminthes are mainly hermaphrsditslale genitalia include
various numbers of testes. Spermatozoa are traespby vasa efferentia, which then
unite to form vas deferens that enters the semgsitle. The seminal vesicle and duct of
the prostatic glands empty into the cirrus, whigloften enclosed by a muscular cirrus-sac
(Roberts and Janovy 2005).

Female genitalia involve a single ovary, whosedogt opens into the ootype (site
of fertilization of oocytes and formation of eggedatheir shells), together with the
proximal end of the vagina (present in cestodes mndogeneans), which then usually
enlarges to form a seminal receptacle. The ootymiirounded by Mehlis glands, which
secrete substance forming a membrane around th@ezyand it is associated with the
vitelline cells. Vitellarium may be compact or fclilar; cells of the vitellarium form yolk
and eggshell components. As oocyieature in the ovary, they pass through a single
oviduct, which in general has a regulating sphindtee oocapt. Vitelline follicles produce
vitelline cells that surround and nourish oocyteggs are polylecithal in many groups,
which means that they contain a large amount @lloitytes. Fertilization of the zygote
proceeds in the ootype. The ootype continues dsraduct that then enters to the uterus,
which can be tubular, often strongly coiled, orcsdar, i.e. sac-like, and opens out onto
the surface by a genital pore, which is usuallyl@ventral side of the body (Roberts and
Janovy 2005).

1.1.2. Cestoda

The Cestoda, or tapeworms include about 5000 destspecies (Georgiev 2003).
Adult tapeworms are parasites of all classes ofebeates and use mainly arthropods as
first intermediate hosts. Species of most tapewomers occur in water vertebrates

(elasmobranchs and teleosts), but by far the npestieus order, Cyclophyllidea, includes



parasites of birds and mammals, with a few spgesasitizing amphibians and reptiles
(Khalil et al. 1994).

Several species of cestodes are etiological agénisportant diseases of men and
domestic animals, for examplphyllobothrium latum from the order Diphyllobothriidea
(Muller 2002). Person becomes infected after comsgmaw or undercooked fish. In many
cases, the diphyllobothriasis is apparently asympate, but anemia in infected persons
has been reported. More dangerous parasites ofrfeuara animals are some species of
the order Cyclophyllidea, especially of the familgeniidae, members of which can cause
severe diseases, e.g. cysticercosis, echinocoauditaeniosis (Kassai 1999; Roberts and
Janovy 2005).

Since the time of ancient Greece, when cestodes firstly recognized (Grove
1990), many things have changed (Olson and Tka®b)2Morphological methods have
been supplemented by utilization of molecular dataich threw new light upon problems
between relationships and evolution of the Ces{@ison and Tkach 2005).

Tapeworms are characteristic with the absencehefintestine and presence of
microtriches. Microtriches are highly specializegirtdrical tubular structures covering the
entire surface of the tegument of cestodes. Thay pl role in absorption of nutrients,
amplification of the absorptive surface area artdcament to the surface of the host
intestinal tract (Chervy 2009).

Rostellum

Hooks

pore

Uterus
Pl

Testes =

Excretory <
ducts

Fig. 2. The scolex (left) and a mature proglottid (righfta typical cestode (from
www.marlin.ac.uk/taxonomydescriptions.php#cestoda).



Between the scolex and the first segments ofttiebita is often an undifferentiated
zone, called the neck, which can be long, shodbsent. The neck or the posterior part of
the scolex contains germinal cells that have thernii@l for the formation of segments.
This process is called strobilization. Dependingtba group, the scolex (Fig. 2) can
possess suckers, grooves, hooks, spines, tent@gtésjular areas or combinations of
these. In a few species, the scolex is reducedghmeiplaced in function by the anterior
extremity of strobila. The organ thus producedaitet a pseudoscolex (Schmidt 1986).

The Eucestoda, except for the orders Caryophw|i@&pathebothriidea and a few
species of the order Bothriocephalidea, involvescegs with segmented strobila. If each
segment overlaps the following one, the strobilsaigl to be craspedote, if not, it is called
acraspedote (Fig. 3). Each segment contains usoiadlyrarely two or exceptionally more
genital complexes — proglottids. Cestodes with mmoglottid are monozoic, whereas these
with more than one are polyzoic (Smyth and MacMardi®89). The absence of
segmentation in groups such as the Caryophyllide&dde argued as an evidence of their
“primitive” condition or they have lost it secongg©Olson and Tkach 2005).

Tapeworms comprise almost exclusively species witlrect (heteroxenous) life
cycles. In the egg, the first larval stage of tlestodes develops and it is equipped with
hooks, whose number reaches 10 (most basal cesBydesotylidea and Amphilinidea —
larva is called decacanth) and 6 (Eucestoda witladenth).

b

Fig. 3. Craspedote (a) and acraspedote (b) segments (fromi&c1986).



1.1.3. Bothriocephalidea

Recently, taxonomic and molecular studies haveeaked that the order
Pseudophyllidea should be suppressed, becausengist® of two phylogenetically
unrelated groups, for which the names Bothriocegbal and Diphyllobothriidea were
proposed (Kuchta et al. 2008). These orders weeggiquisly grouped together because
they possess two dorsoventrally situated attachroegans, called bothria (Bray et al.
1994).

The order Bothriocephalidea includes mainly paeasof freshwater and marine
fish, rarely in amphibians and it is considerecb&éa more derived clade than the order
Diphyllobothriidea (Fig. 4 A; Kuchta et al. 2008)hese tapeworms compose a sister
group to the acetabular cestodes, which are camside be a more derived group (Kuchta
et al. 2008) and include also veterinary and mdglidgenportant species of the order
Cyclophyllidea (Khalil et al. 1994; Muller 2002).oBiriocephalidea comprises more then
40 genera, which are separated in 4 families, naethriocephalidae, Echinophallidae,
Philobythiidae and Triaenophoridae (Kuchta et 808). Out of 305 nominal species of
the order Bothriocephalidea, only about 125 spearesthought to be valid (Kuchta and
Scholz 2007).

Order Bothriocephalidea includes small to middied tapeworms with one or two
intermediate hosts. Their strobila possesses alagpsegments, which are usually wider
than longer. They have complete or incomplete saggtien. Scolex is usually unarmed,
but it is equipped with hooks in some taXai§enophorus). Dorsal and ventral part of the
scolex possesses two bothria of a different shagedapth. An apical disk and neck can be
also present (Bray et al. 1994; Kuchta et al. 2008)

In Bothriocephalidea, genital pores (outer opesiafithe cirrus pouch and vagina)
are lateral (Triaenophoridae, Philobythiidae, soBE®hinophallidae), sublateral (some
Echinophallidae) or median on the dorsal part & egment (Bothriocephalidea). A
uterine pore is located ventrally, anterior to ¢emital pores (Kuchta et al. 2008).

Reproductive organs (Fig. 4 B) are single or dighéd in a segment and consist of
numerous vitelline follicles and abundant testess Weferens is twisted; cirrus pouch may
comprise an internal seminal vesicle. The cirrugsigally unarmed, but it can be covered
with spines. A bilobed, compact, follicular or deitid ovary is located in the medulla near
the posterior margin of a proglottid. A uterus dfaetent shape is divided into the uterine

duct, forming loops, and uterine sac. Eggs can peronlate or not. In the egg, larva



(oncosphere) can be formed either in the uterusa(iterine eggs are embryonated) or in
the water (unembryonated eggs). In some speciesutiace of the oncosphere is covered

with cilia that enable movement of the larva (cadaon) in the water (Beveridge 2001,

Kuchta et al. 2008).

A

A Gyrocotyie umy
——@ Spathebothriidea
Caryophyllidea
Haplobothriidea
Diphyllobothriidea
Diphyllidea
Trypanorhyncha
Bothriocephalidea
“tetrafossates”

Fig. 4. A. Phylogenetic tree of basal tapeworms (Eucestodajred from SSU + LSU data (sequences of the small
and large subunits of the rRNA gene; from Kuchtal €2008).B. Schematic drawing of the proglottid of a cestode of
the order Bothriocephalidea, ventral vieMabreviations: cs, cirrus-sac; o, ovary; t, testes; u, utergs;uterine sac;

vi, vitelline follicles; vg, vagina (from Kuchta at. 2008).

