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Abstract—JusTINE J. -L. 1991. Cladistic study in the Monogenea (Platyhelminthes), based upon a parsimony
analysis of spermiogenetic and spermatozoal ultrastructural characters. International Journal for
Parasirology 21: 821-838. Characters concerning spermiogenesis and spermatozoon ultrastructure in the
Monogenea were analysed with the program PAUP. A synapomorphy for the entire Monogenea
(Polyopisthocotylea + Monopisthocotylea) could not be defined on the basis of a spermatozoal character.
In the polyopisthocotylean Monogenea, spermatozoon ultrastructure is relatively homogeneous and a
parsimony analysis was not attempted. In the monopisthocotylean Monogenea, 18 unordered characters (17
binary, one multistate) were used. A parsimony analysis was done for 23 taxa (21 monopisthocotylean taxa,
the Polyopisthocotylea were considered as one taxon, and the Digenea was used as the outgroup); among the
Monopisthocotylea, nine taxa were redundant, generally because of incomplete data. A semi-strict
consensus tree was obtained (consistency index 0.645). Monophyly was established on the basis of
spermatozoal and spermiogenetic ultrastructural characters in the following groups: the Polyopisthocotylea
(one synapomorphy), the Monopisthocotylea (three synapomorphies), the Capsalidag/Dionchidae (two
synapomorphies), the Loimoidae/Monocotylidae (one synapomorphy), and a group (two synapomorphies)
which contains all Monogenea with uniflagellate spermatozoa grouped in a polychotomy (Ancyroce-
phalidae, Calceostomatidae, Pseudodactylogyridae, Diplectanidae, Tetraonchidae and Amphibdellatidae).
Autapomorphies were recognized for the Amphibdellatidae and the Calceostomatidae. Not only
spermatozoal ultrastructure, but also ultrastructure of spermiogenesis, should be used for defining
synapomorphies. The tree herein obtained was compared with the most recent classifications of the
Monogenea, based on morphology (Lebedev, 1988, Angewandte Parasitologie 29: 149-167; Malmberg,
1990, Systematic Parasitology 17: 1-65); important similarities with Lebedev’s classification were observed.
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phylogeny; cladistics; systematics; classification; parsimony analysis; ultrastructure; spermatozoon; sper-

miogenesis.

INTRODUCTION

PrYLOGENY and classification of the Platyhelminthes
were recently reviewed using cladistic methods
(Ehlers, 1984, 1985a, b, 1986, 1988; Ax, 1987; Brooks,
1982, 1989a, b, c; Brooks, O’Grady & Glen, 1985;
Rohde, 1990; Rohde, K. 1990. Abstract in Bulletin de
la Société Frangaise de Parasitologie 8, Suppl. 1: 278).
In these works, much emphasis was placed on ulira-
structural characters. Among these, spermatozoal and
spermiogenetic characters were recently analysed and
criticized (Justine, J. -L. 1990. Abstract in Bulletin de la
Société Frangaise de Parasitologie 8, Suppl. 1: 193;
Justine, in press a, b).

In the Monogenea, spermatozoal ultrastructure was
used by several authors for analysing phylogenetic
relationships (Justine, Lambert & Mattei, 1985;
Timofeeva, T. A., unpublished, First International
Symposium on Monogenea, Ceské Budejovice, 1988,
Lebedev, 1988; Malmberg, G. 1990. Abstract in
Bulletin de la Société Frangaise de Parasitologie 8,
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Suppl. 1: 274; Malmberg, 1990; Malmberg & Afzelius,
1990; Tappenden & Kearn, 1990) but, until now, not
with cladistic methods.

Two synapomorphies for the Monogenea were
accepted in all three recent systems for the Platy-
helminthes (Ehlers, 1985a; Brooks, 1989a; Rohde,
1990): the presence of three rows of epidermal ciliary
bands in the oncomiracidium, and two pairs of
rhabdomeric eyespots. Brooks (1989a) added two
morphological synapomorphies, one was a homoplasy
with the Trematoda, and Rohde (1990) added one
synapomorphy based on the monogenetic life-cycle.
Since there is general agreement on the monophyly
of the Monogenea, it is possible to study phylo-
genetic relationships within this taxon. Within the
Cercomeridea, which display a rather homogeneous
spermatozoal structure (Justine, in press a, b), the
Monogenea are outstanding because of the great
diversity of their sperm structure, which allows re-
cognition of numerous synapomorphies and allows a
parsimony analysis. However, no synapomorphy for
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TaBLE 1—LIST OF THE 56 MONOGENEAN TAXA IN WHICH SPERMATOZOON ULTRASTRUCTURE IS KNOWN, AND ORIGIN OF THE DATA

Taxon Origin of data Taxon Origin of data
Polyopisthocotylea Monopisthocotylea
Atriaster sargui Justine || * T Acanthocotyle lobianchi Malmberg & Afzelius, 1990; Tappenden & Kearn, 1990*
Axine sp. Justine & Mattei, 1985b * + Amphibdella paronaperugiae Justine & Mattei, 1988 *
Cemocotyle sp. Justine & Mattei, 1985¢ * Amphibdelloides vallei Justine & Mattei, 1983c*
Choricotyle pagelli Ktari };Tuzet & Ktari, 1971b Amphibdelloides sp. 1 Justine & Mattei, 1983c*
Diclidophora merlangi MacDonald & Caley, 1975; Halton & Amphibdelloides sp. 2 Justine & Mattei, 1983c*
Hardcastle, 1976, 1977 Caballerocotyla sp. Justine ||;Justine & Mattei, 1987*
Diclidophora sp. Ktari §; Tuzet & Ktari, 1971b Calceostoma herculanea Justine & Mattei, 1986b*
Diplozoon gracile Justine, Le Brun & Mattei, 1985a,b Cichlidogyrus halli El-Naggar, Khidr & Kearn, 1990

Erpocotyle catenulata
Gotocotyla secunda
Gotocotyla acanthura
Heteraxine cf. mexicana
Heteraxinoides sp.
Hexostoma sp.

Kuhnia sp.

Microcotyle erythrini
Microcotyle mormyri
Microcotyle sp.
Microcotyle chrysophrii
Plectanocotyle gurnardi
Polystoma integerrimum
Polystomoides malayi
Polystomoides asiaticus
Polystomoides bourgati

Pseudomazocraes cf. monsivaisae

Prerinotrema sp.
Pyragraphorus pyragraphorus
Sphyranura sp.

