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The flagellate spermatozoon of the Remepidia (Speleonectes), differs from the invertebrate
‘primitive sperm’ (aguasperm) only in lacking a mitochondrial midpiece and in contain-
ment in a spermatophore. A flagellum occurs elsewhere in Crustacea only in the Maxil-
lopoda (Ascothoracica, Cirripedia. Branchiura, Mystacocarida) and in the related
Pentastomida, only the Ascothoracica, of these, retaining the plesiomorphic basal flagellar
insertion, Cephalocand (Hutchinsomiella) sperm resembling those of remipedes but lacking
the Magellum may represent the ground plan for the Phyllopoda, hitherto thought to be the
simple, amoeba-like sperm seen in euphyllopods and conchostracans. The Nebalia Trm
lacking an acrosome and with microtubular arms, supports the phyllopod status of phyllo-
carids. Copepod sperm show no clear affinities with other groups, though the stellale
acrosome-less sperm ol the cyclopoid Chondracantfius resembles (hat of some
branchiopods. Ostracod sperm include a filiform type performing undulatory waves by
means of wing-like siruciures originating from the endoplasmic reticulum. In the Malacos-
traca, stomatopod (Squilla. Oratosquilla) sperm are ovoidal, lacking appendages, with
acrosome (re-acquired?) and a perforatorium; absence of a nuclear membrane, and diffuse
chromatip are decapod tendencies: unusual, doublet centrioles are a peracarid-decapod
feature. The syncand (Anaspides tasmaniae) sperm has a subacrosomal filament [ perfora-
torium ], exeptional for Crustaces in being coiled. A syncarid apomorphy is lhe cyloplasmic
‘skirt’, a plesiomorphy the condensed chromatin and persistent nuclear membrane. Pera-
carid monophyly is confirmed by presence. with the questionable exception of 1anaids, of
a cross striated pseudoflagellum (possibly a ceniriolar rootlel homologue) joining the main
body at junction of acrosome and nucleus. Tanaid sperm, rounded, lacking appendages,
with large acrosome and scattered mitochondria, seen also in syncarids and stomatopods,
possibly indicate a basal rather than terminal or intercalated position of the tanaids in the
Peracarida. Euphausid and stenopodid sperm, ovoidal and lacking appendages, apparently
lack an acrosome. Dendrobranchiale (penagid), procandesn, caridean shrimps and prawns
have sperm with a single acrosomal spike but rarely have arms analogous with those
characteristic of decapods. Several spikes containing microtubules which traverse the
nucleus and often contain chrematin are charactenstic ol Palinura (Panulirus, Jasus):
Astacidea (Astacidae, Nephropidae); Thalassinidea; Anomura (Paguridae, Diogenidae,
Coenobitidae); and Brachyura, though microtubules are redoced or absent above the
‘oxyrhynchs’. The acrosome of Eubrachyura resembles thal of paguroids, and especially
in ils subspheroidal shape Pagurus and Clibanarius, suggesting a paguroid-brachyuran
(sister-group?) relationship while the thalassinid (Callianassa) acrosome differs greatly
from that of the Astacidea-Anomura-Brachyura assemblage, contraindicating 4 thalassimid
origin of the Brachyura. The discoidal acrosome and reduced arms of dromiid (Dromidia,
Petalomera) sperm may be plesiomorphic conditions of a group with no close relationship
to other brachyurans, Phylogenetic heterogeneity of the Podotremata is supported by
differences between dromiid and raninoid sperm and similarilies (postnuclear tail) between
Ranina and majids. The conventional oxystomate-oxyrhynch-cancrid-brachyrhynch sub-
division of the Brachyurais not supported by sperm ultrastructure. Dorippids and portunids,
with similar sperm, are placeable in the Helerotremala, whereas the former classification
separales the two families in the Oxyslomala and Brachyrhyncha, respectively. Familial
charagleristics of sperm are exemplified by the distinctive ‘xanthid ring’ basal around the
perforatorium of xanthids. Thoracolremata (Mictyrowdea, Grapsoidea and Ocypodoidea)
appear 10 be typified by presence of an apical opercular button, concentric lamination of
the outer acrosome zone and modification of the xanthid ring. [[] Crustacea, phylogeny,
spermatozoa, ulirastruciure
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Spermioctadistics, the use of spermato2zoal ul-
trastructure for reconstruction of phylogeny
(Jamieson, 1987), has recently been vindicated
(Abele e al., 1989) from a parsimony unalysis
of RNA sequences which verified attribution of
the Pentastomida to the Crustacea on the basis of
sperm ultrastructure (Wingstrand, 1972). The
present paper presents a preliminary survey of
sperm ultrastructure in crabs (Brachyura) as a
contribution, pending further descriptive work
and a computer analysis, towards clucidation of
the phylogeny of this group. A phylogenetic
review of the sperm of the Crustacea, which
includes new ultrastructural observations, will
first be presented. A phylogenetic parsimony
analysis derived solely from sperm ullrastructure
of the type attempted by Jamieson er al. (1987)
for Oligochaeta will be deferred pending accu-
mulation of additional data.

CRUSTACEAN SPERMATOZOA

A phylogenetic tree of the Crusiacea based on
the somatic cladistic analvses ol Schram (1986)
18 given in Fig. 1. Other phylogenies signifi-
cantly differing from this might have been used
in this essentially heuristic survey (e.g. Bowman
and Abele, 1982). The ultrastructure of sperma-
tozoa of the included groups is indicated dia-
grammatically according to accounts Euhiishcd

y authors cited in the text, below, for these taxa.

CLASS REMIPEDIA

The Remipedia are primitive, cavernicolous
crustaceans only recently described (Yager,
1981) and placed at the base of the crustacean
phylogenetic tree by Schram (1986). The body
lacks tagmosis into thorax and abdomen. The
head 1s small and the trunk is divided into many
segments, each bearing biramous, paddle-like
appenduges, The single known species,
Speleanecies benjamini, is hermaphrodite.

Spermatophores are produced cach of which is
about 38 um long with three to possibly six
sperm (nucler) individually located at the proxi-
mal end. Each sperm cell (Fig. 1) has threc
distinct regions: a large nucleus, an acrosoral
complex and a flagellum. A flagellum is clse-
where seen in the Crustacea only in the Maxil-
lopoda, The ovord nucles are approximalely &Y
wim long and 3 pum wide,

The inverted cup-shaped, clectron dense acro-
some ts apical on the nucleus. An acrosomal rod
penefrates much il not all of the length of the
nucleus (as in cephalocanids). Several mitochon-
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dria scattered in the cytoplasm are possibly elim-
inated by maturity. A flagellum, of the Y+2 pal-
tern (origin unknown but presumably
postnuclear), extends several times the length of
the nucleus. Centrioles were not observed
(Yager, 1989),

Jamieson (1987) drew parallels between the
albeil aflagellale spermalozoon of the Cephalo-
canda and the flagellated aguasperm of the Xi-
phosura (with no implication of relationship) and
suggested that this similarity, together with the
flagellate condition of maxillopod sperm,
seemed to suggest that ancestral crustaceans had
4 primitive sperm sensu Franzén (1956, 1970),
the aquasperm, in the author’s terminology,
which in its lcast modified manifestation has
been lermed the plesiosperm (Jamicson, 1986).
The remipedian sperm constitutes a remarkable
validation of this view as it has the characters we
mightascribe to a cephalocarid sperm if a flagel-
lum were added; though mitochondria have not
been seen in the cephalocarid. Yager (1989)
appears correct in deducing that the rounded
form of the nucleus in the remipedian sperm
indicates that 1t is more plesiomorphic than that
of the Ascothoracica (see below), mtherto
thought 10 be (he most plesiomorphic for the
Crustacea, in which the nucleus is cylindrical.

Although the occurrence of a “primitive’
sperm in early evolution of the Crustacea can
now confidently be asserted, presence of this
(though somewhat more modified than the
plesiosperm) in Remipedia does not nbligatonily
demand, nor does it contest, the status of maost
primitive crustacean taxon envisaged for the Re-
mipedia by Schram (1986). Abele er al (pers.
comm.) have suggested from analysis of rRNA
sequences that remipedes are phylogenetically
allied w the copepod-cirripede section of the
Maxillopoda and are nearer to the Copepoda,

CLASS MAXILLOPODA

Until discovery ol remipedes, the most basic
crustacean sperm, and still the least modified
maxillopod sperm, (Grygier, 980, 1981, 1982)
was that of the starfish parasite Dendrogaster
(Ascothoracica) (Fig. 1).

The anterolateral position of the acrosome in
Dendragaster is 4 notable modification, how-
ever: it consists of an empty vesicle overlain
by an clectron dense layer. The head is bullet-
shaped. the midpiece, approxomalely as long
but half as wide, has six or more swellings,
passibly representing mitochondria; the post-
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FIG. 1. Phylogeny of the chief groups of the Crustacea, based on Schram (1986; see inset) with diagram of
spermatozoal ultrastructure after authors cited in the text. Original.
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eriol nuclear fossa houses the basal body of the  and Gharagozolou-vun Ginncken, 1977, 1978,
9+2 axoneme. 1979). in Chondracanthus angustatus (Cyclo-

The flagellate condition of the ascothoracican  poida) the form is star-shaped (Roussel ef a!.,
sperm is clsewhere restricted (apart from the  1978). In the Calanoida, Calanus hyperboreus
Remipedia) 1o the related masillopod groups  has a discoidal spermatozoon (Brown, 1970)
Mystacocarida (Brown and Metz. 1967) (Fig.  while in Calanus finmarchicus it is oblong (Ray-
20,‘ H}, Bf.ilﬂl:h'll.lli.l, and the related pentas-  mont el ﬂi!\ ]_974) C_ahgu'[da have a globu]ur
tomids, (Wingstrand, 1972; Abele et al, 1989)  cpermatozoon in Neobranchia cygniformis
and Cirripedia (Turquier and Pochon-Masson,  (Manier er al., 1978) whereas in Lernanthropus

1969, 1971; Munn and Barnes, 19704, b: Po- kroyeri (Fig. 21) it has the form of an clongate
chon-Masson et al., 1970 Kuba ef al, 1979, g55061e with sinuous contours (Coste et al.,

Healy and Anderson, 1990) (Fig, I, 2K), These  1979)  Mitochondria are represented in all
IE'IE;:IHQ]J_DC!S.- wuh.;.h':d gx‘:if"“m" 'nf the ':'f‘ groups execept the Caligoida, Only in Nen-
;?il';:lr?}?fl?c' ?if é']';:l;: 1 t;ct ud t;::::rp::;‘:f 1hlt branchia cygniformis do centrioles persist into
nu{b:}l eus. ‘The Asgv.: othoracica, with their posinu- the mature spermatozoon. Microtubules are pre-
clear axoneme, appear to be an isolated relict, S0t only in clongate sperm (Lernanthropus
preserved through the adoption of parasitism, kroyeri) or 5’ IhbSchwlth spine-like p}rlutubr.r-
that arose near the base of the Maxillopoda. ances (Chondracant us anguslalus). T‘e acro-
some varies from a twisted pont on the tip of (he

nucleus in Tishe holothuriae ta merely a dense

COPEPODA plate on the nucleus in L. Krayeri or, possibly, a

Copepods, usually placed in the Maxillopoda, 70up of vesicles in Neobranchia cygniformis.

have a wide variety of aflagellaie sperm (Coste The sperm of the cyclopoid Chandracanthus
etal,, 1979; Pochon-Masson and Gharagozoloy-  dngustatus (Fig. 1) descrve special mention as
van Ginneken. 1979: Roussel ef al.. 1978: they show remarkable similarities to those of the
Brown, 1970, Ru}‘l’hﬂﬂl & al, 1974 Manier ¢ Branchinpodn and Phyllucurida‘ ThC mature
al., 1978). (spermatophoral) spermatozoon of C. angusta-
Their form is very variable. In Tishe hiolo- tus consists of a globular region with irregular
(huriae (Rarpacticoida) (Fig. 21) Ihe spermato-  contours from which arise three or four ribbon-
zoon is clongate with definite head and ncck  hike arms, with axial microlubules, which give
(Pochon-Masson er al., 1970, Pochon-Masson  the gametc a stellate appearance. Mitochondria