1.2.Importance of spermatological characters

1.2.1. Parasitic Platyhelminthes

Spermiogenesis and sperm ultrastructure are impocharacterfor comparative
and phylogenetic studies of Platyhelminthes (Hdmetgl 1986; Justine 1995, 1998, 2001;
Levron et al. 2010). Hendelberg (1969) used, ferfitst time, spermatological characters
for a study of phylogenetic relationships of theufbellaria”. Ehlers (1984, 1985, 1986),
Brooks (1989) and Brooks and McLennan (1993) inetudgperm characters for the
definition of some major groups of helminths. Exeehigher-level taxon, Trepaxonemata,
was proposed on the basis of ultrastructural dagamorphology of sperms (Ehlers 1984).

Parasitic Platyhelminthes (Neodermata) belong tepdxonemata, which also

comprise Polycladida, Seriata, Prolecitophora, Typlanoida and Dalyellioida (Ehlers



1986). The name Trepaxonemata is derived from “amunin spiral” and it arose from the

spermatozoon structure of the axoneme 9 + “1” (¥i§), in contrast to most axonemes of
eukaryotic organisms, which are characteristic /-6 2 axoneme pattern (Fig. 5 B). In

the pattern 9 + “1”, the number 9 represents newgpperal doublets of microtubules. The
number “1” corresponds to the central core, which istructure without tubulin. Indeed,

immunocytochemical studies proved that the certoake of trepaxonematans does not
contain tubulin, the protein that characterizes ratidules (lomini and Justine 1997,

lomini et al. 1998).

5@@ 36@@
@ @ gaoog
Q}@@Q ‘b@@@

Fig. 5.A. Axoneme of the Trepaxonemata 9 + “B’.Axoneme of the most eukaryotic organisms 9 + 2.

Spermiogenesis in Neodermata is characterized dognation of an original
structure called “zone of differentiation”, which typically composed of a nucleus, an
intercentriolar body, striated rootlets, two cenles, two flagella and a cytoplasmic
extension. Neodermata shares the synapomorphy okinpodistal fusion during
spermiogenesis (Justine 2001, 2003). This parti@dtiern of spermiogenesis gives rise to
a long and filiform spermatozoon, lacking a head antail as it is in most animals. In
general, the spermatozoon contains two axonemesicéeus, mitochondria, cortical
microtubules and different types of granules (dastR003). The presence of some
characters in individual groups and their absemcethers are useful for phylogenetic
studies in Platyhelminthes. These characters ieclachong others, the length of axonemes
and microtubules, displacements of axonemes, pasitf the nucleus, number of

axonemes, etc. (Mollaret and Justine 1997; Jugi4).



1.2.2. Eucestoda

Spermatological characters in the Cestoda repreaanextensive source of
information important for phylogenetic studies (s 1995, 1998, 2001; Levron et al.
2010). For the first time, Euzet et al. (1981) édkthe ultrastructure of the spermatozoon
of cestodes with their phylogeny. Later, Justinedengorincipal contributions to
evolutionary considerations of spermatological abters (Justine 1991, 1995, 1998, 2001,
2003). Characters of the sperms were used togeikiemorphologic and molecular data
to unravel the phylogeny of Eucestoda. A total 8fcBaracters were used in matrix, of
which 11 characters were spermatological (Hobergl.e1997, 2001; Olson et al. 2001).
Recently, data on spermiogenesis and ultrastrucitirgpermatozoa of Eucestoda have
been summarized by Levron et al. (2010). Since 20fEn Justine’s review article on
cestodes appeared, about 50 species of the Euadsiod been studied or reinvestigated,
including members of previously poorly studied asjesuch as Caryophyllidea,
Spathebothriidea, Diphyllobothriidea, Bothrioceptiah, Trypanorhyncha, Tetraphyllidea
and Proteocephalidea. Seven basic types of spexaaatwave been distinguished in the
Eucestoda based on characters considered to lmeasteimportant for classification (Fig.
6) and a phylogenetic tree inferred from spermafiold characters was constructed (Fig.
7; Levron et al. 2010). The following charactersrevaised in the spermatological
phylogenetic analysis: number of axonemes in zohdlifferentiation and in mature
spermatozoa, presence/absence of an intercentoiothy, typical striated rootlet, flagellar
rotation, proximodistal fusion, mitochondria in th@ature spermatozoon, crested body,
apical cone, shape of nucleus, etc. (Levron e2@l0). A phylogenetic tree (Fig. 8) of
Waeschenbach et al. (2007), inferred from molecdkta, can be compared, with the
column on the right side showing some ultrastradtgpermatological characters. In the
case of presence/absence mitochondria in the maipeematozoon, molecular data
correspond to those inferred from ultrastructuréldes, because the absence of
mitochondria in the spermatozoon is a characteevaiutionary more derived cestodes
(Justine 1995, 1998).
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Fig. 6. Schematic representation of seven basic typepearistozoa (longitudinal and cross sections) inEbeestoda
(from Levron et al. 2010). Abbreviations: Ax, axome Cb, crested body; Cmp, cortical microtubulesalper Cms,
cortical microtubules spiraled; Iw, intracytoplasmiall; N, nucleus; Pm, plasma membrane; Ps, peniexal sheath.




Gyrocotylidea

Amphilinidea
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Diphyllobothriidea
100

Bothriocephalidea
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Fig. 7. A majority rule (50%) consensus tree derived fitBb equal-length (most-parsimonious) trees based
on the analysis of spermatological data. Numbetiseahodes show majority rule values (percentagfesn
Levron et al. 2010).
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MONOGENEA - Diclidophora denticulata
+ / |/
ASPIDOGASTREA - Rugogaster hydrolagi + / /
DIGENEA - Lepidophyllum steensirupi + / /
Gyrocotyle uma GYROCOTYLIDEA + 1 1?2
gy SPatrebothra S’mp’exﬂ SPATHEBOTHRIIDEA -1 1
Didymobothrium rudolphii
fockicofiog Diphyliobothrium stemmacephatum PSEUDOPHYLLIDEA ¢piPHyLLOBOTHRIDEAY - | 1
Haplobothrium globuliforme HAPLOBOTHRIIDEA - 171
10011001100 Balanotaenia bancrofti
Monobothroides chal; fi
onosotaroiaes RAmErSYS 1 CARYOPHYLLIDEA - 113
Breviscolex orientalis
— Caryophyllaeus laticeps o
Echinobothrium chisholmae DIPHYLLIDEA - 1?72
Grillotia erinaceus
. ~ ITRYPANORHYNCHA -1 1
Nybelinia qu landensis
161100/70 q q ” .
Bothriocephalus scorpii PSEUDOPHYLLIDEA (BOTHRIOCEPHALIIDEA") -1 2
21067140 Litobothrium janovyi LITOBOTHRIIDEA /[
T Adelobothrium of aetiobatidis LECANICEPHALIDEA - 1?7 4?
. Rhinebothrium/Rhodobothrium TETRAPHYLLIDEA - 11 4
TR Clistobothrium montaukensis TETRAPHYLLIDEA - 11 4
gl i T Pachybothrium hutsoni TETRAPHYLLIDEA -1 2
nocal suppo -Acanthobothrium TETRAPHYLLIDEA -1 2
MP/BIML 9110087 99/100/100 9
Proteocephalus macrocephaius PROTEQCEPHALIDEA - I? 2
50/98/70 —N\ippotaenia mogurndae NIPPOTAENIIDEA -/ /
Dilepis undula |:| IV 5. 6
CYCLOPHYLLIIDEA =
100110071001 Foortoortoo Hymenolepis diminuta ’
73155149 Mesocestoides sp. Mesocestoididae - II 4
73/85/53 Tetrabothrius sp. D
TeTRABOTHRIDEA - 1T 7
0.1 100/100/100 Tetrabothrius erostris

Fig. 8. Bayesian consensus phylogram based on analysestafpdrtitions, in order to estimate ordinal lexalhtionships
within the Cestoda; complete ssrDNA+complete IsrDNMadal support is indicated for Bl (posterior protitibs), MP
(bootstrap, n = 1000) and ML (bootstrap, n = 10)e branch length scale is number of substitutipes site (from
Waeschenbach 2007Abbreviations: +/-, presence/absence of the mitochondria inntia¢ure spermatozoon; -1V, type of
spermiogenesis; 1-7, type of the mature spermatpZysupposition of the presence of the structushsence of data.