Ktari §; Tuzet & Ktari, 1971b
Rohde, 1980

Justine & Mattei, 1985a *

Justine & Mattei, 1985¢ *

Justine & Mattei, 1985¢ * +

Justine & Mattei, 1984a

Justine & Mattei, 1985b

Ktari {;Tuzet & Ktari, 1971b

Ktari I;Tuzet & Ktari, 1971a*,b
Justine & Mattei, 1985b; Justine || *
Justine & Mattei, 1985b; Justine || *
Ktarif; Tuzet & Ktari, 1971b
Bekkouche, Fournier & Peyriére §
Rohde, 1971, 1975

Rohde, 1971, 1975

Justine ||

Justine & Mattei, 1985b

Justine ||*t

Justine & Mattei, 1985b *

Oliver & Euzet, personal communication*

Cleitharticus beninensis
Cleitharticus sp.
Dionchus remorae
Diplectanum sp.
Diplectanum banyulensis
Diplectanum aequans
Encotyllabe sp.
Euzetrema knoeppfleri
Furnestinia echeneis
Gyrodactylus eucaliae
Heterocotyle sp.
Lamellodiscus ignoratus
Lamellodiscus elegans
Lamellodiscus ergensi
Loimosina wilsoni
Megalocotyle grandiloba
Megalocotyle hexacantha
Myxinidocotyle californica
Pseudodactylogyrus anguillae
Tetraonchus monenteron
Trochopus pini

Justine & Mattei, 1982b*}

Justine & Mattei, 1982b;*t

Justine, Lambert & Mattei, 1985; Justine & Mattei, 1986a, 1987*
Justine & Mattei, 1984b*;Justine & Mattei, 1982b
Justine ||*}

Oliver, personal communication*

Present study*

Fournier §*

Justine, Lambert & Mattei, 1985; Justine |[*}
Kritsky, 1976*

Justine & Mattei, 1983b

Justine, Lambert & Mattei, 1985; Justine ||*t

Justine, Lambert & Mattei, 1985; Justine ||*t

Justine, Lambert & Maittei, 1985; Justine ||*+

Justine & Mattei, 1985d*

Justine & Mattei, 1983a*; Justine, 1983*
Justine,Lambert & Mattei, 1985; Justine & Mattei, 1987*}
Malmberg & Afzelius, 1990

Le Brun, Lambert & Justine, 1986*t;Mehlhorn, 1988
Justine |}*f

Ktarif;Tuzet & Ktari, 1971b

aNiLsaf I- 1

* Data on spermiogenesis; T unpublished observations added to published data; § unpublished thesis, University of Montpellier, France, 1971; § unpublished thesis, University of
Perpignan, France, 1980; || unpublished thesis, University of Montpellier, France, 1985; 9 III International Congress of Parasitology, Munich, 1974.
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the entire taxon Monogenea could be defined on
spermatozoal characters (Justine, in press a, b). Also,
Baverstock, Fielke, Johnson, Bray & Beveridge (1991)
in a study of partial sequencing of 18S ribosomal RNA
of parasitic Platyhelminthes could not define a basis
for the monophyly of the Monogenea.

A parsimony analysis based on a limited number of
monogenean taxa and sperm ultrastructural char-
acters was previously published (Justine, in press b);
the availability of new data (Malmberg & Afzelius,
1990; Tappenden & Kearn, 1990) led the author to
perform a new parsimony analysis on a larger set of
characters and taxa, which is presented herein.

MATERIALS AND METHODS

Material. Data origin is shown in Table 1. Most data were
taken from the literature, but some supplementary un-
published observations were also used. Unpublished
observations concerning Encotyllabe sp., a gill parasite of
Plectorhynchus mediterraneus, caught near Dakar, Senegal,
were also used.

Character polarity and outgroup. Character polarity was
determined according to outgroup criterion (Watrous &
Wheeler, 1981; Wiley, 1981; Ax, 1987). In some cases (such as
character 18) ontogenetic criteria were also used. The
outgroup used for the monogenean study was a digenean,
Haematoloechus sp. This is one of the most commonly
studied digeneans (Shapiro, Hershenov & Tulloch, 1961;
Burton, 1972; Justine & Mattei, 1982a); it shows a sper-
matazoal morphology which may be considered ‘general’ for
the Digenea. A Gyrocotylidea or an Amphilinidea could also
have been chosen, since sperm structure in the Cercomeridea
(Digenea, Gyrocotylidea, Amphilinidea), although derived
as compared to other Platyhelminthes, may be considered
plesiomorphic compared to the Monogenea (Rohde &
Watson, 1986; Xylander, W.. E. R., unpublished thesis,
University of Gottingen, Germany, 1986; Xylander, 1989;
Justine, in press a, b). Spermatozoal structure in the
Eucestoda has autapomorphies and thus is less convenient
for comparisons (Euzet, Swiderski & Mokhtar-Maamouri,
1981; Justine, in press a, b).

Parsimony analysis programs. The programs MAC-
CLADE 2.1 (Maddison & Maddison, 1987), FACTOR,
MIX, PENNY and CONSENSE from the PHYLIP 3.1
package (Felsenstein, 1988), and PAUP 3.0k (Swofford,
1990) were used for this analysis on Apple Macintosh
Computers (either Plus or SE). After comparative tests,
PAUP was preferred to the other programs, and results
published herein were those obtained with PAUP; for a
comparison of parsimony programs, see Fink (1986) and
Platnick (1987, 1989).

Simplification of matrix by removal of redundant taxa. An
attempt at parsimony analysis by a branch-and-bound
method of the matrix used herein (23 taxa, 18 characters) was
revealed to be impossible on an Apple Macintosh with 1
Megabyte RAM; the number of trees to be kept in the
memory was too high, probably because of the presence of
redundant taxa and unknown character states in the matrix,
which led to numerous polychotomies. For this reason, the
matrices were first simplified by removal of redundant taxa, a
parsimony analysis was performed with PAUP, and then
redundant taxa were added to the tree obtained.