FIG. 2. Ultrastructure of the spermatozoi of semé major groups of the Crustacea. From Jamieson (1987) after
vanous authurs, A-D, Ostracod, Cvpridupsis. A, head and middle part. B, Tail. C, Enlarged cross section from
middle region. [, Complete sperm (Irom Reger, 1970a). E. Cephalocarid, Hurchinsoniella macrantha (from
micrographs by Brown gnd Metz, 1967), F, Branchiopod, Polvartemia forcipata (from Wingstrand, 1978).
G, H, Mystacocarid, Deracheilocaris typicus (aler Brown and Melz. 1967). 1, Copepod, Harpacticoid, Tishe
holathuriae (after Pochon-Masson and Gharagazolow van-Ginneken, 1977). J, Copepod, Siphonostomid,
Lernanthropus kroyert, mid-region of sperm (Irom Coste ¢t al., 1979), K, Cirripede, Generahized diagram
(from Pochon-Masson er al.. 1970). L, Isopod. Armadillium vulgare (from Reger ¢r al., 1979) M, Isopod
(from Cotelli e al., 1976). N, Tanaid. Tanats cavolint (from Cotelli and Lora Lamia Donin, 1980). O,
Crangonid shrimp, Crangon vulgaris (from Pochon-Masson [968b), P, Decapod, Palinura, Panulirus argus
(from Talbot and Summers [ 1978). O, Decapod. Brachyura, Generalized oxyrhynch sperm (from Hinsch,
1873). R, Decapod, Astacidea, Homarus americamus (Talbot and Chanmanon , 1980)a).

Abbrevialions. a= acrosome; ag= amorphous part of acrosome; ac= apical cap; ad= anterior disc; af=
acrosomal filament (perforatorium ); at= acrosomal lubale; av= serosomal vesicle: ave= contents of acrosomal
vesicle; avm=acrosome vesicle membrane: bd= hasal disc; c= centrinle; col= collar; ec= electron dense core;
f= flagellum; fi= foamy texture: G1, G2= grooves on surface of sperm: gu= granulat part ol acrosome; gr=
groove; H= head; la= laminar acrosome: iam= inner acrosomal malerial: Ir= lamellar region; m= mitochon-
drion; Mi= middie part of sperm; mme= microtubule membrane complex: mo= membranous organelle; m(=
microtubules; my= myelin figute: n= nucleus: na= nuclear arms; nc= nuclear cuff; ne= nuclear envelope; nl=
nuclear lamella; nm= nuclear membrane: nam= outer acrosomal membrane; p= perforatorium, pe= periscro-
somal maleriul; pm= plasmu membraneg; pp=posterior projection: ps= pseudopodium; pw= perillagellar wall;
fa= reniform part of acrosome; sk= skinlike structure; sm= subacrosomal material, T=tail part uf sperm; la=
cross striated 1ail-like appendage: ir= thickened ring; v= vesicle.
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are grouped at the bases ol the arms. The swollen
portion of the sperm is entircly occupicd by
nucleoplasm, A nuclear envelope is absent. The
chromatin is finely granular and homogeneous.
Centrioles and acrosome arc absent. As in Phyl-
locarids and branchiopods, an acrosome 1s ab-
sent: numerous vesicles produced in the late
spermatid from the nuclear membrane are nol
considered ton be acrosomal (Rousset ef al.,
1978),

OSTRACODA

Ostracnds, regarded from somatic morphology
as derived from the base of the Maxillopoda (Fig.
1), have atlagellate filiform sperm performing
undulatory waves generated by peculiar mem-
branous organelles (Tétart, 1967; Reger. 1970a;
Reger and Florendo, 1969a, b) (Fig. 2 A-D), the
contractile bands of Gupta (1968) or wing-like
structures of Zissler (1966, 1969). Recently
Wingstrand (1988) has described non-filiform
sperm in ostracods.

CLASS PHYLLOPODA

The classification of Schram (1986) which
places the Branchiopoda, Bruchypoda (Cephalo-
carida) and Phyllocarida in an enlarged Phyl-
lopoda is observed here,

CEPHALOCARIDA

The cephalocaridan sperm was described by
Brown and Metz (1967) for Huichinsonella
macrantha (Figs. 1, 2E). Before discovery of
remipedes, cephalocarids were gencrally re-
garded as the most plesiomorph crustaceans on
general anatomy, including (Paulus, 1979) that
of the ommatidia.

Although the sperm is acentriolar and aflagel-
late, and mitochondria have not been observed,
il has an anterior pointed acrosome and a
rounded nucleus perforated by a rod which is
interpreted as equivalent to the perforatorium of
Limulus by Baceelti (1979), This, with fTagella-
tton of maxillopod sperm, suggested (Jamieson,
1987) that ancestral crustaceans had a primitive
.rd.pcrm sensu Franzén (1956, 1970), a fact since

emonstrated by Yager for remipedes. Because
of the absence of a flagellum, cephalocarid
sperm arc more derived than those of remipedes.

BRANCHIOPODA

The branchiopods, widely regarded (Sicwing,
1963) as a basal group for the Crustacea have
profoundly modified sperm, supporting the ad-
vanced position given (o the group by Schram
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{1986). Wingstrand (1978) concludes from an
exemplary study of the astounding variety and
bizarre forms of branchiopod sperm (Berard,
1974; Brown, 1969; Delavault and Berard, 1974,
Garreau de Loubresse, 1967) thai the ancestral
branchiopods must have had simple, amoeba-
like sperm of the type seen in euphyllopods and
conchostracans. There is, however, no sugges-
tion that this amoeboid form seen, [or instance,
in Polyartemia forcipatus (Fig. 2F), represents a
primitive sperm type for the Crustacea as a
whole and a flagellated form of the cephalocarid
sperm may reasonably be envisaged as ancestral
in the Phyllopoda.

PHYLLOCARIDA

Phyllocarid (Nebalia) sperm have no polarity;
no acrosome: and possess pseudopodia-like
lobes; and 20-30 spines, cach supported by nine
small tubules. The large number of spines is
considered by Jespersen (1979) to indicate that
they are not modificd flagella, Although this may
well be correct, it may be noted that larger num-
bers of modified axonemes occur in each sperm
of catenulid turbellarians, Phyllocarid sperm
were considered nearest to those of
branchiopods by Jamieson (1989¢) who poted
that Lauterbach (1975), on other grounds, had
suggested a branchiopod origin for phyllocarids
and hence the Malacostraca. | concur here with
Schram (1986) in excluding the Phyllocarida
from the Malacostraca and allving them with the
former Branchiopoda and Cephalocarida in the
Phyllopoda. However, spermalological evi-
dence appears to support a sister-group relation-
ship berween phyllocarids and branchiopods,
with cephalocarids as the sister-group of the
phyliocarid-branchiopod assemblage (Fig. 1)
contrary to the sister-group relationship of
cephalocarids and branchiopods recognized by
Schram for extant forms.

CLASS MALACOSTRACA

STOMATOPODA

The sperm of Squilla mantis has been de-
scribed by Cotelh and Lora Lamia Donin (1983),
that of Orawsqiella stephensoni by lamieson
(1989¢) and that of Genodactylus bredimi by
Felgenhaver and Abele (1990). Each stoma-
topod sperm (Fig. 1), aflagellate and obovoid, is
surrounded by an clectron densc coat, A sperma-
tophore is absent. In contrast, spermatophoses
arc present in eucarids, peracarids (isopods, am-
phipods and mysidaceans) and copepods. The
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discus-shaped acrosome vesicle, is penerrated
and underlain by a straight, slender acrosome rod
(perforatorium) ensheathed, below the vesicle,
in subacrosomal material. Feulgen-positive
granular material, indicating chromatin, fills
most of the length of the cell but there is no
certain nuclear membrane. Two centrioles, con-
sisting of doublets each with a radial *foot™ as in
decapods and peracarids, occur near the acro-
some and like it are embedded in the chromatin,
Myelin-like membranes are associated with
degenerating mitochondria in the posterior re-
gion of the cell. Thiéry-positive granules are
aggregaled as a glycogen body posleriorly in the
cell. Stomatopods resemble decapods in their
diffuse sperm chromatin but are placed below
the syncarid-peracarid-decapod assemblage.

If, as is generally agreed, syncarids originated
from the malacostracan stem above the departure
of the Hoplocarida but &t the base of the
Eumalacostraca (Brooks, 1969; Jespersen;
1983), the development in stomatopods of a dif-
fuse nucleus and disappeance of a discrete nu-
clear membrane must be considered parallelisms
(not synapomorphies) with these conditions in
decapods. The nuclear membrane tends to be
disrupted in dendrobranchiate shrimps and
prawns (Talbol and Summers, 1978), is usually
intact in procarideans and carideans, and is usu-
ally disrupted in Anomura and Brachyura.

SYNCARIDA
Each spermatozoon of the syncarid Anaspides
tasmamiae (Fig. 1), described by Jespersen
(1983), is surrounded by a capsule (coar) as in
stomatopods, and, as in the latter, a spermato-
hore is absent. A very elongate subacrosomal
ilament (perforatorium) by passes the nucleus as
in isopods, amphipods and cumaccans, rather
than penetrating it as in stomatopods. In Anas-
pides the perforatorium makes a posteriorly
widening spiral of 34 wrns, a remarkable con-
vergence to the condition in the xiphosuran
Limulus. As in stomatopods. subacrosomal
material forms a sheath around the filament.
Posteriorly the filament forms, with the peripheral
cyloplasm, a membranous skirt, not seen in other
crustacean sperm. which gives the sperm the form
of a bell. An axonemie is absent al all stages. The
nucleus is condensed with a persistent envelope,
In the phylogram (Fig. 1) somalic evidence for
the position of the syncarids at the base of the
cumalacostracans has been accepied, Similari-
ties of syncarids with most peracarids are the
presence of a perforatorium (itsclf a plesiomor-
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phy) which, as questionable synapomorphies,
(1) 1s filiform and (2) bypasses the nucleus. The
caridoid escape reaction (Dahl, 1983) unites syn-
carids, cucarids and peracarids.

PERACARIDA

Monophyly of peracarids has been denied by
Wattling (1981) who considers that they consist
of three independent lineages from a syncarid-
like ancestor, the mysidaccans: the amphipods;
and an 1sopod-tanaid-cumacean assemblage.
From sperm ultrastructure this is clearly incor-
rect. Thus, in mysidaceans, amphipods, isopods
(Fig. 2L, M) and Cumacea each sperm con$ists
of two convergent linear components: the main
body of the sperm, containing the nucleus and
capped by the acrosome, and joining this anteri-
orly, a transversely striated tail-like but non-
flagellar structure (possibly a centriolar rootlet
homologue) (references in Cotelli et al., 1976;
Reger et al., 1970; Reger er al., 1979; Fain-
Maurel ez al,, 1975a,b). This highly peculiar
morphology is unlikely to have originated more
than once.