Spermatozoon of cestodes differs substantially fritmase of other parasitic
flatworms, i.e. trematodes (Aspidogastrea and Deggn and monogeneans
(Monopisthocotylea and Polyopisthocotylea), becausacks a mitochondrion. Cestodes
possess glycogen, which serves as a source ofyeraerg thus do not need mitochondria
in their mature spermatozoon (Euzet et al. 198%tidel 1995). Among characters of
potential importance for phylogenetic studies bg|dior example, the presence of apical
electron-dense material in the early stages ofnsipgienesis, ring and semi-ring of cortical
microtubules surrounding the axoneme in the amtg@aot of the spermatozoon, and angle

between the flagella and cytoplasmic extension rtitae 90° (Levron et al. 2010).

-11 -



1.2.3. Bothriocephalidea

Since 1980, spermiogenesis and sperm ultrasteuattireight species currently
placed in the order Bothriocephalidea have beemiead. Studied species belong to the
families Bothriocephalidae, Echinophallidae and a&nophoridae Sgviderski and
Mokhtar—Maamouri 1980; Biianska et al. 2001, 2002, 2010; Levron et al. 2@0B6a,

b; Ba et al. 2007; Sipkova et al. 2010). In allcée® studied the process of spermiogenesis
corresponds to the type | of Ba& and Marchand (1998l the spermatozoon to the type Il
of Levron et al. (2010). This indicates that thebaracters are typical of all species of the
order, but members of some families (Philobythi)dard those parasitic in important
groups (marine teleosts) and different geographegibns were not studied at all or just in
a limited number of taxa.

Electron-dense material in the apical region & #one of differentiation in the
early stages of spermiogenesis was found in foaciep studied (Brianska et al. 2001,
2002; Levron et al. 2005, 2006a; Sipkova et al.020The presence/absence of the
intercentriolar body and its structure are charactsed in phylogenetic analyses of the
Eucestoda (Justine 1998; Levron et al. 2010). lthBacephalidea, it is usually composed
of three electron-dense plates and two electroerulayers (Britanska et al. 2001, 2002;
Levron et al. 2005, 2006a; Sipkova et al. 2010).

The mature spermatozoon of bothriocephalidearmdestcorresponds to the type II
of Levron et al. (2010) and usually contains tw@raames, one crested body, glycogen,
nucleus and the ring of cortical microtubules sunding the axoneme in the anterior part
of the spermatozoon. The presence of the crestdy &ad ring of cortical microtubules
was revealed in seven members of the order Bottplualidea and may be typical for this
cestode group (Brianska et al. 2010; Levron et al. 2010).
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2. OBJECTIVES OF THE STUDY

The objectives of the study were as follows:

1. Based on search of literary data, to summarizeirtf@mation about phylogenetic
importance of spermatological characters in pacaBitatyhelminthes (Neodermata),
Eucestoda and in the Bothriocephalidea in particula

2. Using transmission electron microscopy, to obtagmwvrdata on spermiogenesis and
spermatozoon ultrastructure of two bothriocephaldépewormsSenga sp. from a
freshwater fish in India an@ncodiscus sauridae Yamaguti, 1934rom a marine fish in
New Caledonia.

3. To compare newly obtained spermatological data witise on other species of the

order Bothriocephalidea and to describe charatiesig/pical of these tapeworms.
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3. MATERIALS AND METHODS

3.1. Materials

As model species, two bothriocephalidean tapewormwis the family
Bothriocephalidae were use@ncodiscus sauridae Yamaguti, 1934 is a parasite of a
marine fish that has wide distribution (Tropics tbe Indian and Pacific Ocean),
whereas another model tapeworm, a specieSeaga Dollfus, 1934, most probably
Senga lucknowensis Johri, 1956 (see Kuchta and Scholz 2007), ocaurseshwater

fish and its distribution is probably limited t@fical Asia (Indomalyan region).

3.1.1. Oncodiscus sauridae Yamaguti, 1934

Adults of Oncodiscus sauridae (Bothriocephalidea, Bothriocephalidae) (Figs. 9 A—
D) were collected from the intestine of lizardfiShurida nebulosa (Valenciennes, 1850)
(Aulopiformes, Synodontidae) (Fig. 9 E) off New €addbnia in 2009 (Kuchta et al. 2009)
by Jean-Lou Justine (Muséum National d’HistoireUxelle, Paris, France).

A total of three specimens were collected: ontghem was used for identification,

whereas two remaining specimens were used forteastructural study.

3.1.2. Senga sp.

An unidentified species of the gen&snga Dollfus, 1934 (Bothriocephalidea,
Bothriocephalidae), most likelgenga lucknowensis (see Kuchta and Scholz 2007) (Figs.
10 A-F), was obtained from the intestine of frestewvaig-zag eeMastacembel us armatus
(Lacépede, 1800) (Synbranchiformes, Mastacembgligdg. 10 G) from a fish market in
Aurangabad, Maharashtra, India (in 2008), by MiKufaros (Parasitological Institute,
Slovak Academy of Sciences).

Three specimens were used for transmission electricroscopy study, whereas
others have been used for morphological and madestiidies, including identification.
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Fig. 9 A-D. Oncodiscus sauridae. A. Scanning electron (SEM) photomicrograph of thdescgcourtesy of R. KuchtapB.
Drawing of the scoleffrom Kuchta et al. 2009€. Detail of hooklets of apical disc, SEM photomicragin (courtesy of R.
Kuchta).D. Detail of genital organs eSaurida tumbil; vitelline follicles illustrated only on the lefiide and testes only on
the right side, ventral view. Abbreviations: cgres-sac; ov, ovary; t, testes; us, uterine saeagina; vf, vitelline follicles
(from Kuchta et al. 2009E. Saurida nebulosa (Valenciennes, 1850) (from FishBaseww.fishbase.orp
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Fig. 10 A-F. Senga sp. A. Scolex with hooks, permanent preparation (originBl) SEM photomicrographs of the scolex
(courtesy of R. Kuchta)C. Scolex, permanent preparation (origindD). Detail of the gravid proglottid oSenga sp.,
permanent preparation (original). Abbreviationspearium; b, Mehlis glands; c, cirrus sac; d, usefariginal).E. Gravid
segments (original)F. Mature segment. Abbreviations: cs, cirrus-sac; Mehlis glands; ov, ovary; t, testes; up, uterine
pore; us, uterine sac; vd, viteloduct; vf, vitedlifiollicles (original).G. Mastacembelus armatus (Lacépede, 1800). (from
http://flickriver.com/photos/cyprinoid/2266226979/)
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3.2. Methods — Transmission Electron Microscopy (TEM)
All the samples were processed according to théopob used in the Laboratory of
Electron Microscopy (Institute of Parasitology, BS CR,Ceské Budjovice), which is

briefly described below.

3.2.1. Fixation

Alive worms (twoOncodiscus sauridae specimens and three specimensSaifga
sp.) were rinsed in 0.9% NaCl solution. Mature gralid proglottids were separated and
fixed with cold (4°C) 2.5% glutaraldehyde solution0.1 M cacodylate buffer at pH 7.4
during 10 days. After fixation, the material wasits® the Laboratory of Helminthology
(Institute of Parasitology, BC AS CReské Budjovice). The proglottids were washed
overnight in 0.1 M sodium cacodylate buffer (pH)7ahd postfixed in cold (4°C) 1%
OsQy in the same buffer for 1 h. After fixation with Og@he specimens were dark and

thus became better visible, which made manipulatiitn samples easier.