PAUP assumptions and options. The reproducibility’ of
parsimony analysis is possible only if PAUP’s options are

known. Options for branch-and-bound parsimony analysis
were default options, i.e. initial upper bound:compute via
stepwise, keep: minimal trees only, collapse zero-length
branches: on, addition sequence: furthest. For analysis of the
data matrix given in Table 4, the following options were used.
Comments are given between square brackets.

BEGIN ASSUMPTIONS;

OPTIONS DEFTYPE = unord PolyTcount=MINSTEPS;
TYPESET * CURRENT = unord: 1-18;

WTSET * CURRENT = 1: 1-18;

END;

BEGIN PAUP;

OUTGROUP Digenea;

DELETE

Gyrodactylus Myxinidocotyle Trochopus [redundant to
Euzetrema)

Caballerocotyla Encotyllabe
Megalocotyle]

Furnestinia [redundant to Diplectanum]
Amphibdelloides [redundant to Amphibdella]
Cichlidogyrus [redundant to Tetraonchus];

SET MAXTREES = 1600;

set torder = right; {shows trees as ladders]
chartype unord: 1-18; [all characters unordered]
END;

Dionchus [redundant to

RESULTS

The first part is a summary of our current know-
ledge about ultrastructure of spermiogenesis and
spermatozoa in the outgroup, the Digenea, in order
to allow recognition of synapomorphies in the
Monogenea. Then, the phylogenetic analysis of the
Monogenea has two parts: the first is research of
ultrastructural autapomorphies for each of the two
taxa traditionally recognized in the Monogenea,
namely the Polyopisthocotylea and the Monopis-
thocotylea; the second is a parsimony analysis of the
Monopisthocotylea.

A summary of current knowledge about ultrastructure
of spermiogenesis and spermatozoa in the outgroup, the
Digenea

A detailed bibliography and description may be
found in Justine (in press a). In the Cercomeridea, the
32 (or 64, according to the group) spermatids are fused
to form a common cytoplasmic mass, and spermio-
genesis takes place at the periphery of this mass, in 32
(64) bulging and elongating structures called the zones
of differentiation. Each zone of differentiation is a
cone-shaped structure with cortical longitudinal mi-
crotubules, and has three lengthening elements at its
distal extremity: one middle cytoplasmic process
containing cortical microtubules and two free flagella
(Fig. 1). Later in spermiogenesis, these three elements
fuse; the characteristic of the Cercomeridea (Justine in
press a, b) is that this fusion progresses from the
proximal extremity to the distal extremity (“proximo-
distal fusion’). The consequence of the proximo-distal
fusion is that two regions may be recognized in the
mature spermatozoon: the spermatozoon’s anterior
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Fic. 1. Zone of differentiation and mature spermatozoon in the outgroup, the Digenea. The zone of differentiation

produces the spermatozoon’s anterior region; the middle cytoplasmic process and the two free flagella fuse (‘proximo-distal

fusion’) to produce the spermatozoon’s principal region, which contains the nucleus. Diagrams with length and width not to
the same scale.

region is generally very short, originates from the
spermatid’s zone of differentiation, and has a contin-
uous row of peripheral longitudinal microtubules
often associated with external ornamentation on the
cell membrane; the spermatozoon’s principal region is
generally very long and originates from the fusion of
the median cytoplasmic process and the two free
flagella. The principal region has peripheral longi-
tudinal microtubules on the ventral and dorsal faces,
originating from the median cytoplasmic process, but
has no microtubules on the lateral faces, where the
axonemes are located. Justine (in press a, b) con-

sidered this characteristic a synapomorphy for the
Cercomeridea, and a consequence of the proximod-
istal fusion. The orientation of the Digenea sperma-
tozoon (and that of other Cercomeridea) differs from
that known in most (but not all) phyla, where the
spermatozoon nucleus is anterior. During sper-
miogenesis in the Cercomeridea, the nucleus and
mitochondrion become slender and migrate into the
zone of differentiation. The nucleus then migrates to
the distal extremity of the lengthening spermatid.
Since the centrioles are located in the proximal
extremity, this proximal extremity should be
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Fic. 2. Transverse sections of the spermatozoon’s principal region in some Monogenea and in the outgroup, the Digenea. The
Digenea have the symplesiomorphic structure found in the Cercomeridea; microtubules are present only on the dorsal and
ventral faces of the spermatozoon. The Polyopisthocotylea have supplementary microtubules, located on the lateral faces,
along the axonemes; this is interpreted here as a synapomorphy for the group. The polyopisthocotylean common structure is
shown here in Microcotyle. Other structures are autapomorphic. In Pseudomazocraes, one of the two axonemes is shorter than
the other, and thus a part of the sperm body length shows only one axoneme. In Axine, lateral microtubules are absent: this is
interpreted here as a reversal of the synapomorphy for the Polyopisthocotylea. In Gotocotyla, a motile undulating membrane,
containing numerous cortical microtubules, is attached to the right side of the spermatozoon. Diplozoon is the single case of
aflagellate spermatozoon in the Neodermata; the sperm body contains numerous cortical and cytoplasmic microtubules. The
Monopisthocotylea have no dorsal and ventral microtubules; this is interpreted here as a synapomorphy for the group. Some
taxa of the Monopisthocotylea secondarily lose one of their axonemes. Orientation of spermatozoa follows the convention of
Sato, Oh & Sakoda (1967): nucleus dorsal, mitochondrion ventral.
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considered anterior; moreover, observations of the
fertilization process confirm this orientation (Justine
& Mattei, 1984c). Therefore, the nucleus, located in
the distal extremity (the principal region) of the
spermatozoon, is posterior; the spermatozoon is con-
sidered ‘inverted’.

Synapomorphies for the Monopisthocotylea and the
Polyopisthocotylea

Two characters were recognized (Fig. 2)

Synapomorphy for the Polyopisthocotylea. Presence
of lateral microtubules (along the axonemes) in the
spermatozoon’s principal region. This characteristic
exists in no other Cercomeridea, except some Euces-
toda where it probably arose by convergence. In the
Polyopisthocotylea, this character was found in all
species studied (more than 20) except Axine and
Prerinotrema. This character is interpreted as a syna-
pomorphy for the Polyopisthocotylea, with reversals
in Axine and Pterinotrema. In Diplozoon the sperm-
atozoon ultrastructure is so highly modified
(aflagellate with numerous microtubules) that this
character cannot be recognized.