Tanad sperm, rounded, lacking appendages,
with Jarge acrosome and scattered mitochondria
(Cotelli and Lora Lamia Donin, 1980) (Fig. 2N),
seen also in syncarids and siomatopods, possibly
indicatc a basal rather than terminal or interca-
lated position of the tanaids in the Peracarida bul
these may represent apomorphies related to the
spectalized fertilization biology of tanaeids, with
fertilization in a tube. Presence of the perfora-
torium in non-langid peracarids may be a plesio-
morphy or a reacquisition. It has been suggested,
however, that the gamele described by Cotelli
and Lora Lamia Donin (1980) is in fact a sper-
matid and that mature tanaid sperm conform, by
light microscopy, 1o the typical peracand struc-
ture (Siegs, pers. comm.). This observation. if
venfied, would unite all peracands as a mono-
phylenc entity,

Evcasiog
ORDER ELPHAUSIACEA

Euphausid sperm, ovoidal and lacking append-
ages, and with irregular central material which
may be chromalin (Jarmeson, unpublished) (Fig.
1), but otherwise virtually unknown, give little
indication of the eucand ground plan. If lack of
arms were plesiomorphic for eucarids, the arms
of most decapods would have 1o be regarded as
having developed independeatly of Ihose of
phyllopods. This is further suggested by their
absence from non-cucarid malacostracans.
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ORGER DECAPODA

Since compietion of the draft of this review, a
review of decapod shperrn by Felgenhauer and
Abele (in press) has been made available to me
through the kindness of the authors. Brief refer-
encesto species which they investigated 1s made
in the following account of decapad sperm.

SUBORDER DENDROBRANCHIATA
SUPERFAMILY PENAEOIDEA

The Penacoidea, which, with the Sergeswidea,
form the Dendrobranchiata, were at one time
grouped with the crangonid and palaemonid
shrimps within the Natantia as opposed to the
Reptantia which contained, imer alia, hermit
crabs, crayfish, lobsters and crabs. Penacoids are
now regarded as distinet from the Suborder
Eukvphida, containing the Procarididea und the
Caridea, and the Euzvgida, containing the
Stenopodidea (Schram, 1986). Paraphyly of
penaid and eukyphid shrimps, as opposed 10
monophyly of the Natantia, appears to be indi-
cated from rRNA studies by Abele et al. (pers.
comm.), These authors, with considerable justi-
fication, retain the names Candes for Euky-
phida, and Stenopodidea for Euzygida and are
followed here.

Although it does not establish (nor does it
contraindicate) its monophyly, the old group
Natantia 18 characienzed by unilormity of
gross spermatozoal ultrastructure. Similarities
include division ol the spermatozoon into
three regions: acrosomal spike, cytoplasmic
collar and nucleus. However, some claims
made by Talbot and Summers (1978) and
Kleve ¢t al. (1980) for characteristics uniting
natantian sperm (absence of centrioles, disso-
lution of the nuclear envelope with confluence
of nuclecoplasm and cytoplasm to form sper-
mioplasm) and supposcdly distinguishing
them from ‘reptant sperm’ are unreliable,
being typical of the penaeids but not of carids,
though some disruption of the nuclear ep-
velope occurs in the carid Palaemonctes. The
single spike, giving what is paradoxically but
conveniently called the ‘unisteliate” condition,
distinguishes ‘natantian’ sperm from the ‘mul-
tistellate” sperm (with more than one spike or
arm) of the Astacidean-Palinuran-Decapod as-
scmblage. The distinction goes decper as the
nalanlian spike is acrosomal in function, con-
tains actin and undergoes a Ca™ dependen
reaction (Penaeus aztecus, P. setiferus, Brown
et al.,, 1976; Sicyonia ingentis, Clark et al.,
1981, Clark and Gnriffin, 1Y88: 8. brevirosiris,
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Kleve and Clark, 1976, Brown et al., 1977).
Fluorescein lubelled anti-actin indicates thal it
is the spike which contains actin, and therefore
functions like an acrosome filament (perfora-
lorivm). Acriding orange and PAS positive
response of the amorphous cap from which the
spike arises suggest that the cap is at least
analogous to an acrosome vesicle (Brown et
al., 1976). In Macrobrachium rosenbergii, al-
though the sperm first attaches 10 the egg by
its wide base, the spike bends within 15 sec-
onds and penetrates the egg investment from
which the sperm base is released (Lynn and
Clark, 1983a). The multiple spikes of non-
natant decapods are not acrosomal and contain
cither cords of microtubules or extensions of
the nucleus or both.

Sperm ultrastructure has heen described for the
penacids Penaeus aztecus, Clark er al., 1973
(Fig. 1) P. japonicus.Ogawa and KaKuda, 1987,
P. setiferus, Lu er al., 1973; Felgenhauer, Abcle
and Kim, 1988; Felgenhauer and Abele, 1990;
Sicvonia brevirasiris, Brown et al., 1977; and S.
ingentis, Kleve et al., 1980, Shigckawa ¢t ol
1980}, Shigekawa and Clark, 1986, Clark et al.,
1981, Clark and Gritfin, 1988.

The spermatozoon of Sicyonia ingentis well
exemplifics penacid sperm though the acrosome
(spike) region is morce elaborate than in Penaeus.
The sperm is composed of a spherical mainbody
which is partially encompassed by a morpho-
logically complex cap region (acrosomal com-
plex) from which extends the single spike. The
mainbody houses an uncondensed Feulgen-posi-
tive nuclear region which is surrounded posteri-
orly and laterally by a cytoplasmic layer. A
single layer of 0.06 pm vesicles lines the periph-
ery of this layer; the bounding membranes of the
vesicles are apposed to and appear to fuse with
the plasma membrane. Large, 0.7 pm vesicles
containing whorled membranous and granular
material extend from the inner surface of the
cyloplasmic layer into the central fibrillar re-
gion. A nuclear membrane is also absent in the
sperm of Penaeus setiferus (Lu et al., 1973). In
Sicyonia the nucleus is separaled from the cap-
like acrosomal complex by a dense plate and &
highly organized crystalling latticc which is
composed of geometric 350 A squares, The cap
region consists, in posterior-anterior sequence,
of the dense plate; the crystalline lattice; convo-
luted membrane pouches surrounding these; a
central granular core immediately anterior to the
lattice und medial to the pouches:; spherical bo-
dies (voids in the core substance); an electron
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dense saucer-shaped plate embedded in the
centre of the cap and with 12-15 petaloid radiat-
ing extensions; and a large anterior granule. The
anterior granule gives RNA-ase stable red
fluorescence with acndine orange staining. It is
conical, with its concave posterior surface ap-
plicd to the saucer-shaped plate. The spike,
which is helicoidal and approximately 6 um
long, extends from the anterior end of the
granule, Cap and spike are bound by a double
membrane formed br fusion of the plasma mem-
brane and the convoluted pouch membrane., The
pouches and anterior granule, which are PAS-
positive, and the spike arc considered to com-
prisc the acrosome (Kleve er al., 1980).
Although the nucleus is typically sub-
spheroidal in penaeids, it is shown to be consid-
erably depressed antero-posteriorly in Penaeus
Japonica by Ogawa and Kakuda (1987),

SUBORDER PLEOCYEMATA

I here follow the taxonomic synopsis of Bow-
man and Abele (1982) in placing all remaining
decapods in the Pleocyemala.

INFRAORDER CARIDEA SIAT.

The Infraorder Caridea s.lat., as recognized by
Bowman and Abele (1982) contains the infraor-
ders Procandidea and Caridea sensw Schram
1986, These two groups will be termed the pro-
carideans and carideans here. Their sperm re-
semble those of dendrobranchiates but there are
tendencies for the nuclens 1o became basally
concave sa that the sperm, with its anterior spike,
lakes on a tack-shape, and for development of
cross striated longitudinal fibres in the spike,
Cross striation 18, however, deseribed for the
spike of Penaeus setiferus by Felgenhauer er al.
(1988) in the absence of fibres. Felgenhauer and
Abele (1990) dr.tmgmsh thase carideans
which the spike is solid and contains cross
striated fibrils (c g. Palaemonetes) from those in
which the spike is tubelike with dislinet electron
dense walls containing anastomozing radial fi-
brils (e.g. Rhvachocinetes, Dupré and Barros,
1983; Procaris ascensionis, Felgenhauer er al..
1988).

The ﬂpcrm of Procaris ascensionis has a l}p!-
cal tack or 'inverted umbrella’ shape, Itis said to
differ from sperm of carideans sensu stricto n
having fibrous ridges on the free margins of the
cell body and in lacking periodic cross striations
of the fibres which form the spike (Felgenhauer
eral,, 1988). However, these striations arc absent
from some caridean sperm.

i

The spermatozoa of caridean shrimps have
been described or at least illustrated ultrastrue-
turally for the oplophoroid Paratya australien-
sis, Jamieson and Robertson, in prep.; Atya
margaritacea and Tvphlatva rogersi, Felgen-
haver and Abele, 1990; the bresilioid Rhyn-
chocinetes typus. Barros et al., 1986; the
palacmonoids Palacmon elegans, Pochon-Mas-
son, 1969; P. serratus, Sellos and Le Gal, 1981;
Palaemonetes paludosus, Kochler, 1979 (Fig.
1); Palacmonetes kadiakensis. Felgenhauer et
al., 1988, Felgenhaver and Abele, 1990; and
Macrobrachium rosenbergii, Lynn and Clark,
1983a, b, Dougherty, 1987, Dougherty et al.,
1986, Harris and Sandifer, 1986; and the cran-
gonuids Crangon septemspinosa, Arsenaull ef
al., 1979, 1980, Arsenault, 1984; C. vulgares,
Pochon-Masson, 1968b (Fig. 20); and the hip-
polytid Hippolvte zostericolu, Felgenhauer and
Abele, 1990.

Cross striations typical of, but not constant for,
the spike of the caridean sperm are seen in thal
of Macrobrachium rosenbergii, Lynn and Clark,
1983a, b, Palaemonetes paludosus and Palae-
mon elegans, Pochon-Masson, 1969, These cle-
ments of the spike continue into the cap-like
expansion at its base lying on the nucleus. The
caridean spike has been said not o be membrane
bound and to be liftle more than a naked perfora-
torium of a secondarily simplified acrosome (Po-
chon-Masson, 1969). However, the same anthor
also states that it is delimited by a simple mem-
brane covered by the plasma membrane in
Palaemon. A bounding membrane 1§ said lo be
absent in Crangon septemspinosa by Atsenault
(1979). Cross striations were not seen in the
spike of Crangon vielgaris examined by Pochon-
Masson (1968b) nor in Paratva australiensis,
(Jamieson and Robertson, in prep).

In Paratya the nucleus is subspheroidal as in
penaeids, but it is depressed in other carideans.
It 15 ellipsoidal in Palaemon elegans (Pochon-
Masson, 1969); oblong or oblate spheroidal (Ar-
senault ef al ., 1979), having the form roughly of
an ¢llipsoid with somewhat Natiened free sur-
face, in Crangon septemspinosa; while in Palae-
monetes paludosus the nucleus has become
inverted cup-shaped, giving the sperm, with its
terminal spike, the approximate form of a tack
(Kochler, 1979). Transition {rom an ovoid
(plcsinmm‘phm} to the concave (apomaorphic)
form occurs in spermiogenesis in P. paludosus.
Persistence of the nuclear envelope appears usu-
ally 1o sel carideans apart from penaeids, though
some diseuption of the envelope oceurs in Palae-
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monetes paludosus, (Koehler, 1979), ln this spe-
cies the envelope is said to be multilayered on
the free, concave side but to be lost on the convex
side nearest the spike, allowing the uncondensed
chromatin to merge with the cytoplasm 1o form
so-cilled spermioplasm as in Sicyomua: there are
numerous PAS-positive vesicles. each with at
least twn membranes, embedded in the nucleus
near its free, concave surface and originating by
pinocytosis of the cell surface in the spermatid.
Vesicles are normally present peripheral and
mostly basal to the nucleus in candean, us in
penaeid sperm. They form a wide reticular zone
around the base and sides of the nucleus in
Pararya australensis.

The sperm of Rhyachocinetes typus. described
by Barros et al. (1986) from a scanning clectron
microscope examination, is of particular interest
as it forms a link morphologically with the
higher, non-natant decapods in having 11 co-
planar radial arms in additon to the lypical
natantian terminal spike. Contact with the egg
continues to be made by the terminal spike which
exerts a lytic action, It remains 1o be determined
whether the arms are homaologous with those of
higher decapods.