3.2.2. Dehydration

After fixation, the specimens were dehydrated igraded series of acetone. In
every concentration of acetone (30%, 50%, 70%, 80®®o, 95% and 100%), the
specimens were placed for 15 minutes. Acetone saasligh extraction of the cell

material, especially of the lipids, and it is difgsoluble with all used resins.

3.2.3. Embedding

After dehydration, the material was dried up i®%0acetone. The specimens were
embedded in Epon resin with acetone. Concentratidime resin increased gradually (1 : 2,
1:1and 2:1). In every concentration of Eposimeand acetone, the specimens were
placed for 1 hour. Afterwards, the specimens wefteih pure resin without air to the next
day. Then the polymerized samples were embeddenbid with Epon resin.

A total of 15 and 12 blocks of mature proglottiofs Oncodiscus sauridae and

Senga sp., respectively, were obtained and preparettdnsmission electron microscopy.
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3.2.4. Semithin and ultrathin sections

First, semithin sections (about 400 nm in thicls)esere cut on Leica Ultracut
UCT ultramicrotome with glass knife. Subsequenglmithin sections (Figs. 11, 12) were
coloured with toluidine blue and observed underligtg microscope.

: ;”,f & B ﬂi%

Fig. 11. Detail of a semithin section of the gravid protjtbof
Senga sp. a) tegument, b) testes, ¢) vitelline follidlesginal).

a) tegument, b) testes, c) vitelline follicles,edjgs, €) canal with
the mature spermatozoa (original).

Thereatfter, ultrathin sections (60-90 nm in thids)ewere cut from each sample on
Leica Ultracut UCT ultramicrotome with diamond laniénd placed on copper grids. This
procedure was done by a technician Petra kbasafrom the Laboratory of Electron

Microscopy.
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3.2.5. Contrasting

Ultrathin sections were contrasted with uranyl ateetind lead citrate according to
Reynolds (1963). Uranyl acetate reacts particulatith nucleic acids and proteins. Lead
citrate increases contrast of membranes, proteudeic acids and glycogen.

Ultrathin sections were contrasted in darknesepBof uranyl acetate were applied
onto parafilm in an ethanol atmosphere. Grids sghtions were placed on the drops for
30 minutes. Then they were washed in 30% ethartbaed-up on the filter paper. Drops
of lead citrate were applied onto parafilm in amegphere with reduced percentage of
CQ.. Grids with ultrathin sections were placed in tlieps for 20 minutes. Afterwards the

grids were washed in distilled,8 and dried.

3.2.6. Observation and software

Sections with testes and mature spermatozoa weamieed using a JEOL 1010
transmission electron microscope (Fig. 13) operaed0 kV. About 10 sessions of
observations ofenga sp. and 8 sessions @ncodiscus sauridae were carried out using
transmission electron microscope

Pictures showing the process of spermiogenesisp@mns were taken by the CCD
camera. Subsequently, they were processed with utemgoftwares Adobe Photoshop and

Adobe lllustrator.

o -

Fig. 13. Transmission electron microscope JEOL
1010.
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4. RESULTS (Manuscript in press inParasitology Research)

Results of MSc thesis are presented in form ofusarpt that has been accepted
for publication in international scientific journahd it is now in press (published on-line).

A brief summary of this article is provided below.

Title of the article: Spermatological characters of bothriocephalidé@estoda) inferred
from an ultrastructural study ddncodiscus sauridae andSenga sp.

Autors: Lenka Sipkova, Céline Levron, Mikulas Oros, Jean-lustine

Journal: Parasitology Research

Submitted: 13 October 2010

Accepted: 2 December 2010

Online first: 22 December 2010

Spermiogenesis and spermatozoon ultrastructu@neddiscus sauridae andSenga sp.
from the order Bothriocephalidea have been studisthg transmission electron
microscopy. These tapeworms of dissimilar morphplagre found in different hosts and
habitats. InO. sauridae from the marine lizardfisiaurida nebulosa (Valenciennes, 1850)
andSenga sp. from the freshwater eBlastacembelus armatus (Lacépéde, 1800), the same
ultrastructure characters have been found. Spesnaxjs corresponds to the type | in both
species and spermatozoon to the type Il. The mehate been presented in the article
(below), which is to be published Rarasitology Research within next few months.
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Abstract Spermiogenesis and ultrastructure of the sperma-
tozoon of two bothriocephalidean cestodes, Oncodiscus
sauridae from the lizardfish Sawrida nebulosa Valenci-
ennes, 1850 and Senga sp. from the eel Mastacembelus
armatus (Lacepede, 1800), have been studied using
transmission electron microscopy. Spermiogenesis included
the formation of a zone of differentiation, where two
centrioles assoclated with the striated rootlets occur. An
intercentriolar body composed of one thick central electron-
dense plate and two thinner plates on each side appears
between two centrioles. Two flagella of unequal length
grow and undergo a vertical rotation and proximodistal
fusion with the median cytoplasmic process. Subsequently,
the nucleus penetrates into the median cytoplasmic exten-
sion. The electron-dense material in the early stages of
spermiogenesis is characteristic for the apical region of the
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differentiation zone. This electron-dense material is typical for
basal tapeworms, ec.g., Bothriocephalidea, Caryophyllidea,
Diphyllobothriidea, and Spathebothriidea. The mature sper-
matozoon of O. sauridae and Senga sp. is filiform and
possesses two axonemes of the 9+%17 trepaxonematan
pattern, a nucleus, cortical microtubules, and electron-dense
granules. The anterior part of the gamete contains a single
electron-dense crested body. The most interesting character
found is the presence of a ring of cortical microtubules
encircling the axoneme in the anterior part of the spermato-
zoon. This feature has been detected only for species of the
order Bothriocephalidea and may represent a synapomorphy
of these tapeworms. A classical pattern for spermatological
characters (spermiogenesis of type | with dense material in
early stages and sperm of type I with a characteristic ring of
cortical microtubules in the anterior part) in Bothriocepha-
lidea is discussed.

Introduction

Spermatological characters are important elements for
studying the phylogenetic relationships within Platyhel-
minthes (Euzet et al. 1981, Hoberg et al. 1997, 2001;
Justine 1991, 1995, 1998, 2001, 2003; Levron et al. 2010).
Tapeworms (Cestoda) have been the subject of numerous
studies, with more than 100 species investigated. Recently,
Levron et al. (2010) mapped the main gaps in the current
knowledge of spermatological characters among the orders
of the Eucestoda, i.e., the major, more evolved branch of
tapeworms.

Until recently, families Bothriocephalidae and Diphyllo-
bothriidae composed a part of the order Pseudophyllidea
(Bray et al. 1994), but it was suppressed on the basis of
molecular and morphological studies and two separate

@ Springer
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orders, Bothriocephalidea and Diphyllobothriidea, were
proposed (Kuchta et al. 2008).

The order Bothriocephalidea includes mainly intestine
parasites of teleost fish (Kuchta et al. 2008) and is
composed by four families. To date, spermiogenesis and
sperm ultrastructure of seven species belonging to three
families, have been examined, namely, Bothriocephalus
clavibothrium (Swiderski and Mokhtar-Maamouri 1980),
Bothriocephalus claviceps (Ba et al. 2007), Bothriocephalus
scorpii (Levron et al. 2006a) (Bothriocephalidae), Para-
bothriocephalus gracilis (Sipkova et al. 2010), Paraechino-

phallus japonicus (Levron et al. 2006b) (Echinophallidae),
Eubothrium crassum (Bruhanska et al. 2001, 2002), and
Triaenophorus nodulosus (Levron et al. 2005) (Triaenophor-
idae). In all taxa studied. the spermiogenesis corresponds to
the type 1 of Ba and Marchand (1995) and the spermatozoon
to the type II of Levron et al. (2010).