Synapomorphy for the Monopisthocotylea. Absence
of dorsal and ventral microtubules in the sperm-
atozoon’s principal region. This character is found in
all taxa. Microtubules in the spermatozoon’s principal
region are completely lacking, since the lateral micro-
tubules (characteristic of the Polyopisthocotylea) are
also absent. This character (absence of dorso-ventral
microtubules in the spermatozoon’s principal region)
is considered a synapomorphy for the Monopis-
thocotylea, whereas the presence of these microtubules
is considered a synapomorphy for a higher ranking
group, the Cercomeridea. Since the Monogenea are
considered a monophyletic group within the Cer-
comeridea, this character state is interpreted as a
reversal in the monopisthocotylean Monogenea. Also,
since this character concerns the mature sperma-
tozoon and not spermiogenesis, it is easy to observe.
Some remarks: (a) In Loimosina and Heterocotyle,
some peripheral microtubules are present. These
microtubules are visible during spermiogenesis in the
proximal region of the spermatid, or zone of dif-
ferentiation. (b) In the Capsalidae and Dionchidae,
microtubules are present in the zone of differentiation
at the beginning of spermiogenesis, but later disap-
pear. In these first two cases, the microtubules are
homologous to the zone of differentiation’s micro-
tubules found in the Cercomeridea and not to the
peripheral microtubules found in the spermatozoon’s
principal region. (¢) In Diplectanum (Diplectanidae)
Justine & Mattei (1982b) erroneously reported the
presence of peripheral microtubules, which in fact are
singlet microtubules originating from the distal ex-
tremity at eight out of nine axonemal doublets (Justine
& Mattei, 1984b). These microtubules are also not
homologous to the peripheral microtubules found in
the spermatozoon’s principal region.

The Polyopisthocotylea and the Monopisthocoty-
lea thus may each be defined on the basis of one

synapomorphy and may be considered monophyletic,
allowing a parsimony analysis to be performed within
each of these two groups.

Spermiogenesis and spermatozoa in the Polyopistho-
cotylea

In the Polyopisthocotylea, spermatozoa and sper-
miogenesis are very homogeneous, and show the
symplesiomorphic characters of the Cercomeridea. It
is therefore difficult to perform a phylogenetic analysis
from these structures. However, some autapomor-
phies may be cited; these could be useful for future
phylogenetic analysis if the same character states are
found in other taxa. The autapomorphies are (Fig. 2):
(a) the undulating membrane of Gotocotyla; (b) the
absence of lateral peripheral microtubules in Axine
and Pterinotrema (reversal of the synapomorphy for
the Polyopisthocotylea); (c) the presence of a single
axoneme along part of the sperm body’s length (this
was described in Pseudomazocraes; the same structure
exists in Plectanocotyle, where Tuzet & Ktari (1971b)
interpreted it, probably erroneously, as the co-exis-
tence of two types of spermatozoa, uniflagellate and
biflagellate); and (d) the aberrant case of Diplozoon.
In this animal, the zone of differentiation, middle
cytoplasmic process and flagella are absent during
spermiogenesis. The spermatozoon is aflagellate and
contains small mitochondria, endoplasmic reticulum,
and hundreds of both peripheral and internal longi-
tudinal microtubules. These peculiarities prohibit the
use of this sperm structure for phylogenetic analysis.
The aberrant pattern of the spermatozoon of Diplo-
zoon may be correlated with an aberrant reproductive
biology: the two hermaphroditic members of a pair are
permanently fused together and the sexual ducts are
anastomosed.

Spermiogenesis and spermatozoa in the Monopistho-
cotylea, and a parsimony analysis

This taxon shows a wide variety and a high degree of
evolution compared to the symplesiomorphic cerco-
meridean sperm pattern. The characters used in this
analysis are described in Table 2 and diagrammed in
Figs. 3-5.

A parsimony analysis was made from the data
matrix shown in Table 3(23 taxa, 18 characters). This
matrix contains nine redundant taxa (taxa are con-
sidered ‘redundant’ when their matrix line is similar;
this does not mean that it is the same taxon, since
characters used here deal only with spermiogenesis).
The matrix also contains seven taxa in which sperm-
iogenesis is incompletely known; these are the taxa
with *?” in the matrix, except for character 18 for which
“” means uncodable.

Because of the limits imposed by the hardware (see
the Materials and Methods), the parsimony analysis
was performed on the 14 non-redundant taxa; this
simplified matrix is given in Table 4. A branch-and-
bound parsimony analysis (see PAUP options in the
Materials and Methods) of this simplified matrix
produced 400 trees each 25 steps long. A strict
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consensus tree (length 32 steps, consistency index
0.625) and a semi-strict consensus tree (length 31 steps,
consistency index 0.645) were computed from these
400 trees (Fig. 6). The two consensus trees differed only
in the isolation of a group containing Diplectanum +
Lamellodiscus in the semi-strict consensus tree, which
was present in 90% of the trees; this difference is
probably due to the presence of several ‘7 in the
Lamellodiscus data matrix line.

A cladogram was constructed from the semi-strict

consensus after addition of the redundant taxa (Fig. 7).

Some characters were considered ‘uninformative’
by PAUP. These were the autapomorphies for a single
taxon. Characters 13 and 14, which are autapo-
morphies of Calceostoma, were however conserved
here because they could have an important com-
parative role when other data become available.
Character 1 was considered ‘uninformative’ by PAUP,
but it was only because the Polyopisthocotylea were
considered together as a single taxon.
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TABLE 2—LIST OF CHARACTERS ANALYSED (SEE FI1Gs. 3-5)
No. Character Character states
1 Lateral microtubules in the spermatozoon’s principal region 0: absent; 1: present
2 Dorsoventral microtubules in the spermatozoon’s principal region ~ 0: present 1: absent
3 Intercentriolar body 0: present; 1: absent
4 Striated roots 0: present; 1: absent
5 Number of axonemes during spermiogenesis 0: 2 axonemes;
1: 1 axoneme + 1 altered axoneme
2: 1 axoneme + 1 disappearing axoneme
3: 1 axoneme from beginning
6 Distal region containing only the nucleus in mature spermatozoon 0: absent; 1: present
7 Cytoplasmic middle process and flagella 0: separate, then fused
1: fused from the start
8 External ornamentation of the cell membrane 0: present; 1: absent
9 Number of centrioles in the spermatozoon 0: 2 centrioles; 1: 1 centriole
10 Centriole adjunct 0: absent; 1: present
11 Axoneme structure in mature spermatozoon 0: circular; 1: non-circular
12 Axonemal b microtubules during spermiogenesis 0: complete; 1: incomplete
13 Lateral crest on mature spermatozoon 0: absent; 1: present
14 External microtubules associated with the spermatid 0: absent; 1: present
15 Anterior region of the nucleus 0: not coiled; 1: coiled
16 A bead-like giant mitochondrion 0: absent; 1: present
17 Microtubules in the spermatid’s zone of differentiation 0: present; 1: absent
18 Ontogeny of microtubules in the zone of differentiation 0: persisting; 1: disappearing