Mitochondria occur in the cytoplasmic collar
of carid sperm but mostly lateral to the nucleus
(Crangon vulgaris, Pochon-Masson, 1968b:
Palaemon elegans, Pochon-Masson, 1969; C.
septemspinosa, Arsenault e al,, 1979). Centri-
oles have been observed (generally absent from
dendrobranchiate sperm) between the spike and
the nucleus, in the cytoplasmic ‘collar” region,
in several carids (Crangon vulgarts, Pochon-
Masson, 1968b; C. septemspinosa, Arsenault ef
al., 1979; Palaemon elegans, Pochon-Masson.
1969).

Origin of the acrosome during spermiogenesis
from the Golgi apparatus is argued tor Crangon
septemspinosa by Arsenault ez al. (1979), but
generally in decapods a Golgi apparatus has not
been reported and origin of the acrosome appears
to be from vesicles derived from the endo-
plasmic reticulum.
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INFRAORDER STENOPODOIDEA

Sperm structure in this taxonomically prob-
lematic group has been examined, for Stenopus
hispidus, by Felgenhauer and Abele (1990), The
sperm of 8. hispidus, were considered by Felgen-
hauer and Abele (1990) 10 resemble those of
stomatopods as Burkenroad (1981) had sug-
gested from a light microscope study of the
sperm of 8. cf. scutellus. The spermatozoon of §.
hispidus is a simple elliptical cell, ca. 7-10 um
in diameter, with a prominent lamellar body
located on one side against the plasma mem-
brane, and resembling that flanking the acro-
some in brachvurans. No distinet acrosomal
region or stellate appendages were present. Fel-
genhauer and Abele (1990) doubted, however,
that the sperm were mature on the grounds that
arms, typical of other reptants, were absent, The
absence of an acrosomc is a notable difference
from stomatopod sperm and, with the ellipsoidal
armiess form, is here seen as a notable resem-
blance 1o cuphausid sperm of possible phylo-
genetic significance.

INFRAORDER ASTACIDEA

Ulirastructural studies of the Astacidea in-
clude the families Astacidac (A stacus astacus =
A. fluviatilis), Pochon-Masson, 1968b, Lopez-
Camps er al., 1981; A. leptodactylus — sperma-
tocytes only — Eliakova and Goriachkina, 1966,
Cambaroides japonicus, Kaye et al., 1961; Ya-
suzumi e? al., 1961; Yasuzumi and Lee, 1966,
Cambarus sp., Anderson and Ellis, 1967; Paci-
fastacus lentusculus, Dudenhausen and Talbot,
1979a, 1982; Procambarus clarkii, Moses,
19614, b); P. leonensis, Felgenhauer and Abele,
1990). Nephropidae, subfamily Nephropinae
(Nephraps norvegicus. Chevaillier, 1965,
Chevaillier and Maillet, 1965; Chevallier,
1966h, 19674, 1967b, 1968); subfamily Ho-
marinae (Homarus americanus, Talbot and
Chanmanon, 1980a (Fig. 2R), 1980b; H. wul-
garis, Pochon-Masson, 1965b, 1965¢, 1968a;
Enoplometopidae (Enoplometopus occidentalis,
Haley, 1986) and Parastacidae (Cherax tenui-
manus, Beach and Talhot, 1987, Jamieson, un-

FIG. 3. Micrographs of the ultrastructure of the sperm of some decapads. A, a parastacid, Cherax tenuimaniis.
B #nd C, u palinurid, Jusus novaehollandiae. C, microlubulur arm of J. nevachollandiae. D, a galatheid,
Allogalathea sp. E, a porcellanid, Perrolisthes lamarckie. F, diogenid, Clibanarius corallinus. G, a majid,
Menaethius monoceros, H, a dromiid, Petalomera luteralls. |, a raninid, Ranmna ranina. J, a portunid,
Caphyra rotundifrons. K, a miciynd, Mictyris longicarpus. All original. Abbrevations: a= acrosome; ab=
apical button; c= capsule; ce= ceniriole; cl= concentric lamellae; cy= cytoplasm; ec= extensions of capsule;
ems= extra-cellular matrix; ia= inner acrosome zone; la= lateral arms: m= mitochondria; ma= microtubular
arm; mi= microtubules; n= nucleus: na= nuclear arm: o= operculum; oa= outer acrosome zone; p= perfora-
tarium; pmp= posterior median process: sac=subacrasomal chamber; sp= spermatophore; tr= thickened ring.
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pggl_};flcd) and €. albidus, Beach and Talbat,
1 k

The acrosomal-nuclear complex is elongate in
the Nephropidae (Figs 2R, 4) but compact and
dome-shaped in the Astacidac and Parastacidac
(Figs 3A, 4). Enoplometopus is exceptional for
the investigated Nephropidae in its dome-shaped
acrosome, wider than long (Fig. 4), resembling
that of the Astacidac. This supports cxclusion of
Enoplometopus from (he Nephropidae by De
Saint Laurent (1988), who placed it in a separate
family, the Enoplometopidac, and superfamily,
the Enoplometopoidea.

ASTACIDAE AND PARASTACIDAE

Sperm ultrastructure of astacids and para-
stacids indicates combined monophyly of the
two familics. The nucleus of the spermatozoon
of Astacus astacusis a biconcave disc with major
axis perpendicular to that of the gamete and with
a sinvous outline. As in other decapods, the
chromatin forms a fine, weakly osmiophile net-
work of fibrils varying from 20 A to 200 A
{Pochen-Masson, 1968b; Yasuzumi and Lee,
1966; Moses, 1961a). Occasional clear spaces
contain microtubules. In the equatorial plane the
nucleus is elongated 1o form the charactéristic
spikes (spines, arms or pseudopodia). These
number four in Cambaroides and Procambarus
clarkii butexceed 200in P. leonensis and five, six,
or seven in Cambarus viridis (references in
Moses, 1961a, b; Felgenhauer and Abele, 1990).
Elsewhere folds of the nuclear envelope sur-
round mucoid digitations arising from the con-
voluted membranes in outer parts of the cell
(Pochon-Masson, 1968b).

There is evidence for formation of lamellar
material peripheral (o the nucleus from the nu-
clear membrane, from smooth ER. and from
mitochondria and for formation of the wall of the
spines from the nuclear membrane and also from
the convoluted membranes (Kaye et al., 1961;
Eliakova and Goriachkina, 1966; Yasuzumi and
Lee, 19665 Anderson and Ellis. 1967; Pochon-
Masson, 1968h: Moses, 19AYa, b; Dudenhausen
and Talbot, 1979), Yasuzumi and Lee (1966)
have demonstrated that the convoluted mem-
brancs, especially surrounding the nuclear mem-
branes, are the site of TTPase.

TLis considered by Moses (1961b) and Ander-
son and Ellis (1967). for Astacidea, and by
Talbol and Chanmanon (19804), for Homarus,
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that the nuclear membrane becomes fused with
the plasma membrane as a“tegument’ containing
*spermioplasm’, admixed nucleoplasm and cy-
toplasm.

Microtubules, ¢, 200 A (Pochon-Masson,
1968h), 220-310 A (Yasuzumi and Lee, 1966)
or e. 300 A wide (Anderson and Ellis, 1967),
with associated DNA, form several parallel
bundles some of which extend inlo the spines
(Moses, 1961a, b: Anderson and Ellis, 1967,
Pochon-Masson, 1968b), each of which con-
tains, for instance, 30 cvenly spaced micro-
tubules in Cambaroides (Yasuzumi and Lee,
1966), The microtubules probably are re-
spansible for movement of the Spines which has
been observed in crustacean sperm (Pochon-
Masson, 1968b).

Centrioles are said to be absent from the ma-
lure sperm of A. astacus by Pochon-Masson
(1968b) and were observed to disintegrate by
maturity in Procambarus (Moses, 1961a,b) and
Cambaroides (Yasuzumi et al., 1961) but persist
in the mature sperm in Cambarus (Anderson and
Ellis, 1967). No Golgi apparatus is known in
spermatids or spermatozoa of crayfish but lamel-
lar ER in the spermatid resembles this structurce
(Kayc eral, 1961).

The acrosome in ull investigated astacids and
parastacids is a dense inverted cup-shaped struc-
lure, crescentic in longitudinal section, with the
opening towards the nucleus. Tt is wider than
long, in contrast with nephropids (Homarus, Ne-
phrops) in which, with the exception of Ena-
plometopus, it is greatly elongated (Fig. 4). Tn
Astacus astacus, the acrosome is differentiated
into an apical operculum (Pochon-Masson,
1968b) or apical formation (Lopez-Camps et al.,
1981) and a more basal, thick doughnut-like
ring. No such apical differentiation is recognized
in Procambarus clarkii, P. leonensis, Cambarus
sp. and Cambaroides japoricus (Moses, 1961a;
Felgenhauer and Abele, 1990; Anderson und
Elhs, 1967; Yasuzumi and Lee, 1966, respec-
tively). In Cherax albidus (Parastacidae) some
apical whorled material is present within the
vesicle but is absent in C. tenwimanus (present
study; Beach and Talbot, 1987) (Fig. 3A). The
malure acrosome of Pacifastacus is again differ-
entiated as an apical cap consisting of whorled
stacks of lamellae in addiiton 1o ¢rystalline inner
acrosomal material; and outer acrosomal mate-
rial which 1s homogeneous except for a periph-

F1G. 4, Plol of acrosome length against widlh for various reptants, Standard deviations for each species are nut

shuwn but ase small.
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eral electron dense band (Dudenhausen and Tal-
bot, 1982). At maturity in Cambarus the crescent
is embedded in dense material within the fila-
mentous spermioplasm (Anderson and Ellis,
1967). It seems possible that the reported ab-
sence of an operculum in some species may be
due to slight immaturity of the spermatozoon and
that the internalized whorls of Cherax albidus
represent an intermediate ontogenetic stage of
the acrosome.

In all examined Astacidac and Parastacidae
there is a large subacrosomal chamber. In Cam-
baroides, Cambarus and Procambarus, a plug-
like mass of granular material with filamentous
extensions fills the posterior opening of the acro-
some. Thin beaded filaments, also shown for
both Cherax species by Beach and Talbot
(1987), extend into the central concavity from
this basal material.

At full development an apical process (horn-
like process of Yasuzumi and Lee, 1966 or ante-
rior acrosomal process of Anderson and Ellis,
1967), which is possibly a derivative of the sus-
tentacular cells (Moses, 1961a), emerges from
the anterior region of the acrosome. This is
clearly the structure questionably considered an
acrosomal tubule in Procambarus leonensis by
Felgenhauer and Abele (1990). As in most other
Malacostraca, the acrosome does not appear to
be a Golgi derivative, the hall-mark of the acro-
some in other animal groups. Dudenhausen and
Talbot (1979) state that the proacrosomal ves-
icles, which fuse to form the acrosome, originate
from the ER in Pacifastacus. Yasuzumi et al.
(1961) state that the acrosome forms from granules
in the spermatid similar to those found in the
interzonal spindle region in the meiotic divisions.

In A. astacus the sperm is not freed from a
mucoid sphere until it reaches the external me-
dium when, as in Pacifastacus, the spines unfold.
The PAS-positive mucoid sheath is provided by
the intercalary cells (Moses, 1961a).