The present contribution aimed to study the spermio-
genesis and sperm ultrastructure of two bothriocephalidean
tapeworms, namely Oncodiscus sauridae and Senga sp.
(Bothriocephalidae), using transmission electron microsco-
py. Newly obtained spermatological data are compared with

Fig. 1 Spermiogenesis of Oncodiscus sauridae. a Longitudinal
section of the spermatids showing the zone of differentiation, nucleus,
and mitochondria. Bar 2 um. b Longitudinal section of the zone of
differentiation with centrioles, intercentriolar body, striated rootlets,
electron-dense material, and two flagella. Bar 1 pm. ¢ Electron-dense
material visible in the first stages of spermiogenesis. Bar 300 nm.
d Intercentriolar body. Bar 500 nm. ¢ Longitudinal section showing
the rotation of the flagella and the elongation of the median
cytoplasmic extension. Bar | pm. f Fusion of two flagella with the

@ Springer

median cytoplasmic extension, longitudinal section. Bar 600 nm. g
Cross-section of free flagella and median cytoplasmic extension. Bar
200 nm. h Cross-sections of the young spermatozoon with two
axonemes, nucleus with not-well condensed chromatin, and two rows
of cortical microtubules. Bar 600 nm. 4 axoneme, AM arched
membranes, C centriole, DM electron-dense material, F flagellum,
1B intercentriolar body, M mitochondria, MCE median eytoplasmic
extension, N nucleus, SR striated rootlets, ZID zone of differentiation
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those on other bothriocephalideans. Based on previously
published data and new observations, a general pattern for
spermiogenesis and sperm ultrastructure of bothriocephali-
dean tapeworms 1s described.

Materials and methods

Adults of O. sauridae Yamaguti, 1934 (Bothriocephalidea,
Bothriocephalidae) were collected from the intestine of
clouded lizardfish Saurida nebulosa Valenciennes, 1850
(Aulopiformes, Synodontidae) off New Caledonia (Kuchta
et al. 2009) by one of the authors (J.-L. I.). Tapeworms
of the genus Senga Dollfus, 1934 (Bothriocephalidea,
Bothriocephalidae). which could not be identified to the
species level due to doubtful taxonomic status of Senga
spp. (R. Kuchta, personal communication), were obtained
from the intestine of zig-zag eel Muastacembelus armatus
(Lacepede, 1800) (Synbranchiformes, Mastacembelidae) in
Maharashtra State, India (2008), by another author (M. O.).
Living worms were rinsed in (0.9% NaCl solution, mature
and gravid proglottids were separated and fixed with 2.5%
glutaraldehyde n 0.1 M cacodylate buffer at pH 7.4 durning
10 days. Then, they were washed overnight in 0.1 M
sodium cacodylate buffer (pH 7.4), postfixed in cold (4°C)
1% Os0y in the same buffer for 1 h, dehydrated in graded
series of acetone and embedded in Epon resin. Ultrathin

sections (60-90 nm in thickness) were cut on a Leica
Ultracut UCT ultramicrotome, placed on copper grids, and
stained with uranyl acetate and lead citrate according to
Reynolds (1963). The sections were examined in a JEOL
1010 transmission electron microscope operated at 80 kV.

Results
Spermiogenesis

Spermiogenesis of O. sauridae and Senga sp. starts in the
testes where spermatids are grouped in rosettes. Each
spermatid contains a nucleus and mitochondria (Fig. la).
At the beginning, the zone of differentiation is formed at
the periphery of the spermatid (Fig. la). The differentiation
zone includes two centrioles associated with the intercen-
triolar body and the striated rootlets of cone-shaped
structure (Figs. 1b-d, 2a, and 3a). The intercentriolar body
consists of one thick central electron-dense plate and two
thinner plates on each side (Figs. 1d, 2a, and 3a). The thick
electron-dense plate is separated from the thinner ones by
two electron-lucent layers (Figs. 1d. 2a, and 3a). Electron-
dense material appears in the apical part of the zone of
differentiation in the first stages of spermiogenesis
(Figs. 1b, ¢, 2a, and 3a, b). Centrioles give rise to free
flagella. Initially, both centrioles are oriented in the same

Fig. 2 Spermiogenesis of Senga sp. a Longitudinal section of the
differentiation zone showing centrioles, intercentriolar body, flagella,
and electron-dense material in the apical region of the median
cytoplasmic extension. Bar 600 nm. b Longitudinal section pointing
to the rotation of the flagella and the formation of the median
cytoplasmic extension. Bar 1 pm. ¢ Longitudinal section showing the
fusion of two flagella with the median cytoplasmic extension. Bar

I pm. d Cross-section of the flagella parallel to the median
cytoplasmic extension. Bar 200 nm. e Cross-section of the early
spermatozoon with two axonemes and nucleus. Bar 500 nm. A
axoneme, AM arched membranes, C centriole, DM electron-dense
material, F flagellum, /B intercentriolar body, MCE median cytoplas-
mic extension, N nucleus, SR striated rootlets
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plane (Figs. 2a and 3b). Afterwards, the median cytoplas-
mic extension is formed in the posterior part of the
differentiation zone and becomes longer (Figs. le. 2b,
and 3c¢). The zone of differentiation is bounded by arching
membranes in the anterior extremity (Figs. le. f, 2b, ¢,
and 3b-e). Then, the flagella of different length undertake a
rotation of 90°, and subsequently, they fuse with the median
cytoplasmic extension in the proximodistal direction
(Figs. le—g, 2b—d, and 3c—e). The nucleus penetrates into
the median cytoplasmic extension (Figs. 1h, 2e, and 3d, ¢).
Finally, the region of the arching membranes strangulates,
and the sperm is detached from the residual cytoplasm
(Figs. 1h, 2e, and 3e). At the end of spermiogenesis, the
median part of the young spermatozoon contains two
axonemes, two fields of cortical microtubules opposite
cach other, and a nucleus (Figs. 1h, 2e, and 3e¢).

Spermatozoon

Mature spermatozoa from the seminal vesicle of mature
proglottids in Q. sauridae and Senga sp. were investigated.
They contain two axonemes. crested body, nucleus, cortical

Fig. 3 a—e Schematic illustra-
tion of the main stages of sper-
miogenesis of Oncodiscus
sauridae and Senga sp. AM 5
arched membranes, C centriole,

CM cortical microtubules, DM | I |
electron-dense material, -
F flagellum, /B intercentriolar B
body, MCE median cytoplasmic @
extension, N nucleus, SR striated

rootlets

LI‘JHHN""

microtubules, and are divided into five characteristic
regions from the anterior to posterior extremities. Except
for the region V. the organization of spermatozoon of (.
sauridae and Senga sp. 1s almost similar.

Region 1 (Figs. 4a, b, 5a, b, and 6l) constitutes the
anterior extremity of the spermatozoon. The anterior tip of
the spermatozoon is characterized by the presence of the
centriole, accompanied by a single electron-dense crested
body and few cortical microtubules (Figs. 4a and 5a). The
helicoidal, 150 nm thick crested body corresponds to a
lateral electron-dense projection of the spermatozoon. The
centriole gives rise to an axoneme of the 9+%1" trepax-
onematan pattern. At the posterior extremity. the crested
body disappears and about 30 cortical microtubules form a
ring encircling the axoneme (Figs. 4b and 5b). The cortical
microtubules are characterized by a thick membrane and an
clectron-lucent center. At this stage, the diameter of the
spermatozoon is about 270 nm.

Region II (Figs. 4c—¢, Sc—e, and 611) is distinguished by
the presence of two axonemes and cortical microtubules.
The ring of cortical microtubules disappears, and the
second centriole is present forming the second axoneme

F1
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@ Springer

v F2 m

-24 -



Parasitol Res

in the anterior part of this region (Figs. 4c¢ and 5c¢). The two
axonemes are situated very close to each other with only
one or two cortical microtubules between them. The longest
diameter of the cell is about 400 nm (Figs. 4d and 5d).
Cortical microtubules are different from those in the first
region because they are thin-walled and their center is
clectron-lucent. The attachment zones, remains of the
fusion of the flagella with the eytoplasimic extension during

Fig. 4 Mature spermatozoon of
Oncodiscus sauridae. All cross-
sections. a Anterior part of
region I showing the crested
body and the centriole. Bar
300 nm. b Region I with ring of
cortical microtubules. Bar

200 nm. ¢ Region II with the
axoneme and cortical microtu-
bules. Bar 200 nm. d Region IT
showing two axonemes with
attachment zones separated by
few cortical microtubules. Bar
200 nm. e Region II containing
two axonemes and two lateral
rows of cortical microtubules.
Bar 300 nm. f Region IIT with
the appearance of the nucleus
and two axonemes. Bar 300 nm.
g Region IV with the nucleus,
axoneme, and cortical microtu-
bules. Bar 300 nm. h Region V
without cortical microtubules.
Bar 200 nm. i Posterior part of
region V with the nucleus and
axonemal doublets and singlets.
Bar 100 nm. 4 axoneme, 47
attachment zone, C centriole,
CB crested body, CM cortical
microtubules, N nucleus

spermiogenesis, are present (Figs. 4d and 5d). The diameter
of the spermatozoon increases toward the middle part of the
gamete to reach about 700 nm. The number of cortical
microtubules increases between axonemes to form two
opposite fields, each composed of four to seven cortical
microtubules (Figs. 4e and 5e).