All characters are binary unordered characters, except character 5, a multistate unordered character. Characters 3, 4, 5, 7,
12, 14, 16, 17, 18 concern spermiogenesis; the others concern the mature spermatozoon.

DISCUSSION

In the tree presented in Fig. 7, the position of some
taxa comes from the lack of data concerning sper-
miogenesis. For example, Trochopus is clearly a

Capsalidae, but however is not included in the Capsa-
lidae/Dionchidae group because the synapomorphies
of spermiogenesis for this taxon have not been
described. Also, the positions of Myxinidocotyle (not

Fics. 3-5. Characters used in this paper for a parsimony analysis of the Monogenea. Characters are not placed into numerical
order due to spacing.

FiG. 3. Characters 1, 2, 3,4, 6, 7 and 9 (characters 3, 4 and 7 are shown on the same diagram). Character 1, lateral microtubules

in the spermatozoon’s principal region: 1,0: absent; 1,1: present. Character 2, dorsoventral microtubules in the

spermatozoon’s principal region: 2,0: present; 2,1: absent. Character 3, intercentriolar body: 3,0: present; 3,1: absent.

Character 4, striated roots: 4,0: present; 4,1: absent. Character 6, distal region only with the nucleus in mature spermatozoon:

6,0: absent (various morphologies are shown); 6,1: present. Character 7, cytoplasmic middle process and free flagella: 7,0:

separate, thus fused; 7,1: fused from the start of spermiogenesis. Character 9, number of centrioles (c) in the spermatozoon: 9,0:
two centrioles; 9,1: one centriole.

FiG. 4. Characters 5, 8, 10, 11, 12, 13, 14, 15 and 16. Character 5, number of axonemes during spermiogenesis (multi-
state unordered character): 5,0: two axonemes; 5,1: one axoneme and one altered axoneme; 5,2: one axoneme and one
disappearing axoneme; 5,3: only one axoneme from the start of spermiogenesis; arrows indicate a change during ontogeny
(spermiogenesis). Character 8, external ornamentation on cell membrane: 8,0: present; 8,1: absent. Character 10, centriole
adjunct: 10,0: absent; 10,1: present. Character 11, axoneme structure in the mature spermatozoon: 11,0: circular; 11,1:
non-circular. Character 12, axonemal b microtubules during spermiogenesis: 12,0: complete b microtubules; 12,1: incomplete
b microtubules. Character 13, lateral crest on the mature spermatozoon: 13,0: absent; 13,1: present. Character 14,
external microtubules associated with the spermatid: 14,0: absent; 14,1: present. Character 15, Nucleus in its anterior part:
15,0: not coiled; 15,1: coiled. Character 16, one bead-like giant mitochondrion with the nucleus going through it: 16,0: absent;
16,1: present.

FiG. 5. Characters 17 and 18. Character 17, microtubules in the spermatid’s zone of differentiation: 17,0: present; 17,1: absent.
Character 18, ontogeny of microtubules in the zone of differentiation: 18,0: microtubules persist; 18,1: microtubules disappear;
18,%: uncodable state if state 17,1 is present; arrows indicate a change during ontogeny (spermiogenesis).
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TaBLE 3—IDATA MATRIX OF THE 23 TAXA STUDIED

Remarks
Taxon Character states (redundant taxa)
111111111

1 23 45678 9012345%6 738
Acanthocotyle 601 1100T1T1O0O0O0O0O0O0O0TO0T1?
Amphibdella 01113011111 00O0T1O0T1?
Amphibdelloides 0111301111t 100O0T1Q0OT1? = Amphibdella
Caballerocotyla o111 0011000O0O0O0O0OT1O071 = Megalocotyle
Calceostoma 01113111 1ro0o1111001°2?7?
Cichlidogyrus o1r??2 3?29?2977 °?202?00°?2°?2°?2272 spe?, = Tetraonchus
Cleitharthicus 611 1301010010000°1?
Digenea 000O0OO0OOOOOOCOOOOOOO0OO OUTGROUP
Dionchus 011 100T1T1O0O0OO0O0OO0O0O0TIO0OT1 = Megalocotyle
Diplectanum 011 131111100O0O0O0OO0OT1?
Encotyllabe 01110011 00UO0UO0O0CO0TO0TI1TU0]71 = Megalocotyle
Euzetrema o1??200??20?20°?000°?7?2? spe?
Furnestinia 6011131111100 O0OO0O0OO01? = Diplectanum
Gyrodactylus or??200°??0°?07?00°0%°?72? spe?, = Euzetrema
Heterocotyle 011121000O0O0O0O0O0CO0O0O0O0
Lamellodiscus o1r??231?2?2°?72107?00077?727? spe?
Loimosina 0111110000O0O0O0O0OO0TO0O0O0
Megalocotyle 611 1001100O0O0O0OO0OO0OTTUOT71
Myxinidocotyle o1r??200??20?0200O0°7?7?? spe?, = Euzetrema
Polyopisthocotylea 1 0000O0OO0OO0OOCOOCOCOOOO0OO0O0
Pseudodactylogyrus o1113011110100U0O0T1?7?
Tetraonchus o1??23?272°?2?2°?20°?002°?7?7:27? spe?
Trochopus 61?2??200?2?7?20?0°?000"?7?27? spe?, = Euzetrema

Taxa are in alphabetical order. Reference taxa for redundant taxa were chosen arbitrarily. ‘spe?” indicates taxa in which

spermiogenesis is unknown.

placed close to Acanthocotyle, which belongs to the
same family Acanthocotylidae), Euzetrema and
Gyrodactylus do not indicate their real phylogenetic
position because of a-lack of data on their spermio-
genesis. Hence, with this analysis, these four taxa can
only be placed within the Monopisthocotylea, but not
placed within a subgroup of the Monopisthocotylea.