NEPHROPIDAE

The spermatozoa of Homarus americanus
(Talbot and Chanmanon, 1980a) (Fig. 2R) and
H. vulgaris (Pochon-Masson, 1965¢c, 1968b)
conform with the gross ultrastructural pattern
described for the Astacidae but differ, chiefly, in
the pronounced elongation of the acrosome (Fig.
4) which projects as a cylinder. Each sperm is 17
or 19 um long and consists of acrosome, sub-
acrosomal region, collar containing various or-
ganelles, nucleus, and spikes (here three) each
20 um long in H. vulgaris and 38 um long in H.
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americanus) which are extensions of the nu-
cleus. The acrosome is traversed throughout its
length by a weakly PAS-positive electron dense
column, the inner acrosomal material, which
widens at the ends to form a deep fossa enclosing
the finely granular plug-like subacrosomal mate-
rial, posteriorly, and a flange supporting an api-
cal cap anteriorly. This column is surrounded by
a wider zone, strongly PAS-positive and of mod-
erate to low electron density, the outer acrosomal
material (Talbot and Chanmanon, 1980a). The
apical cap, which is weakly PAS-positive, has
four concentric zones which, centripetally, are
(1) an external wide crystalline zone, (2) a nar-
row electron dense crystalline zone, (3) a crys-
talline moderately electron dense zone which is
a cup-shaped extension of the central, inner acro-
somal material (all three identical with the
opercular sphincter in H. vulgaris, sensu Po-
chon-Masson, 1968b), and (4) the moderately
dense contents of this cup (apical portion of
central canal, Pochon-Masson, 1968b) which are
continuous with the central column. The tip of
the cap is deeply indented (Talbot and Chan-
manon, 1980a). The acrosome 1s bounded by a
single, tripartite membrane. The acrosome of H.
vulgaris is almost identical but the central
column is penetrated throughout its length by a
narrow central canal (Pochon-Masson, 1968b).

The collar and region subjacent to the subacro-
somal material, contains small mitochondria
with poorly developed cristae and, centrally, a
pair of centrioles. The subacrosomal material,
which is more dense basally than elsewhere, and
the collar are in direct continuity with the chro-
matin of the nucleus. The nucleus extends for a
short distance as a ‘cuff’ around the base of the
acrosome and is not delimited from the acrosome
by a membrane. Elsewhere, though, it is bounded
by a membrane which appears to be a product of
the fusion of the nuclear envelope and the plasma
membrane. This composite membrane projects
outwards as the spikes or nuclear processes but
the nuclear chromatin, which is granular or fi-
brillar and uncondensed, is said not to extend
into them. The processes are traversed by micro-
tubules ensheathed in and interwoven by sheet
membranes. The microtubule-membrane com-
plexes of the spikes converge in the region of the
collar and interconnect to form (as in the axiid,
below) a three-sided vault the apex of which
immediately underlies the base of the acrosome
(Talbot and Chanmanon, 1980a).

The acrosome reaction of the H. americanus
sperm has been clegantly described by Talbot
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and Chanmanon (1980b) and corresponds
closely to the report of Pochon-Masson (1965¢,
1968b) for H. vulgaris (see also Brachyura, Po-
chon-Masson, 1968a) but cannot be described
here.

The ultrastructure of the sperm of the Sub-
family Nephroﬁinae, exemplified by Nephrops
norvegicus (Chevaillier and Maillet, 1963) is
essentially similar to that in the Homarinac de-
scribed above. There are again three noclear
processes containing 4 complex system of
lamellae but remarkably. unlike homarine
sperm, the processes lack microtubules. Only the
basal part of the spine contains lamellae and is
Feulgen (DNA) positive. The acrosome (“cap-
sule”) is clongate and consists of a peripheral
region and an axial baton. The baton is here
interpreted as the homologue of the subucro-
somal material or perforatorium in homarines,
Jiffering in being (like the entire acrasome)
much more elongate. This is bounded by a space
(here considered the equivalent of the central
canal of H. vulgaris) surrounded by an inner
fibrillar and. external 1o this. a homogeneous
layer together probably equivalent to the inncr
acrosomal matcrial (central column) in Ha-
marus, 1t is proteinaccous and PAS negaiive,
The peripheral region is clearly the homelogue
of the outer acrosomal region and. like it 18
PAS-positive, A proicinaceous “apical granule’
is possibly the equivalent of the homarine apical
cup (operculum)

ENOPLOMETOPIDAE

As indicated above, the sperm of Enoplome-
topus occidentalis, described by Haley (1986),
who termed it an axiid, appears to the writer to
be remarkably similar to that of the Astacidae
and Parastacidae and to differ from that of the
Nephropidae, in which it has also been placed.
and from the paguroid-brachyuran assemhlsge
in the structure of the acrosame vesicle. This has
the form of a thick walled inverted cup, wider
than long, enclosing a very spacious subacro-
somal space in which there is finely granular
muterial but no perforatoriom. Centrioles at the
base of the acrosome produce microlubules
which extend between membranes of the lamel-
lar region distally through the uncondensed nu-
cleus as the cores of three radial arms.
Decondensed nuclear material surrounds these
microtubular cores at least in the bases of the
arms. The nuclear and plasma membranes are
fused except where the acrosome lies between
them. Two types of milochondnon-like struc-

tures are present. The first do not survive inta
catly spermatids while the second form (ap-
parently from membranes of the lamellar region
according to Haley but possibly inn fact generat-
ing these) dunng spermiogencsis.

INFRAORDER THALASSINIDEA

The Thalassinidea contains seven families of
which only two families have representatives
which have been investigated for sperm ultra-
structure: Callianassa australiensis (Callianas-
sidae) and Thalassina anomala (Thalassinidae)
(Tudge, pers, comm.). C. australiensis has a
spherical sperm with four radiating microtubular
arms; a small, flat acrosome; the remainderof the
sperm body being compased of nuclear and cy-
toplasmic material. T, anomala has a morpho-
logically different sperm being more oblong in
shape and possessing a larger acrosome vesicle
capped by an operculum with three horizontal
layers. The acrosome vesicle is anterior 10 the
cytoplasmic region. from which several micro-
tubplar arms onginate, and a small nuclear re-
gion is present posteriorly.

INFRAORDER PALINLRA

The ultrastructure of the spermatozoon of the
spiny lobsters, Panulirus argis and P, guttarus,
has been investigated by Talbot und Summers
(1978), that of Jasus novaehollandiae by Jamie-
son (in prep.) (Fig. 3B,C) (Palinuridac) and that
of Scyllarus chacei (Scyllaridac) by McKnight
and Hinsch (1986).

Each Panulirus sperm (Fig. 2P) is spherical
and consists of a nucleus, lamellar region and, at
one pale. the acrosome, The nucléus contains
uncondensed, Feulgen-positive chromatin and 1s
limited by an intact nuclear envelope which is
very closely applied 1o the plasma membrane
excepl where the nucleus abuts the acrosome and
lamellar regions. A variable number (3-12) of
spikes radiates from the nucleus, They arc exten-
sions of the nucleus and are bounded by its
envelope. Microtubules span the nucleus and
extend into the spikes. The chromatin is continu-
ous with the lumen of the spike but does not
extend into it. The spikes are stationary and the
sperm is non-motile. The lamellar body, which
lies at one side of the base of the acrosome and
external to the nuclear envelope. contains
numerous stacks of membranes and small mito-
chondna-like bodies.

The acrosome vesicle (PAS-posilive region) is
lens shaped and is limited enuirely by a mem-
brane, [t is structurally complex and is divisible
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inlo foor discrete zones which are respectively,
in poslerior-antérior sequence, homogeneous;
scrolled; erystalline; and flocculent. The homo-
geneous region forms an electron dense cap sit-
valed in a depression in the nucleus and
surrounding the scroll and part of the crystalline
regions. The scroll region is electron dense with
numerous lucid channels which produce the dis-
tinctive scroll pattern. The crystalline region as
dome-shaped and in Section has a very regular
grid arrangement of dense squares which in
longitudinal seclion are seen 1o be vertical rods,
The fourth, anteriormaost, region contains a dis-
persed flocculent moderately dense material
with coalesced beads or granules. The vesicle is
surrounded by periacrosomal matertal which is
flocculent near the base of the acrosome and
filamentous at the apex. It includes clectron
dense bundles of filaments which in longitudinal
sections appear as dense cores in pockets formed
berween the acrosomal and plasma membranes,
Microtubules and centrioles were sometimes
scen in the basal part of the periacrosomal region
(Talbot and Summers, 1978).

The acrosome of Scyllarus chacei 1s unigue in
investigated Crustacea in having electron dense
rays (40 in number) radiating from a densc disc
which lies at the apex of the bell shaped vesicle,
under the plasma membrane, like the struts of an
umbrella. Beneath these the acrosome contains
homogeneous, scrolled and crystalline areas,
The nuclear membrane is folded and irregular
and the chromatin diffuse. The cytoplasmic area
contains the lamellar complex, # few mitochon-
dria and & large number of microtubules. The
number of microtubular arms arising from the
body of the sperm as extensions of the cytoplasm
15 not specified (McKnight and Hinsch, 1986).

Panulirid sperm conform o the general “rep-
tant” plan and are nearest to those of the astacids
such as Homarus and Nephrops. The latter
differ, however, in having a constant number
(three) of spikes and in having u very clongale
acrosomal vesicle with the periacrosomal mate-
rial {percutor organ or perforatorium) extending
up inwo the base of the vesicle. Possession of
crystalline material (Talbot and Summers, 1978;
McKnight and Hinsch, 1986) is an unusual con-
dition for decapods, shared with nephropids,
though with doubtful homology. In the absence
of a basal invagination of the acrosome, the
palinurid sperm differs conspicuously from
sperm of astacids and the anomuran-brachyuroid
assemblage and it would not appear that palin-
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urids are near the ancestry of the latter assem-
blage.

INFRADRDER ANOMURA, (5. strict, Anomala s.
Schram, 198h)

The Anomura contain 12 families. Sperm mor-
thlogy at the light and clectron microscope
cvel has been carried oul on representalives
from six of these: within the Paguroidea, the
Diogenidae (Clibanarius longitarsis, Dhillon,
1964, 1968; Clibanarius taeniatus, Clibanarius
virescens, Tudge, unpubl.; Chbanarius coral-
finus, lamieson, in prep. (Fig. 3F), Dardanussp.,
and Diogenes sp,, Tudge, unpubl.); the Coeno-
bitidac (Coenobita clypearus, Hinsch, 1980 a, b;
(Coenobila spinosus, Tudge, unpubl., and Birgus
latro, Tudge and Jamieson, 1991); and the
Paguridae (Pagurus (=Eupagurus) bernhardus,
Pochon-Masson, 1963; Chevaillicr, 1966, 1967,
1968, 1970). in the Galatheidae, Allogalathea
sp. (Jamieson, in prep.) (Fig. 3D): in the Porcel-
lanidae, Petrolisthes lamarckii (Jamieson, in
prep.) (Fig. 3E) and in the Hippidae, Emerira
lalpoida, Pearse ef al., 1942; Barker and Austin,
1963; E. analoga, Vaughn,1968a, b; Vaughn et
al., 1969: Vaughn and Locy, 1969; Vaughn and
Tgnn;snn, 1972; and E, asiatica, Subramoniam.
1977

Most of the anomurans have sperm morphol-
ogy characterised by an ¢longate 1o oblate, com-
plex acrosome projecting anteriorly 10 the
nuclear matenal and capped by an clectron-
dense, domed or conical pperculum; and three
long microtubular arms (possibly more in the
Hippidae), radiating from the cyloplasmic re-
gion anterior to the nucleus; and diffuse chroma-
tin. Clihanarius spp. and Pagurus bernhardus,
are exceplional only in having a shorter, more
ovoid acrosome,

A scatler diagram showing e proportions of
the acrosomes (length: width) in various rep-
tants, including anomurans, is given in Fig. 4.

BRACHYURA

In the present study of brachyuran spermato-
zoal ultrastructure it is proposed to investigate
the validity of two conflicting classifications of
the Brachyura. The first, which has been summa-
rized by Warner (1977) and is the more familiar
to most workers, divides the Brachyura into five
sections, the Dromiacea, Oxystomata, Oxyrhyn-
cha, Cancridea and Brachyrgyncha. This classi-
fication, with included families for which sperm
ultrastructure is known, is shown in Table 1.