Region HI (Figs. 4f. 5f and 6111) is characterized by the
presence of two axonemes, cortical microtubules. nucleus,
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and electron-dense granules. The nucleus is electron-dense
with fibrillar patches of chromatin. The diameter of the
nucleus increases progressively. Each field of cortical micro-
tubules consists of five to eight units. The diameter of the
spermatozoon is 800 nm in this region (Figs. 4 and 5f). At
the posterior part of the region I11, one of the two axonemes
is disorganized and disappears.

Region IV (Figs. 4g. h. 5g. h, and 6IV) contains one
axoneme, nucleus, electron-dense granules, and cortical
microtubules. The diameter of the nucleus is the largest in
this region and decreases in the direction of the posterior

Fig. 5 Mature spermatozoon of
Senga sp. All cross-sections. a
Region [ with the crested body,
centriole and cortical
microtubules. Bar 200 nm. b
Ring of cortical mierotubules in
region I. Bar 100 nm. ¢ Anterior
extremity of region IT showing
the appearance of the second
axoneme and disorganization of
the ring of cortical microtubules.
Bar 100 nm. d Region II with
two axonemes close to each
other, attachment zones, and
cortical microtubules. Bar

200 nm. e Distal part of

region II. Bar 200 nm. f R
egion IIT with two axonemes
and nucleus. Bar 500 nm. g
Region IV with one axoneme,
cortical microtubules, and in-
creasing nucleus. Bar 300 nm.
h Anterior part of region V
showing nucleus and axoneme.
Bar 300 nm. i Region V with
disintegrating doublets of
axoneme. Bar 100 nm.

A axoneme, 4Z attachment zone,
C centriole, CB crested body,
CM cortical microtubules,

N nucleus

@ Springer

part of the spermatozoon. Two fields of cortical micro-
tubules are still present and disappear at the posterior part
of region IV (Figs. 4g and 5g). The diameter of the
spermatozoon is approximately 600-700 nm.

Region V (Figs. 41, 5i, and 6V) corresponds to the
posterior extremity of the spermatozoon. The axoneme
becomes disorganized, the central core disappears, and the
doublets lose their arms (Figs. 41 and 5i). The ultrastructure
of the spermatozoon of O. sauridae and Senga sp. is
different in the terminal part of this region: in Q. sauridae,
the nucleus and axonemal doublets and singlets are present
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(Fig. 4i), whereas in Senga sp.. only few singlets and
doublets of axoneme are found (Fig. 51). The diameter of
this part i both species is about 200 nm.

Discussion
Spermiogenesis

Spermiogenesis of the type 1 (Bd and Marchand 1995) is
typical for Q. sauridae and Senga sp., and it is characterized
by flagellar rotation and proximodistal fusion of two flagella.
This type of spermiogenesis has been found also in other
tapeworms of the orders Bothriocephalidea, Diphyllobothrii-
dea, Spathebothriidea, “Tetraphyllidea”™—Onchobothriidae,
Trypanorhyncha, and Proteocephalidea (Justine 1998; Lev-
ron et al. 2010), and it is regarded as the most primitive of
existing types of spermiogenesis (Bd and Marchand 1995).

In O. sauridae and Senga sp., the intercentriolar body is
composed of three electron-dense plates and two electron-
lucent layers. The same character is present also in other
bothriocephalideans (Table 1), namely B. scorpii (Levron et
al. 2006a) (Bothriocephalidae), £. crassum (Brunanskda et
al. 2001) (Triaenophoridae), P gracilis (Sipkova et al.
2010) (Echinophallidae), T nodulosus (Levron et al. 2005)
(Triaenophoridae), but also Cvathocephalus truncatus of
the order Spathebothriidea (Brunanska et al. 2006). The
intercentriolar body is a character used in phylogenetic
analyses of Eucestoda (Justine 1998; Levron et al. 2010).
Reduction of the layers of the intercentriolar body is
observed in the “higher”, ie.. evolutionary more evolved
cestodes (Justine 2001). In the Diphyllobothriidea, the
intercentriolar body consists of five electron-dense plates
and four electron-lucent layers (Levron et al. 2006¢, 2009),
which suggests a position of this group among eucestodes
more basal than the Bothriocephalidea.

Electron-dense material appears in the first stages of
spermiogenesis in the apical region of the differentiation
zone of both taxa studied, 1.e., O. squridae and Senga sp.
This character was also reported in all studied members of
the order Bothriocephalidea, except B. clavibothrium and in
the tapeworms of orders Diphyllobothriidea, Caryophyllidea,
and Spathebothriidea (Swiderski and Mokhtar-Maamouri
1980; Brunanska et al. 2001, 2002, 2006; Levron et al.
2005, 2006a, ¢, 2009; Brunanska and Poddubnaya 2006;
Gamil 2008; Miquel et al. 2008; gipk()vé et al. 2010).

Spermatozoon

Presently. seven basic types of spermatozoa are distin-
guished in the Eucestoda (Levron et al. 2010). The first and
second types are typified by the possession of two
axonemes, whereas the others contain only one axoneme.

The mature spermatozoon of the type 11 of O. sauridae and
Senga sp. is characterized by the presence of two axonemes
of the 9+%1" trepaxonematan pattern (Ehlers 1984). Two
axonemes occur in Bothriocephalidea, Diphyllobothriidea,
Spathebothriidea, Haplobothriidea, Trypanorhyncha, Tetra-
phyllidea (Onchobothriidae), Proteocephalidea, and Diphyl-

I —

Senga sp.

) ogo
—J | —e

Fig. 6 1-V Schematic illustration of the mature spermatozoon of
Oncodiscus sauridae and Senga sp. A axoneme, CB crested body,
CM cortical microtubules, G glycogen, N nucleus, PM plasma
membrane

Oncodiscus sauridae
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lidea (Levron et al. 2010). This feature seems to be
plesiomorphic for the Eucestoda (Justine 1998) in compar-
ison with the presence of one axoneme in secondary more
evolved cestodes, for example in the order Cyclophyllidea
(Justine 1998; Levron et al. 2010). It is also plesiomorphic
for the Neodermata (Justine 1995).

The crested body appears in the anterior extremity of the
spermatozoon of Q. sauridae and Senga sp. A crested body
was reported in all species of the order Bothriocephalidea,
except B. clavibothrium (Swiderski and Mokhtar-Maamouri
1980). It occurs in almost all Eucestoda, with the exception
of the orders Caryophyllidea, Spathebothriidea, Haplobo-
thriidea, and Trypanorhyncha (MacKinnon and Burt 1985;
Swiderski and Mackiewicz 2002; Brunanskd et al. 2000;
Miquel and Swiderski 2006: Miquel et al. 2007; Gamil
2008; Brunanska 2009). In Diphyllobothriidea, the crested
body is present only in Duthiersia fimbriata (Justine 1986).
This feature may be a structure of phylogenetic importance
(Justine 1998; Levron et al. 2010) because its absence is
typical for presumably most basal Eucestoda (MacKinnon
and Burt 1985; Swiderski and Mackiewicz 2002; Brunanska
et al. 2006; Miquel and Swiderski 2006; Miquel et al. 2007,
2008; Gamil 2008; Brunanska 2009).