The following monophyletic taxa may be defined on
the basis of spermatozoal and spermiogenetic syn-
apomorphies:

a. Polyopisthocotylea (synapomorphy: 1).

b. Monopisthocotylea (synapomorphies: 2, 3, 4).

c. Loimoidae/Monocotylidae (synapomorphy: 3,
state 1).

d. Capsalidae/Dionchidae (synapomorphies: 16, 18).
These synapomorphies concern spermiogenesis; Tro-
chopus, which is also a Capsalidae, is not included here
because of the lack of data on its spermiogenesis. It is
remarkable that Dionchus (family Dionchidae) cannot
be distinguished from the three other genera (Megalo-
cotyle, Caballerocotyla, Encotyllabe), which belong in
the family Capsalidae. The close phylogenetic rela-
tionships of the Capsalidae and Dionchidae were also
proposed in the classifications of Llewellyn (1970),
Beverley-Burton (1984) and Bychowsky (1957), but
not in that of Sproston (1946) and Baer & Euzet (1961).

€. Monogenea with uniflagellate spermatozoa
(synapomorphies: 5 state 3, 9). This group is poly-
chotomous because various apomorphic characters

(centriole adjunct, incomplete b tubules) conflict with
each other. Within this group, the Amphibdellatidae
(Amphibdella and Amphibdelloides) may be defined on
the basis of synapomorphy 15. Calceostoma (Calceo-
stomatidae) possesses two autapomorphies (13, 14).

The separation of the Monopisthocotylea from the
Polyopisthocotylea is one of the most striking results
of this analysis. Thus, spermatological data confirm
this ‘dichotomy, based primarily on morphological
and anatomical data: the structure of the attachment
organ, the haptor, and the genito-intestinal canal. In
contrast, protonephridia ultrastructure, which has a
high phylogenetic value for larger taxa (Rohde, 1990),
does not allow the Monopisthocotylea and the Poly-
opisthocotylea to be distinguished (Rohde, Justine &
Watson, 1989). i

As a general rule, it is not recommended to define the
phylogeny of a group only on the basis of the characters
from a single organ or a single structure, such as the
spermatozoon ultrastructure herein. The phylogenetic
conclusions expressed here should be tested against
data coming from the analysis of other characters. The
best would be to utilize a cladistic analysis of the
morphological characters (haptor, oncomiracidium) of
the Monogenea, and then add this matrix to the matrix
herein from ultrastructural data. However, as far as
known, such an analysis does not exist, although some
attempts have been made on some families or smaller
taxa (Klassen & Beverley-Burton, 1987, 1988; Kritsky
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TABLE 4—IDATA MATRIX AFTER REMOVAL OF REDUNDANT TAXA
Taxon Character states Remarks
1 1111111
1 23 456 78901 2345¢%6 78
Acanthocotyle 0111001 100O0O0O0O0O0O0OTI?
Amphibdella o10r1713o611111%060601012?
Megalocotyle 0111001 10000O0O0CO0O0CT! O0O1
Calceostoma 011131111011 11606¢01272
Tetraonchus o1 °?2?23?2?2727°722?20?2001?7°?7?27 spe?
Cleitharthicus 0111301010071 O0O0O0O0T1?
Digenea 0 00O0O0OO0OO0OOO0OOOODODOOOTO OO OUTGROUP
Diplectanum 01113111111 o000O0O0OO0OT1?
Euzetrema o1r?2?200???20?0?°?000°7?°1?27? spe?
Heterocotyle 01112100O0O0O0O0O0UO0O0O0O0O0
Lamellodiscus o1r??231?2°???210?20007?7?27? spe?
Loimosina o11111000O0O0CO0CO0O0O0OO0OO0CO0
Polyopisthocotylea 1 0 000O0OOOOOCOCOOOOO0OO0
Pseudodactylogyrus o1 11301111496 100©00O01?7?
‘spe?’ indicates taxa in which spermiogenesis is unknown.
Digenea
Polyopisthocotylea
A h vie
Euzetrema
Megalocotyle
I:——Heterocoryle
Loimosina
Amphibdella
Calceostoma
Cleitharthicus
Diplectanum
Lamellodiscus
. Pseudodactylogyrus
Strict Consensus Tree Tetraonchus
Digenea
Polyopisthocotylea
Acanthocotyle
M
—___[:Heterocoryle
Loimosina
Amphil
Ca
Cleitharthicus
Pseudodactylogyrus
T
Diplectanum

—

Semistrict Consensus Tree

Lamellodiscus

FiG. 6. Consensus trees obtained after a branch-and-bound parsimony analysis of the data matrix shown in Table 4. These
trees do not include redundant taxa. They were computed from 400 trees of 25 step lengths. Strict consensus tree: with a length
of 32 steps; consistency index: 0.625. Semi-strict consensus tree: with a length of 31 steps; consistency index 0.645.
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Digenea (OUTGROUP)
o Polyopisthocotylea
1 =" Acanthocotyle N
17
Euzetrema N\
Group of taxa
Gyrodactylus
v ety with incomplete data
Myxinidocotyle on spermiogenesis
Trochopus /
Heterocotyle N Loimoidae /
5(2) Monocotylidae
5(1) 6 7 8 Loimosina / group
Megalocotyle N
Caballerocotyla Capsalidae /
- Dionchidae g
6 18 Encotylltabe group g
Dionchus / %
. "\ F
) A cleitharthicus N\ 2
- Apomorphic state of a 8 10 e}
character with a consistency Calceostoma <
index of 1.00 3
6 10 11 13 14 'Y
Pseudodactylogyrus
b/ Apomorphicstate of a
character with a consistency Tetraonchus
index less than 1.00,
having homoplasies ichli
Cichlidogyrus Group with
@ Apomorphic state of a Amphibdelia SNl:erm pattern 4ﬁdea‘
character with a consistency . 5 (Monoaxonema /
index less than 1.00, 1 12 18 Amphibdelloides
having reversals
Diplectanum
Reversals
LE] J -%—1 [— Lamellodiscus
6 12 Furnestinia
/ /

Fic. 7. Cladogram for the Monogenea, based on the semi-strict consensus tree computed after a branch-and-bound parsimony

analysis of the 18 spermiogenetic and spermatozoal ultrastructural characters. Redundant taxa are included in this cladogram.