Footnotes in the Table allude to the alternative
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TABLE 1. Ultrastructural investigations of spermatozoa of the Brachyura,

Higher taxon & Family

Species

Sperm ultrastructure

Dromiaces’
Dromiidae

Oxvstomata
Raninidae™

Oxyrhyncha
Majidac’

I’arn'wnt:rp:'daeJ

Cancridea
Cancridae’

Brachyrhyncha
Portunidac’

Dorippidae’
Calappidae’
Xanthidae®

Leucosiidae’
Pinnotheridae’
Grapsidae”

Geryonidae

Mictyridae’
Ocypodidac®

Macrophthalminae

Dromidia antillensis Stimpson
Petalomera lareralis (Gray)

Ranina raming (Linneaus)

Chionoecetes opilio (Fabricius)
Libinia dubia Milne Edwards
Libinia emarginata Linnacus

Mucrocoeloma irispinosum (Latreille)
Menaethius monvceros (Latreille)
Mithrax sp, Lawreille

Pitho thermimert Rathbun

Podochelu gracilipes Stimpson
Padochela risei Stimpson
Stenarhynchus seticornis Lamarack
Heterocrypia granulata (Gibbes)
Parthenope serrutus (H. Milne Edwards)

Cancer borealts Stimpson
Cancer irrorglus Say
Cancer magisier Dana
Cancer pagurus Linnacus
Cancer produciuy Randall

Callinectes sapidus Rathbun
Portunus pelagicus (Linnacus)
Carcinus muenas (Linnaeus)

Ovalipes ocellaius

Caphyra luevis (A. Milne Edwards)
Caphyra rotundifrons (A. Milne Edwards)
Neodorippe asiuia (Fabricius)

Calappa hepatica Alcock

Menippe mercenaria (Say)

Atergaus flovidus (Linnaeus)

Liagore rubromaculaia De Haan
Etisus laevimanus Randall

Pilodius areolatus (Milne-Edwards)
Eurvpanopeus depressus (Smith, 1869)
Eurytium limosum (Say. 1818)
Thacaniha subglobosa (Sumpson, 15871)
Punncxia sp. White

Eriocheir japonicus De Haan

Grapsus albolineatus Lamarck
Sesarma ervihrodactvla Hess

Sesarma reticulatum (Sav)

Geryon fennert Manming & Holthuis
Geryon guinguedens Smith

Mictyris longicarpus Laweille

QOcypada ceratophthalma Ortmann
Uca dussumieri H. Milne Edwards

Macrophthalmus crassipes H. Milne Edwards Present study

Brown (1966a, 1970); Felgenhauer and Abele (1990)
Jamieson (19%0)

Jamieson (1989b)

Beninger e/ al. (1988)
Hinsch (1973)

Hinsch (1969, 1971, 1973, 1986):
Vaughn and Hinsch (1972);
Hemandez et al. (1989)
Hinsch (1973)

Present study

Hinsch (1973)

Hinsch (1973)

Hinsch (1973)

Hinsch (1973)

Hinsch (1973)

Hinsch (1973)

Hinsch (1973}

Langreth { 1965, 1969)
Langreth (1965, 1969)
Langreth (1965, 196Y)
Pochon-Masson (1968a)
Langreth (1965, 196Y)

Brown (1966a,b); Felgenhaver and Abele (1990)
Jamieson (198Yh, 1990); Jamieson and Tudge (1990)
Chevaillier (1966b, 1967, 1969); Goudea (1982);
Pearson and Walker (1975): Pochon-Masson (1962
[spermiogenesis only], 1965, 1968b); Reger et al. (1984)
Hinsch (1986)

Presem study

Presem study

Jamieson and Tudge (1990)

Present study

Brown (1966a)

Jamieson (1989a, 1989¢)

Jamieson (1989a)

Jamieson (1989a)

Jamieson (1989a)

Felgenhauer and Abele (1990)

Felgenhauer and Abele (1990)

Felgenhauer and Abele (1990)

Reger (1970c)

Du et al. (1987); Yasuzumi (1960)

Present study

Present study

Felgenhauer and Abele (1990)

Hinsch (1988)

Hinsch (1988)

Present study

Present study

Present study

1, 2, 3, 4 Attributions in the alternative svstem of Guinol (1978) are: 'Podotremata, Dromiacea “Podotremata, Archacobrachyura
*Heterotremata “Thoracotremata,
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TABLE 2. Brachyuran classification of Guinat (1978).
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Section Sub-section Superfamily Sperm ultrastructure known

Podotremata Dromiacea Homolodromoidea
Dromivideu Dromiidae*®

Archaeobrachyura Homoloidea

Raninoidea Raninidae*
Tvmoloidea

Eubrachyura Heterotremata Dorippodea Dorippidae*
Calappoidea Cancridae, Calappidae*®
Portunoidea Portunidae*
Xanthoidea Xanthidae®, Geryonidae
Majoidea Majidae*
Parthenopoidea Parthenopidae
Bellimdea
Leucosioidea Leucosiidae

Thoracotremata Gecarcinoidea Grapsoides Grapsidae®
Mictyroidea Mictyridae*
Pinnotheroidea Pinnotheridae
Hexapodoidea
Ocypodoidea Ocypodidae™
Hymenostomatoidea

*Jamieson, Jamieson and Tudge.

“De Saint-Laurent (1980b).

classification, developed by Guinot (1977, 1978)
in which the Brachyura are divided into three
groups: the Podotremata (in turn divided into the
Dromiacea and Archaeobrachyura). the Heter-
otremata and the Thoracotremata (Table 2).

It will be shown that Guinot's classification,
though requiring modification, is more con-
gruent with sperm ultrastructure than is that pre-
sented by Warner. Guinot's system is basced on
two, and only two. apomorphies: location of
female pores on the sternum of segment 6; and
location of the male pores on the sternum of
segment 8; these contrast with a plesiomorphic
location on the coxa of the corresponding ambu-
latory limb. The Thoracotremata possess both
apomorphies; the Heterotremata have only the
first, the male pores remaining plesiomorphi-
cally coxal, though in some families they have
migrated 10 a coxosternal position (Palicidae,
some xanthoids) or even a lateral sternal position
(some portunids, e.g. Callinectes); the Podotre-
mata, as the name suggests, have female and
male pores on the coxac. Although this classifi-
cation is better supported by sperm ultrastruc-
turc, recognition of the Heterotremata on a single
apomorphy, the sternal female pores, might not
be expected to give a robust group though more
confidence might be attached to the Thoracotre-

mata based on the apomorphic, sternal location
of female and male pores. Even if acquisition of
sternal female pores were a unique, monophy-
letic event, the Heterotremata must be paraphy-
letic if its descendants (Thoracotremala ) are nol
included in it as a subset. In Fig.5 paraphyly of
the Heterotremala and monophyly of the in-
cluded Thoracotremata is indicated.

This caveat does not, however, undermine the
lerminal group, the Thoracotremata and this
group is supported by spermatozoal apomor-
phies, The six species of the Thoracotremata
examined here (Fig. 8) show thiee synapomor-
phies (Fig. 5): (1) concentric lamellation of the
outer acrosome zone is present in five species,
though varying in development in these and ap-
parently absent in Uca dussumieri; (2) the oper-
culum has an apical button (not seen in
Macrophthalmus); and (3) a differentiation of
the acrosome contents which appears fo be an
extension of the basal ring (‘xanthid ring’ of
Jamieson, 1989a) is present in at least the grap-
sids, the mictyrid and Ocypoda, its homology
being uncertain in Uca and Macrophthalmus.

[n contrast to spermatozoal support for at least
the thoracotreme assemblage, the Dromiacea—
Oxystomala—Oxyrhyncha-Canendea-Brachyrhyncha
classification (henceforih D-B classification) is
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Dromiidae
Raninidae
Majidae
Portunidae
Dorippidae
Xanthidae

“Ncalappidae
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FIG. 5. Tentative, heuristic phylogeny of the Brachyura derived from consideration of the ultrastructure of
spermatozoa superimposed on a phylogeny deduced from the classification of Guinot (1977, 1978) which is
indicated at bottom right. The phylogeny is limited to the families investigated in the present study and, while
it shows perceived trends in spermatozoal anatomy, may be expected to be modified when further taxa are

examined.

refuted by the very close, and distinctive, simi-
larity of the sperm of portunids (Portunus, Cal-
linectes, Carcinus, Caphyra) with those of the
Dorippidae, exemplified by Neodorippe, (Fig.
7A). In the D-B system dorippids are placed with
raninoids in the Oxystomata while portunids are
far removed, in the Brachyrhyncha. The sperm
of Ranina, described by Jamieson (1989b)
(Figs 31, 6B ) is radically different from that of
Neodorippe. The heterogeneity of the Oxysto-

mata and Brachyrhyncha appears to be endorsed
from studies of larval stages (Rice, 1980; Wear
and Fielder, 1983).

It might alternatively be argued that the
Thoracotremata do not have their origin in the
Heterotremata and that the two are inde-
pendent, monophyletic groups originating from a
common ancestor. This view has been espoused by
De Saint-Laurent (1980) but the overlap in zoeal
morphology demonstrated by Rice (1981), with that
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Majidue: Menasthius menoceras

Calappidae; Calappa hepatica

FIG. 6. A-D, Semi-diagrammatic longiludinal sections of spermatozoa from selected brachyuran families. A
and B, Podotremala; C and D, Heterolremalta. Traced from micrographs. Scale bars = Tpm.

in spermatozoal ultrastructure suggests that
thoroacotremes arose from paraphyletic hetero-
tremes as proposed above.

A systematic account of brachyuran sperm now
follows.

DROMIACEA

Dromiidae. The dromiid sperm, as ex-
emplified by Petalomera lateralis (Figs 3H, 6A)
and Dromidia antillensis, differs markedly from
spermatozoa of other crabs (the Oxystomata—
Oxyrhyncha-Cancridea—Brachygnatha {O-C-B}
assemblage or the raninoid-heterotreme— thora-
cotreme assemblage) in the discoid, relatively
undifferentiated acrosome capping, but not
embedded in the nucleus (plesiomorphies); the
capitate form of the perforatorium and the com-
position of this (autapomorphies); the greater,
apomorphic, reduction of cytoplasm and or-
ganelles, including mitochondria and centrioles;
and the absence (Pelalomera) or brevity
(Dromidia) of nuclear arms. In view of some
similaritics of the acrosome to those of Eu-

brachyura (non-dromiaceans) suggestive of rela-
tionship, brevity of arms may be secondary by
reduction. Presence of well developed nuclear
arms is a synapomorphy of all investigated non-
dromiid brachyurans and of the Palinura, Ast-
acidea and Anomura while absence is a
symplesiomorphy of other Malacostraca. Ab-
sence from dromiid sperm of a posterior median
process of the nucleus, which is present in
Pagurus (Pochon-Masson, 1968a), Ranina
(Jamieson, 1989b) and majids (Hinsch, 1973;
there attributed to a generalized oxyrhynch, Fig.
2Q0), is presumably an apomorphic loss, if
dromiids are indeed brachyurans. If brevity of
lateral arms in dromiids were plesiomorphic, the
Dromiacea might be derived from early de-
capods before evolution of the Palinura-Ast-
acidea-Anomura-Brachyura assemblage as
suggested (Rice, 1983; Wear and Fielder, 1985)
by their non-brachyuran, anomuran type larvae,
If dromiids are monophyletic with true crabs,
zocal morphology would demand a basal posi-
tion in the Brachvura.
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RANINOIDEA