One of the most important characters observed in O.
sauridae and Senga sp. is the presence of a ring of cortical
microtubules surrounding the axoneme in the anterior part
of the spermatozoon. This character was described in all
studied species of the order Bothriocephalidea (Swiderski
and Mokhtar-Maamouri 1980; Brunanska et al. 2002;
Levron et al. 2005, 2006a, b; Sipkova et al. 2010). Unlike

other bothriocephalideans, a partial ring of cortical micro-
tubules is present in B. claviceps (Ba et al. 2007). A
complete ring of electron-dense tubular structures has
been reported for all other species of the order Bothrio-
cephalidea and may represent an autapomorphy of this
cestode group. A semi-ring of cortical microtubules in the
forepart of the spermatozoon was found in species of the
orders Spathebothriidea, Trypanorhyncha, Tetraphyllidea,
Proteocephalidea, and Mesocestoididae (Levron et al.
2010).

The posterior part of the spermatozoon differs in O.
sauridae from and Senga sp. In O. sauridae, this region
contains the nucleus and axonemal doublets and singlets
(“decomposed” axoneme), but in Senga sp., only few
singlets and doublets of axoneme are present. The terminal
part of the spermatozoon of species of the order Bothrio-
cephalidea and Diphyllobothriidea exhibits some variation
in the number of axonemes and nucleus. In B. claviboth-
rium (Swiderski and Mokhtar-Maamouri 1980), E. crassum
(Brunanska et al. 2002), 7 nodulosus (Levron et al. 2005)
from the order Bothriocephalidea, and Ligula intestinalis
(Diphyllobothriidea; Levron et al. 2009), only one axo-
neme occurs in the end region of the spermatozoon. In B.
scorpii (Bothriocephalidea; Levron et al. 2006a) and
Diphvilobothrium latum (Diphyllobothriidea; Levron et
al. 2006¢), the nucleus is present. In the bothriocephali-
deans Paraechinophallus japonicus (Levron et al. 2006b)
and P. gracilis (Sipkova et al. 2010), the posterior
spermatozoon extremity contains the nucleus and cortical
microtubules.

Table 1 Data on the ultrastructure of the spermiogenesis and spermatozoon of the order Bothriocephalidea

Species Spermiogenesis Spermatozoon References

Type IB DM Type Nax CB R PSE
Bothriocephalidea
Bothriocephalidae
Bothriocephalus clavibothrium 1 + - I 2 - + Ax Swiderski and Mokhtar-Maamouri (1980)
Bothriocephalus claviceps I 2 | Partial Ax Ba et al. (2007)
Bothriocephalus scorpii I 2 + 1T 2 1 + N Levron et al. (2006a)
Oncodiscus sauridae I 2 + I 2 1 + N+CM  Present study
Senga sp. I 2 + I 2 | + CM Present study
Echinophallidae
Paraechinophallus japonicus 1T 2 1 + N+CM  Levron et al. (2006b)
Parabothriocephalus gracilis I 2 + I 2 1 + N+CM gikaVfl et al. (2010)
Triaenophoridae
Eubothrium crassum I 2 + I 2 | + Ax Brufianska et al. (2001, 2002)
Triaenophorus nodulosus I 2 + I 2 1 + Ax Levron et al. (2005)

Ax axoneme, CB crested body, CM cortical microtubules, DM electron-dense material, /B intercentriolar body (number of electron-lucent layers),
N nucleus, Nax number of axonemes in the mature spermatozoon, PSE posterior extremity, R ring of cortical microtubules, +/— presence/absence
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Conclusions

Spermiogenesis and spermatozoon ultrastructure of O.
sauridae and Senga sp. include typical characters of the
order Bothriocephalidea (see Table 1) and distinguish them
from other orders. Until now, nine species of the order
Bothriocephalidea belonging to three different families
have been examined for spermiogenesis and ultrastructure
of the spermatozoon. Since similar features have been
observed almost consistently, it is possible to draw a
general pattern for spermatological characters in the
Bothriocephalidea as follow: spermiogenesis of the type 1
with dense material in the apical region of the differenti-
ation zone in carly stages and sperm of the type II with a
characteristic ring of cortical microtubules in the anterior
part. However; no data are available for members of one
family (Phylobythiidae), parasite of deep-sea teleosts.
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5. DISCUSSION

Spermiogenesis

Spermiogenesis of the two bothriocephalideansiestiyu®ncodiscus sauridae and
Senga sp., follows the type | of B4 and Marchand (199%)is characterized by the
presence of two flagella, flagellar rotation ando¥amodistal fusion. This type of
spermiogenesis has been found also in other tapesvof the orders Bothriocephalidea,
Diphyllobothriidea (Table 1), Spathebothriidea, tiahyllidea” — Onchobothriidae,
Trypanorhyncha, Proteocephalidea, Amphilinidea aagrocotylidea (Justine 1998;
Levron et al. 2010). Spermiogenesis of the typg ¢ansidered to be the most primitive
(plesiomorphic) of four existing types of spermingsis (B4 and Marchand 1999he
second type of spermiogenesis is distinguishedhleyformation of one flagellum and
abortion of the second one, a flagellar rotatiod proximodistal fusion of the flagellum. It
occurs in the “Tetraphyllidea” — Phyllobothriid&@aryophyllidea and Tetrabothriidea. The
third type appears in some species of Cyclophwlide e. the most evolved group of
tapeworms, and it is distinguished by the presefgeoximodistal fusion of one flagellum
and absence of flagellar rotation. The spermiogsnefthe type IV without flagellar
rotation and proximodistal fusion is characterisbc most of the members of the order
Cyclophyllidea (Justine 1998).

The intercentriolar body i®. sauridae and Senga sp. consists of three electron-
dense plates and two electron-lucent layers. Thasacter is present also in other members
of the Bothriocephalidea (Table Bothriocephalus scorpii (Bothriocephalidae; Levron et
al. 2006a), Eubothrium crassum (Triaenophoridae; Bianska et al. 2001),
Parabothriocephalus gracilis (Echinophallidae; Sipkova et al. 2010), afriiaenophorus
nodulosus (Triaenophoridae; Levron et al. 2005). It has alsmen observed in the
spathebothriidearCyathocephalus truncatus and the caryophyllideamenyonia virilis
(Brunanska et al. 2006; Miquel et al. 2008). The presarcabsence of an intercentriolar
body is used as a character of phylogenetic impoetan phylogenetic studies (Justine
1998; Levron et al. 2010). Reduction of the layefsthe intercentriolar body or its
complete disappearance has been observed in thleettyj i.e. evolutionary more evolved
cestodes, because this body is absent in Tetraidethiand Cyclophyllidea (Justine 2001,
Levron et al. 2010). IDiphyllobothrium latum, studied by Bonsdorff and Telkka (1965)
and Levron et al. (2006c¢), ahdégula intestinalis, observed by Levron et al. (2009), both of
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the order Diphyllobothriidea, the intercentriolaody is composed of five electron-dense
plates and four electron-lucent layers, which sstgg@ more basal position of these
tapeworms compared to that of the order Bothrioabgéa. Actually, molecular data
support this assumption (Brabec et al. 2006; Wamdudch et al. 2007).

In O. sauridae andSenga sp., an electron-dense material appears in thediages
of spermiogenesis in the apical region of the défiiation zone. This material was
observed for the first time iBubothrium crassum (Triaenophoridae) by Biianska et al.
(2001) and then has been reported for all studiechbers of the order Bothriocephalidea,
except forBothriocephalus clavibothrium (see Table ). However, the latter species should
be re-investigated to confirm this exception. Aactlon-dense material is also present in
D. latum andL. intestinalis of the order Diphyllobothriidea and in tapewornfigh@ orders
Caryophyllidea and Spathebothriidea (Bonsdorff ahelkka 1965; Swiderski and
Mokhtar—Maamouri 1980; Biianska et al. 2001, 2002, 2006; Levron et al. 2@0B6a,
b, ¢, 2009; Britanska and Poddubnaya 2006; Gamil 2008; Miquel.e0fl8; Sipkova et
al. 2010). The presence of electron-dense matbeaal been recently considered as a
character of potential phylogenetic interest (Levet al. 2010). However, its suitability
for the assessment of relationships of cestode®oisyet clear and more comparative
studies are required.
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Spermatozoon

Recently, Levron et al. (2010) distinguished selvasic types of spermatozoa (Fig.
6) in the Eucestoda. They are divided on the kdise number of axonemes (one or two),
the parallel/spiraled pattern of cortical microtldsuand the nucleus, the absence/presence
of a crested body, periaxonemal sheath and inwpagmic walls. The first and second
types are characterized by the possession of twoeswes, whereas the others contain
only one axoneme.