Tree length has 31 steps; consistency index 0.645; consistency index excluding ‘uninformative’ characters: 0.607.
Synapomorphies and autapomorphies are indicated.

& Boeger, 1989; Boeger & Kritsky, 1989; Wheeler &
Beverley-Burton, 1989; Beverley-Burton & Klassen,
1990; Measures, Beverley-Burton & Williams, 1990).

Three previous studies used spermatozoon ultra-
structure for analysing phylogeny: Justine, Lambert &
Mattei (1985), Lebedev (1988), and Malmberg (1990);
they are hereafter analysed and commented upon.

In the paper by Justine, Lambert & Mattei (1985), a
good agreement was noticed between the results of
comparative spermatology and Lambert’s (1980) clas-
sification, mainly based on oncomiracidia chaetotaxy.
This study of the Monogenea included Udonella. Later
ultrastructural studies (Kornakova, 1987, 1988;
Xylander, 1988; Rohde, Watson & Roubal, 1989)
indicated that this taxon should be excluded from the
Monogenea. In cladistic classifications, it is now a
sister-group to either the Neodermata (Brooks, 1989a;
Justine, in press a) or the Cestoda (Rohde, 1990).

In this 1985 study, only two characters were used:
the number of axonemes and the presence/absence of
cortical microtubules. The character of “‘the number

of axonemes in the mature spermatozoon” in fact
concerns both spermiogenesis and mature sper-
matozoon, because the concept of axoneme alteration
during spermiogenesis was used (for Heterocotyle and
Loimosina). A classification of spermatozoa into four
types (1, 2, 3 and 4) was proposed in this paper. A fifth
type (aberrant) was later defined for Diplozoon (see
Justine, Le Brun & Mattei, 1985a, b). This clas-
sification seems to be followed by other authors
(Malmberg & Afzelius, 1990; Malmberg, 1990;
Tappenden & Kearn, 1990).

The classification into five patterns may be retained,
with the following slight modifications:

—The Polyopisthocotylea are characterized by
pattern 1, with one aberrant case (pattern 5); the
Monopisthocotylea are characterized by patterns 2, 3
and 4.

—The polyopisthocotylean type 1 (two axonemes
and cortical microtubules) differs from the digenean
spermatozoon by the presence of lateral microtubules
in the spermatozoon’s principal region.
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—Type 3 (one axoneme + one altered axoneme +
cortical microtubules in the anterior region) is re-
tained; it is exclusively found in the Monocotylidae
and Loimoidae.

—Type 2 (two axonemes, cortical microtubules
absent) does not seem to correspond to a taxonomic
unit. This option was already expressed by Justine,
Lambert & Mattei (1985) and Justine & Mattei (1987).
However, Malmberg & Afzelius (1990), Malmberg
(1990) and Tappenden & Kearn (1990) used the
presence of Type 2 in the Acanthocotylidae as a
phylogenetic argument. For the purpose of clarity, it is
hereby proposed to divide this type into three sub-
types. (a) Subtype 2a, with the spermiogenetic
synapomorphies, a bead-like mitochondrion and the
loss of microtubules in the zone of differentiation
during spermiogenesis. This subtype probably cor-
responds to a phylogenetic unit (Dionchidae -+
Capsalidae in our present state of knowledge). (b)
Subtype 2b, with microtubules absent from the start of
spermiogenesis, which characterizes only Acan-
thocotyle in our present state of knowledge. (c)
Subtype 2¢, without apomorphies, found in Euzetrema
and Gyrodactylus; this subtype 2c is expected to be
broken up later when detailed studies of sper-
miogenesis allow the description of apomorphies.
Trochopus, a Capsalidae, is included in this subtype
only because its spermiogenesis is unknown. In our
present state of knowledge (Fig. 7), subtype 2¢ should
be considered the symplesiomorphic pattern for the
Monopisthocotylea (it only has the synapomorphies
for the Monopisthocotylea).

—Type 4 (one axoneme, cortical microtubules
absent) is retained and is thought to characterize a
monophyletic taxon.

—Type 5 (no axoneme, numerous cortical and
cytoplasmic  microtubules) characterizes only
Diplozoon (Polyopisthocotylea, Diplozoidae). This
aberrant type is probably correlated with its repro-
ductive biology rather than with phylogeny; however,
to ascertain this, data are needed from the families
close to the Diplozoidae and with normal reproductive
biology. This extraordinary case illustrates relation-
ships between sperm structure and the biology of
reproduction (Franzén, 1956; Baccetti & Afzelius,
1976; Afzelius, 1983; Jamieson, 1987; Holland, 1990;
and references therein).

Lebedev’s classification (1988, 1989) uses classical
morphology and updates Bychowsky’s classification
(1957). Spermatozoon ultrastructure is used as a
complementary argument for the morphological
analysis in some cases, such as the phylogenetic
position of Gotocotyla (= Cathucotyle), but not for
the phylogenetic relationships between Capsalidae
and Dionchidae. Lebedev (1988, p. 154) cites data on
the ultrastructure of the Microbothriidae erroneously,
since spermatozoon ultrastructure has not been
studied in this family.

If the type of spermatozoon is indicated for each
family in this classification (Table 5), it appears that
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this classification remarkably coincides with the data
from comparative spermatology, particularly in the
higher ranking taxa proposed by Lebedev. The
superorder Monocotylinea Lebedev, 1988 is charac-
terized by sperm pattern 3. The order Capsalidea
Lebedev, 1988 is characterized by sperm pattern 2
(subtypes 2a and 2b), and the superfamily Capsaloidae
contains the Capsalidae and Dionchidae (sperm pat-
tern 2a), and the Iagotrematidae (Fuzetrema, sperm
pattern 2c). The Gyrodactylidae (sperm pattern 2c),
are placed in another suborder, and this fits well with
the non-monophyly of Monogenea with sperm pattern
2. However, spermatological arguments for a separa-
tion of the Sphyranuridae and Polystomatidae from
the Polyopisthocotylea (as in Lebedev’s classification)
are lacking, since they share sperm pattern 1.