Raninoids, with dorippoids and calappoids.
constitute the spermatologically heterogeneous
and clearly polyphyletic Oxystomata (Warner,
1977) or the Archacobrachyura, containing only
raninoids, homoloids and tymoloids, of Guinot
(1978). Homolods and tymoloid sperm are un-
known ultrastructurally and therefore the archae-
obrachyuran grouping cannot be fully tested
spermatologically. Nevertheless, the sperm of
Ranina ranina (Figs 31, 6B) is sufficiently simi-
lar to those of eubrachyurans and different from
those of dromiids (o suggest that the Podoire-
mata (Dromiacea and Archacobrachyura) is a
paraphyletic assemblage. Several features arc
shared between the sperm of R. raning and those
of the Eubrachyura. These were previously con«
sidered to be synapomorphies (Jamieson. 1989b)
but may be plesiomorphies carried over from
similar morphology known for anomurans and
particularly paguroids: the large spherical,
multi-layered, capsule-bound acrosome vesicle
(contrast the disc-shaped acrosorme of dromuids);
the electron dense operculum capping the ves-
icle: an invaginated core, or perforatorium; con-
centric zonation of the contents of the vesicle: a
layer of cytoplasm, between the acrosome ves-
icle and the nucleus, which contains mitochon-
dria (mostly degenerating) and lattice-like
lamellar complexes or membrane remnants; a
diffuse nucleus which is bounded externally by
a combined nuclear and plasma membrane and
cups the scanty cytoplasm and the large acro-
some vesicle; and lateral arms into which the
chromatin extends. These arms contain micro-
tubules in ‘oxyrhynchs (Hinsch, 1973) and
anomurans (Tudge, unpublished) but micro-
tubules are reduced or absent at maturity in the
arms of higher crabs though also shown for the
portunid Carcinus maenas by Pochon-Masson
(1968b). Significant differences of the Ranina
sperm from those of the O-C-B, including Por-
tunus, are: anterior termination ol the subacro-
somal space at the equator of the acrosome and
its conical form (plesiomorphy or raninoid apo-
morphy?), in the latter assemblage reaching the
aperculum; differentiation within the subacro-
somal material of a coiled, filiform putative per-
foratorium (plesiomorphy. or apomorphic
homoplasy with Anaspidacea?) whereas the en-
tire subacrosomal contents in the O-C-B form a
stoul perforatorial column; subdivision from the
acrosome vesicle in Ranina of a postenor sero-
somil chamber; and dilferentiation of the walls
of this, lining the subacrosomal chamber, as

longitudinal corrugations {raninoid autapomns-
phics) (Jamicson, 1989b). A Turther sugpuscd
ditfcrence, plesiomorphic persistence in Ranina
of numerous well developed, simple mitochon-
dria in contrast to a stated degeneration. with
greater development of a myelin-like lamellar
complex, in the O—-C-B can now be less certainly
maintained as apparently intact mitochondria are
demonstrated in the present work for Macraphthal-
mus crassipes. The posterior median progess seen
in the nucleos of R, ranina 1 alsa seen in Pagurus
(Pochon-Masson, 1968a), suggesting that
raninoids are plesiomorphic in this respect, and in
majids (Hinsch, 1973), This possibly supports
origin of majids from the base of the Fubrachyura
advocated by Raice (1983), Sperm ultrastructure is
consistent with the view that the Raninoidea are the
plesiomorphic sister-group of the Oxyrhyncha—
Cancridea—Brachyrhyncha assemblage or of the
Heterotremata-Thoracotremata assemblage.

MAJIDAE AND PARTHENOPIDAE

Majids and parthenopids constitute the Oxy-
rhyncha in the classitication summarized by
Warner (1977). Both are heterotremes in the
classification of Guinot (1977, 1978). Some 10
species, in 6 generg of majids have been ex-
amined fot sperm ultrastruciure (Table 1), of
which Menaethius monoceros is illustrated here
(Figs 3G, 6C). The sperm of this species and
those described, notably by Hinsch (1973), are
characierized by o broad operculum which is
highly unusual in being depressed centrally or
(Padochela, Hinsch, 1973) at least flattened. In
M. monoceros the operculum is not anly
depressed centrally but is also perforate (Figs
3G. 6C). A further feature of majid sperm is the
squal, puinted approximately rhombohedroidal
shape of the perforatorial column. As a third
featare, there 15 o posterior median extension of
the nucleus, in addition to the nuclear arms.
which is also present in Ranina ranina, in which,
as in the majid Pitho (Hinsch, 1973) it is partic-
ularly well developed. The constancy of this
process in majids is questionable but apparent
absence may be dee to fixation and/or facultative
withdrawal in life as it 18 variably in evidence in
Monaethius monoceros. Strong development of
microtubules in the arms, demonstraled by
Hinsch (1973) is here regarded as a Elcsiumm-
phic condition further supporting a basal posi-
tion for majids as microtubules are reduced or
absent from “higher' crabs, The state of maturity
and fixation of sperm may well effcet the visi-
bility of microtubules.



Hinsch (1973) autributes a very simifar form,
relative to majid sperm. to the parthenopids Par-
thenope serratus and Heterocrypla granulala
(though with different layering of the acrosome
contents)and sees the posterior process as u basic
‘oxyrhyneh” character. However, from a study
of the megalopa, Rice (1988) regards majids as
a monophyletic group quite distinct from the
remaining Brachyura and statcs that there is no
justification for retaining them with par-
thenopids in the Oxyrhyncha. In contrast to the
basal position of majids, studies of the zoea led
Rice (1981) to tegurd parthenopids as highly
evolved products of a lineage including por-
tunids and geryonids. Guinot (1978) notes that
the unity of majids s demonstrated by interrup-
tion of the sternal sutures (4/5-7/8). With con-
densation of the nervous system. she considers
this to indicate that majids are advanced hetero-
tremes The posterior process, occurring also in
the “outgroup’ Paguroidea, is here scen as a
plesiomorphy retained paraphyletically in
ramnoids and majids to be apomorphically lost
in higher crabs (Fig.5). Therefore parsimony
favours a more basal position of majids in the
phylogeny (Fig. 5) from a purely spermatologi-
cal viewpoint, as advocated by Rice (1981) from
zoeal morphology.

As a symplesiomorphy, centrioles are present
in majids, as inter alia 1n parthenopids, por-
tunids, dorippids, and Macraphthalmys but not
in. for instance, xanthids (Hinsch, 1973: present
study).

As parthenopid sperm have not been examined
in the present study itis not possible toadjudicate
the position of this family spermatologically.
Heterocrypta is distinguished from other crabs.
including Parthenope, in the unusually large
amount of cytoplasm between the nucleus and
the acrosome. From the micrographs by Hinsch
(1973) both genera have s wide, thin, very
slightly convex operculum perhaps more like
opercula of majids than other families and the
perforatorial column, in Parthenope, at least, is
approximately rhombohedroidal, but these are
insufficicnt grounds for recognizing a particular
relationship with majids.

CALAPPIDAE

Spermatozoal evidence is insufficient for
placement of the calappids of which only Ca-
lappa hepalica has been examined (Fig. AD).
The general morphology of the acrosome 1s rem-
iniscent in some respects of the majid
Menaethius, including the relatwely siraight
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anteriorly divergent inner margins to the outer
acrosome zone, the approximately rhombohe-
droidal perforatorial column and the well
developed thickened ring, but the operculum
differs notably from majids in being pointed
apically. Placement near the majids in the phy-
logram (Fig. 5) merely indicates, therefore, a
‘nearest neighbour” in lerms of general gestalt,
Investigation of the sperm of additional calap-
pids. with other familics, may yet contribute to
resolution of the phylogenetic position of this
family. It is regarded Irom zoeal morphology as
a fairly advanced family which may be near the
ancestry of the Cancridae, Corystida¢ and
Atclecyclidae (Rice, 1981).

CANCRIDAE

Cancrid sperm have not been investigated in
the present work but that of Cancer pagurus has
been briefly mentioned by Pochon-Masson
(19684) and four additional Cancer specics have
been used in a combined account of spermio-
genesis (chiefly of C. borealis) by Langreth
(1965, 1969) (Table 1). Some discussion of these
is warranted as the Caneridea constiute one of
the five major subdivisions of the Brachyura in
the system summarized by Warner (1977). The
Cancridae are placed with the Corystidae in a
restricled superfamily Corystoidea by Guinot
(1978) (Table 2).

In the mature sperm of C. borealis illustrated
by Langreth (1965), the large, dense opercuiom
is craterlike and centrally perforate but as the
pointed tip of the perforatorium protrudes
through i1, perforation of the operculum may
indicate that the acrosome reaction has com-
menced. This is supported by mention by Lan-
greth of penetration of the ‘cap’ only at maturity,
Otherwise the sperm is portunid-like, witl, in the
terminology of the present work, an inner dense
zone differentisted externally as an acrosome ray
zone and surrounded by the large, electron pale,
outer zone, A conspicous thickened ring is pre-
senl 1n continuity with the thinner but distinctty
developed, similarly electron dense capsule.
DNA is present throughout the length of the
rather short arms. No posterior median process
is present. he shape of the perforatorial column,
widesl at its postenior forth and tapering almost
straight to a pointed up differs from the more
bulbous form in portumds.

Although little can be slated with certainty as
to similarity and relationships with other fami-
lies, this sperm is at a similar morphological
level 1o those of portunids and does not in wsell
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support recognition of a separate higher category
for cancrids.

PORTUNIDAE AND DORIPPIDAE

The sperm of Caphyra laevis C. rotundifrons
(Fig. 3)) and Portunus pelagicus (Fig- TB) show
the typical portunid ellipsoidal perforatorium.
The sperm of Carcinus maenas has been de-
scribed by Pochon-Masson (1968a). Remarka-
ble intrageneric uniformity is seen in Caphyra.
A sister-group relationship of C. laevis living in
colonies of the soft coral Xenia, and C. romnd:-
Jrons, living in tufts of the turtle weed.
Chloradesmis, on coral reefs (here Heron [sland)
i5 to be suspected, Each species mimics the
colour of its host species.

Ultrastructural comparison between the sperm of
the dorippid crab Neadorippe astuia (Fig. TA) and
the portunid Portunus pelagicus (Fig. TB) has been
shown by Jamieson and Tudge (1990) 10 suppaort
placement of dorippids with portunids and their
relatives in the heterotreme section of the Eu-
brachyura and not, as in Table 1, with Ranina
ranina (in the Archacobrachyura or the Oxyslo-
mata). Characteristic eubrachyuran features of the
N. astuta sperm (absent trom R. ramna) are the
long perforatorium (short and conical with # unique
subacrosomal chamber in R. ramina) extending
almost to the operculum: presence in the perfora-
torium of longitudinally arranged convoluled
tubules; & zone of acrosomal rays forming the outer
part of an inner dense zone: the presence of
thickened ring surrounding the basal part of the
perforatorium; and, basally, two centrioles (absent
from R. ranina but also from some eubrachyurans).
The sperm of N. astura is more similar to those of
portunids (P. pelagicus, Caphyra laevis and C.
rotundifrons, present account: Carcums maenas,
Pochon-Massan, 1968a; and Ovalipes ocellaius,
Hinsch, 1986) than o that of other investigated
Brachyura. A smoothly rounded (bulbous) ellip-
soidal perforatorial column (more slender in C.
maenas and Neodorippe), well developed acio-
some ray zone, and persistence of centrioles char-
aclerizes portunids and dorippids: general
similarity of gestalt is apparent although difficult
to quantify (Fig. 7A, B). Spermatologically dorip-
pids and portunids thus appear to farm a monophy-
letic group within the Heterotremaw, though this
does not in itself validate the Heterotremata. It has
been shown above (see also Fig. ) that the Heter-
otremata form a paraphyletic group unless their
descendants (the Thoracotremata) are included as
u subsel

13

GERYONIDAE

The sperm of Gervon fénneri and G. quin-
quedens, described by Hinsch (1988), are un-
specialized beterotreme sperm, They have lost
the posterior nuclear process of the raninoids but
lack the xanthid ring (see below), though placed
in the Xanthoidea by Guinaot (1978).