In O. sauridae and Senga sp., the mature spermatozoon corresponds to feelty
and contains two axonemes of the 9 + “1” trepaxatam pattern (Ehlers 1984). Two
axonemes are also observed in other species ofriBogphalidea, Diphyllobothriidea,
Spathebothriidea, Haplobothriidea, Trypanorhynchatraphyllidea (Onchobothriidae),
Proteocephalidea and Diphyllidea (Bamska et al. 2010; Levron et al. 2010). This featur
seems to be a plesiomorphic condition for the Bodas(Justine 1998), because only one
axoneme is present in more evolved cestodes, fampbe in the orders Cyclophyllidea
and Tetrabothriidea (Justine 1998; Levron et al.0}0The presence of only one axoneme
in these cestodes is probably a result of seconaamhyction, because two axonemes are
present in more basal Neodermata (Justine 1995).

The crested bodies of the spermatozoo@.afauridae and Senga sp. characterize
the anterior extremity of the spermatozoon. Thaudee has been reported for all species of
the order Bothriocephalidea (Table I), except Borclavibothrium, the spermatozoon of
which should be reinvestigate@widerski and Mokhtar—-Maamouri 1980). The crested
body is present in almost all Eucestoda, with tkeeption of the orders Caryophyllidea,
Spathebothriidea, Haplobothriidea and Trypanorhgn¢MacKinnon and Burt 1985;
Swiderski and Mackiewicz 2002; Biianska et al. 2006, 2010; Miquel aSwiderski
2006; Miquel et al. 2007; Gamil 2008; Bianska 2009). The presence or absence of
crested bodies in species of Diphyllobothriideatid unclear, because a crested body was
not observed irDiphyllobothrium latum, Ligula intestinalis and Schistocephalus solidus
(Levron et al. 2006b, 2009, unpublished data).dmti@ast, Justine (1986) reported a unique
crested body in the anterior part of the spermatozon Duthiersia fimbriata
(Scyphocephalidae), a parasite of monitors (Vae)idThis character is considered to be
a structure of phylogenetic importance (Justine819%vron et al. 2010), because its
absence is typical for presumably most basal EadastThe presence of crested bodies is

considered as a synapomorphic character for agbdhe Eucestoda (Bothriocephalidea,
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Diphyllidea, Tetraphyllidea (Onchobothriidae andyRibothriidae), Lecanicephalidea,
Proteocephalidea, Tetrabothriidea, Mesocestoidaia@ Cyclophyllidea) (Justine 2001;
Levron et al. 2010). Usually, a single crested body reported. However, in
hymenolepidids (Cyclophyllidea), as many as 12teredodies have been observed (Ba
and Marchand 1992), which may indicate a trenchofdasing numbers of crested bodies
during evolution of most evolved groups, i.e. merslw# Cyclophyllidea.

One of the most interesting features observedheénspermatozoon @. sauridae
andSenga sp. is the presence of a ring of cortical micratab surrounding the axoneme in
the anterior part. This character has been foundallinstudied species of the order
Bothriocephalidea (Table 1), exceBothriocephalus claviceps, in which a partial ring of
cortical microtubules was observegivderski and Mokhtar—Maamouri 1980). A ring of
tubular structures may occasionally encircle twiyfiormed axonemes, as observed in the
spermatozoa oEubothrium rugosum (Bothriocephalidea — Biianska et al. 2010). This
new character has been observed for the first itintliee Eucestoda and it was not found in
other bothriocephalideans.

In most Diphyllobothriidea, a ring of cortical matubules is absent. The exception
is D. fimbriata from reptiles, which possesses a partial ring atical microtubules. A
complete ring of electron-dense tubular structueesircling one axoneme has been
reported for all other species of the order Bottemhalidea and may represent an
autapomorphy of this cestode group (Bonsdorff aalkka 1965; Justine 1986; Levron et
al. 2006¢c, 2009). A semi-ring of cortical microtldsl in the anterior part of the
spermatozoon was found in species of the ordergh8pathriidea, Trypanorhyncha,
Tetraphyllidea, Proteocephalidea and Mesocestadidavron et al. 2010).

The posterior part of the spermatozoo®osauridae differs from that ofSenga sp.

In O. sauridae, this region contains the nucleus and axonemabldts and singlets
(‘decomposed’ axoneme), whereas only a few singheid doublets of axonemes are
present inSenga sp. The terminal part of the spermatozoon of g§seaf the orders
Bothriocephalidea and Diphyllobothriidea exhibigsnarkable diversity in the number of
axonemes and nucleus (Table I). In bothriocephatidE. crassum andE. rugosum, only
singlets of the axoneme appear in the posteriomstezoon extremity (Brianska et al.
2002, 2010). IrB. clavibothrium, B. claviceps, T. nodulosus (all Bothriocephalidea) and
intestinalis (Diphyllobothriidea), only one axoneme is presanthe end region of the
spermatozoonSviderski and Mokhtar—-Maamouri 1980; Levron et @03, 2009; Ba et
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al. 2007). InB. scorpii (Bothriocephalidea) an®. latum (Diphyllobothriidea), only the

nucleus characterizes this part (Levron et al. 20Q606c), but in the bothriocephalideans
Paraechinophallus japonicus and Parabothriocephalus gracilis, studied by Levron et al.

(2006b) and Sipkovéa et al. (2010), the posteri@rmsptozoon extremity contains the
nucleus and cortical microtubules. Thus the pasterxtremity of spermatozoon does not
appear to be suitable character for the differéntiaof the orders Bothriocephalidea and
Diphyllobothriidea, because its ultrastructure igriable in both orders and between

families and genera of the same order (see Table )
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6. CONCLUSIONS AND PERSPECTIVES

In Oncodiscus sauridae and Senga sp. from the order Bothriocephalidea,
spermiogenesis follows the same pattern as in otbethriocephalideans. The
spermatozoon of these two cestodes also exhibitastiuctural characters typical of
members of this cestode order. Until now, ten gseaf the order Bothriocephalidea,
belonging to three families (Bothriocephalidae, iBophallidae, Triaenophoridae), have
been examined for the spermiogenesis and/or spexowi ultrastructure. These
tapeworms are dissimilar in their morphology, esgbcshape of the scolex (see Kuchta
et al. 2008) and were found in unrelated telecst from markedly different habitats
(brackish, freshwater and marine environmentsallithese species, similar features have
been observed, which made it possible to descrilgereral pattern characteristic for
tapeworms of the order Bothriocephalidea, infeffrech ultrastructural characters. These
characters are spermiogenesis of the type | witkelactron-dense material in the apical
region of the differentiation zone in early stagasd spermatozoon of the type Il with a
ring of cortical microtubules surrounding one axoedn the anterior part of the sperm.

Considering the fact that all studied species rigelo three families of the order
Bothriocephalidea and all exhibited almost identicdtrastructural features, it is
guestionable to study using TEM other represerdatof these families. In contrast, no
data are available for the members of the familjfoBithiidae, which argparasites of
deep-sea teleosts. It would thus be interestingxmmine some species of this group of
tapeworms that adapted to life in extreme condgtiohdeep-seas.

Ultrastructural information on spermiogenesis aspermatozoa morphology
appeared to be valuable for differentiation of lkeigtaxonomic groups (orders), but it does
not seem to provide too many suitable characters Idwer-level systematics and
comparative studies. Nevertheless, there still emmamerous gaps in our knowledge
before more generalizations are taken and sevpegiaus groups of tapeworms, which

have been poorly studied, should be examined ifutioee.
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