One of the most interesting points is that all sper-
matozoa with sperm pattern 4 are found in only two
orders: Dactylogyridea and Tetraonchidea. These two
orders thus are likely to constitute a monophyletic
taxon. The name Monoaxonematidea is proposed for a
taxon uniting these two groups (etymology: one single
axoneme).

Malmberg’s classification (1990) differs from all
others by the fact that Malmberg claims that the
haptor’s evolution is progressive (hook number in-
creases during evolution), although other authors
consider the number of hooks to decrease during
evolution. In Malmberg’s text, the sperm pattern is
indicated for each family, but apparently is not used
for the erection of the higher ranking taxa recognized
in this classification. The superorder Laterohaptan-
chorea Malmberg, 1990, which contains the families
with sperm patterns 1, 2 and 3, is an example showing
the disagreement of Malmberg’s classification with the
results of comparative spermatology. This superorder
cannot be accepted as monophyletic if spermatolo-
gical data are considered.

Superorder Laterohaptanchorea Malmberg, 1990

Family Spermatozoon pattern
Hexabothriidae

Polystomatidae 1
Sphyranuridae 1
Tagotrematidae 2c
Capsalidae 2a
Dionchidae 2a
Neodactylodiscidae ?
Monocotylidae 3
Loimoidae 3
Montchadskyellidae ?

In Malmberg’s work, spermatozoon type 2 is used
for inferring phylogenetic relationships, and this con-
tradicts the opinions expressed herein and in previous
papers (Justine, Lambert & Mattei, 1985; Justine &
Mattei, 1987).

Two conclusions may be drawn from the present
analysis, and may serve as guides for future research.
They concern the simplification in the evolution of
spermiogenesis in the Monopisthocotylea, and the



Cladistic study in the Monogenea

835

TaBLE 5—SPERMATOZOON PATTERN AND LEBEDEV'S CLASSIFICATION (1988) FORr THE
MONOGENEA

Taxon

Sperm pattern

Class Monogenoidea
Subclass Polyonchoinea
Superorder Microbothria

Order Microbothrida
Family Microbothriidae ?
Superorder Dactylogyria
Order Dactylogyridea
Suborder Dactylogyrinea
Family Dactylogyridae* 4
Family Diplectanidae 4
Family Ancyrocephalidae 4
Family Neodactylodiscidae ?
Suborder Calceostomatinea
Family Calceostomatidae 4
Order Tetraonchidea
Family Tetraonchidae 4
Family Amphibdellatidae 4
Family Tetraonchoididae ?
Family Bothitrematidae ?
Order Capsalidea
Superfamily Capsaloidea
Family Capsalidae 2a
Family Dionchidae 2a
Family Iagotrematidae 2c
Superfamily Acanthocotyloidea
Family Acanthocotylidae 2b
Superorder Monocotylia
Order Monocotylidea
Suborder Monocotylinea
Family Monocotylidae 3
Family Loimoidae 3
Suborder Montchadskiellinae
Family Montchadskiellidae ?
Superorder Gyrodactylia
Order Gyrodactylidea
Family Gyrodactylidae 2c
Subclass Polystomatoinea
Order Polystomatidea
Family Polystomatidae 1
Family Sphranuridae 1
Subclass Oligonchoineat
Most families 1
Family Diplozoidae 5

* Family Dactylogyridae includes the Pseudodactylogyridae in this system.
T Oligonchoinea not separated into subgroups.

relative value of spermiogenesis and spermatozoa for
phylogenetic analysis.

Many synapomorphies used in the present analysis
indicate a simplification in evolution: the plesio-
morphic character state has numerous organelles, and
the apomorphic character states progressively lose
these organelles. However, some characters seem to be
new acquisitions (i.e the apomorphic structure is more
complicated than in the outgroup): the centriole
adjunct of some spermatozoa with pattern 4, the single
bead-like mitochondrion in sperm pattern 2a, and the
lateral crest and extracellular tubules of Calceostoma.

The ontogenetic process (spermiogenesis) contains
more information than only the result of the process
(the mature spermatozoon). An attempt at parsimony
analysis of Table 4 data matrix after excluding
spermiogenetic characters resulted in a highly poly-
chotomous tree (not shown here). Transient structures
seen only during spermiogenesis, but notin the mature
spermatozoon, provide numerous useful characters.
Various spermiogenetic patterns may lead to similar
(converging) spermatozoon morphologies. Some taxa
(such as the Capsalidae/Dionchidae) cannot be re-
cognized if only the spermatozoon characters are used.
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Thus, the study of spermiogenesis is indispensable to
correctly define synapomorphies.

Acknowledgements—Electron microscope observations were
performed at the Centre de Microscopie Electronique,
Faculté des Sciences, Université de Dakar, Senegal, and at
the Service d’Accueilde Microscopie Flectronique du Centre
National de la Recherche Scientifique, Paris, France. Profs L.
Euzet, B. Afzelius and G. Malmberg, and Dr G. Oliver
communicated unpublished observations. Prof. L. Euzet and
Dr A. Fournier provided specimens; Dr 1. Beveridge and
Profs K. Rohde and G. Malmberg provided manuscripts in
press. Drs B. Seret, D. Goujet and G. Dingerkus, and Profs
L. Euzet, A. Chabaud and K. Rohde made helpful comments
on the manuscript. Dr G. Dingerkus kindly edited the
English. The software PayLip, programmed by Felsenstein,
was obtained for free from Dr W. Ellis (Instituut voor
Taxonomische Zodlogie, Zo6logiisch Museum, Universiteit
van Amsterdam afd. Entomologie, Plantage Middenlaan 64,
1018 DH Amsterdam, The Netherlands). MaccLADE 2.1 is a
free program distributed by its authors, W. P. Maddison and
D. R. Maddison, Museum of Comparative Zoology,
Harvard University, Cambridge, MA 92138, U.S.A.

Note added in proof—Since submission of this paper, three
studies of monogenean spermatozoa have been published
(Schmahi & Obiekezie, 1991; Tappenden & Kearn, 1991 a,
b). Data reported in these articles agree with the phylogenetic
analysis proposed in the present paper.
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