LEUCOSIDAE

Little can be said of the sperm of the leucosid
lliacamha subglobosa illustrated by Felgen-
haver and Abele (1990) beyond the fact that it is
a strongly Iriradiatle sperm, with 3 well
developed arms, a feature which appears plesio-
marphic for heterotremes,

XANTHIDAE

Features of xanthid sperm, illustrated in Fig.
7C for Prodius areolatus. which are seen in
other higher Eubrachyura and in raninoids (al-
beit some of them symplesiomorphies include:
the large subspheroidal acrosame (a similarity of
the ranminoid+eubrachyuran assemblage con-
trasting with the disc-shaped dromioid acro-
somc); enclosure of the acrosome by a thin layer
of cyloplasm which is in turn cupped by the
nucleus; extension of the nucleus as lateral arms;
presence of cytoplasm (here vestigial) in the
basal region of each nuclear arm: absence of the
posierior median process (presence being a
paguroid-raninoid-majid feawre, loss of which
is here seen as an apomorphy), and topographical
equivalence and presumed homology of com-
ponents of the acrosome, viz. the electran dense
capsule; inner and outer dense zanes, surround-
ing the longitudinal axis: peripheral vesicular
contents: an apical operculum; subopercular- or
subcap-zone: and basally open subacrosamal
chamber enclosing perforatorial matenal, Eu-
brachyuran features of xanthids, not seen in
raninoids, include: anterior lermination of the
subacrosomal space and enclosed perforatorium
al the base of the operculum (contrasting with
termination at the equator of the acrosome in
raninoids); modification of the capsule around
the base of the perforatorium as a thickened ring;
absence of longitudinal corrugations lining the
subacrosomal chamber (presence is a raninoid
autapomorphy); and degeneration of all miro-
chondria (somec apparcntly persisting in
raninoids) (Jamieson, 1989b),

A notable xanthid autapomorphy is differen-
tiation of the posierior region of the inner dense
zone surrpunding the perforatorium as a promi-
nent strongly ¢lectron dense ring, the *xanthid
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Xanlhidae: Pilodius areclalus

Coenobitidae: Birgus latro

FIG. 7. A-C, Semi-diagrammatic longitudinal sections of spermatozoa from selected brachyuran families.
Helerotremata. D, Semi-diagrammatic longitudinal section of coconut crab spermatozoon. Anomura. Traced

from micrographs. Scale bars = lum.

ring’, shown for all four species. in separate
xanthid genera, examined by Jamieson (1989a).
What is here considered to be an elaboration of
this ring, to form a funnel-like structure, is seen
in the Thoracotremata and suggests origin of the
latter from the Xanthoidea or their immediate
ancestors. Rice (1981, 1983) saw primitive xan-
thids as ancestors of what are here termed heter-
otreme and thoracotreme brachyurans
(excepting the majids, which, it is here con-
curred, seem more basal). Christensen (1988)
considered that the Xanthidae ‘may lic at or near
the stem of the higher eubrachyurans’, thereby
giving xanthids a higher position though, like
Rice, recognizing their pivotal position in
generation of further families. [ have inclined to
the higher position for the xanthids (Fig, 5) rather

than postulate that the xanthid ring has been lost
in the portunid-dorippid branch.

THORACOTREMATA

Rice (1981) observes that migration of the
female and male pores from the coxae to the
sterna of segments 6 and B respectively, typify-
ing the Thoracotremata, frees the ambulatory
limbs from a reproductive function. The sperm of
the Thoracotremata are here examined for two
grapsids, Grapsus albolineatus (Fig. 8A) and
Sesarma erythrodactyla (Fig. 8B); the mictyrid
Mictyris longicarpus (Figs 3K, 8C); the ocypodids
Ocypoda ceratophthalma (Fig. 8D) and Uca dus-
sumieri (Fig. BE); and the macrophthalmid Mac-
rophthalmus crassipes (Fig, 8F). All of these
sperm show general eubrachyuran ultra-
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Grapsidae: Grapsus albolineatus

Mictyridae: Mictyris longicarpus Ocypodidae: Ocypoda ceratophthalma

Ocypodidae: Uca dussumierj Macrophthaiminae: Macrophthaimus crassipes

FIG. 8. A-F, Semi-diagrammatic longitudinal sections of spermatozoa from selected brachyuran families.
Thoracotremata. Traced from micrographs. Scale bars = lum.

structure but, as noted above, thoracotremate in five of these six species, though varying in
synapomorphies are apparent. development but apparently is absent in Uca

The first of these synapomorphies, concentric  dussumiert. It reaches ils greatest development in
lamellation of the outer acrosome zone is present  Mictyris longicarpus. This lamellation is fore-
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shadowed in some heterotremes. being indicated
by Brown (1966b) for the portunid Cullinectes
iddus

The electron dense operculum is interrupted api-
cally by a well defined vesicle which may be cllip-
soidal or (M. longicarpus) pointed, which 1 have
termed the apical button. This is not seen in Macro-
phthalmus which appears distinctive in other
respects.

he differentiation of the acrosome contents
which appears to be an extension of the basal ring
(‘xanthid ring’ of Jamieson, 1989a) is present in
at 1east the grapsids, the mictyrid and Ocypoda,
1ty occurrence and homology being uncertain in
Uca and Macrophthalmus.

Both grapsids, Grapsus albalinearus and
Sesarma erythrodactyla, are clearly apomorphic
in absence of the so-called thickened ring which
surrounds the base of the perforatorial column in
all examined families, from majids to miciyrids
in the phylogeny (Fig. S). In grapsids the capsule
of the acrosome, of which the thickened nng is
a specialization in other taxa, 1s nevertheless
intact.

The actosome ray zone, so well developed in
paguroids, such us Birgus (Tudge and lamicson,
1991), as in crabs (portunids, dorippids and xan-
thids), is so reduced in the Thoracotremala as 1o
be unrecognizable with cerainty

Distinctive features of the sperm of Macro-
phthalmus relative to other thoracotremes are the
absence of the apical bution and presence of a
large posterior ellipsoidal, almost spheroidal,
acrosome zone peripheral to the inner dense zone
and abutting on the thickened ring though ex-
tending pre-equatorially. No certain equivalent
of the xanthid ring is seen though it is not incon-
ceivable that this zone 1s a great enlargement of
this ring. A further peculiarity of Macrophthal-
mus is that the perforatorial column tapers unj-
formly from approximately its posterior fourth
10 2 tounded apical point whercas in the ather
five species the apex of the column is broad
{though as always much narrower thun the length
of the column) apd is flattened or gently convex.
In the phyvlogram (Fig. 5) Macrophthalmus has
been placed below the ocypodids, mictyrid and
grapsids as this is more parsimonious than as-
suming that it is derived above this assemblage
by loss of the apical button. From zoeae, Rice
(1981) recognizes the Macrophthalminae as a
subfamily, less advanced than the Ocypodinac,
in the family Ocypodidae. the latter possibly
derived from grapsids. The higher status lor the
grapsids in the spermatozoal phylogeny (Fig. 5)
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takes into account loss of the thickened ning
which is present from majids to ncypodids.

The sperm of the Pinnotheridae (Pinnixia sp.)
and Geryonidae (Geryon fenneri and G. quin-
quedens, considered heterotremes. above) are
known only [rom the literature (Reger, 197(b;
Hinsch, 1988) and differences in fixation and
staining protocols and mode of illustration rela-
tive to those employed in the present study make
it difficult (0 draw comparisons with thora-
cotreme sperm described here. Generally their
structure is not inconsistent with that presented
here for thoracotremes but concentric lamella-
tion of the acrosome, if present, 1§ not preserved
by the techniques employed. An apical button
appears definitely to be absent in spermathecal
sperm of Gervonwhile an apical interruption of
the opercular density in that of Pinnixia, also
from the spermatheca, possibly corresponds
wilh a bulton. In Pinnixia a poorly defined zone
external 10 the innermost dense zane may be
cquivalent to the extended xanthid ring typical
of thoracotremes.

Thus although the Helerotremata sensu stricto
appear to be a paraphyletic assemblage. and as
such to be a grade rather than a clade, three albeit
inconstant synapomorphies within the Thora-
cotremata suggest thal the species examined
here, at least, form a monophyletic group.

CONCLUSIONS

Occurrence in Speleonectes of a flagellate
spermatozoon approaching in structure the in-
vertebrate *primitive sperm’ (aquasperm) is con-
sistent with the suchoscdly primitive status of
the Remepedia bul does nol rule out an alterma-
tive placement with the ascothoracican through
cirripedian section, also with flagellated sperm,
of the Maxillopoda.

Cephalocarid (Hutchinsoriella) sperm resem-
bling those of remipedes but lacking the flagel-
lum may represent the ground plan for the
Phyllopoda, hitherto thought to be the simple,
amocha-like sperm seen in cuphyllopods and
conchostracans. The Nebalia sperm, lacking an
acrosome and with microtubular arms, supports
the phyllopod status of phyllocarids. Neverthe-
less. the possibility exists that the malacostracan
acrosome is a new development, in view of evi-
dence that their acrosome originates from the
endoplasmic reticulum and noy, as is usual, from
the Golgi. If so, one of the objections to relating
phyllocarids ro Malacostraca would be lost,

Copepod sperm show no clear affinities with
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other groups, though the stellate acrosome-less
sperm of the cyclopoid Chondracanthus te-
sembles that of some branchiopods. Ostracod
sperm include a filiform type performing undu-
latory waves by means of wing-like structures
originating from the endoplasmic reticulum,

In the Malacostraca, stomulopod (Squilla,
Oratosquilla, Gonodacrylus) sperm are pvoidal,
lacking appendages, with acrosome and a per-
foratorium; absence of"a nuciear membrane, and
diffuse chromatin are decapod endencies; un-
usual, doublet centrioles are a peracarid-decapod
feature. The syncarid (Anuspides tasmaniae)
sperm has a subacrosomal filament [perfora-
1orium], exeptional for Crustacez 1n being
coiled. A syncarid apomarphy is the cyloplasrmc
*skirt’, a plesiomorphy the condensed chromatin
and persistent nuclear membrane. Peracarid
monophyly is conflirmed by presence. with the
questionable exception of ranaids, of a cross
striated pseudoflagellum (possibly a centriolar
rootlet homologue) joining the mainbody al
junction of acrosome and nucleus. Tanaid sperm,
rounded, lacking appendages, with large acro-
some and scattered mitochondria, seen also in
syncarids and stomatopods, possibly indicate a
hasal rather than terminal or intercalated position
of the tanaids in the Peracarida.

Euphausid sperm, ovoidaland lacking append-
ages, are insufficiently known to contribute to
determination of the eucarid ground plan. Pend-
ing confirmation, they and the stenopodideans
appear unigue in the Malacostraca (phyllocarids
excluded) in lacking the acrosome. Dendro-
branchiate (penaeid) and procaridean and
caridean shrimps and prawns have sperm with a
single acrosomal spike but rarely have arms
analogous with those characteristic of decapods.
Spermatologically, the unistellate condition af-
fords some support for the concept of the Natan-
tia, Bt is difficult to cnvisage the spike as a
symplesiomorphy of a paraphyletic Natantia
which was replaced by the reptantian acrosome.
However, paraphyly of the Natantia is indicated
in parsimony analysis of 18S rRNA sequences
by Kim and Abele (1990). )

Several spikes containing microtubules which
traverse and often contain chromatin are charac-
lenistic of Palinura (Panulirus, Jasus); Astacidea
(Astacidse, Nephropidae); Thalassinidea;
Anomura (Paguridae. Diogenidac, Coeno-
bitidae); and Brachyura, though microtubules
are¢ reduced or absent above the ‘oxyrhynchs’.
The acrosome of Eubrachyura resembles that of
paguroids. and especially in its subspheroidal
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shape Pagurus and Clibananius, suggesling a
paguroid-hrachyuran (sister-group?) relation-
ship while the thalassinid (Callianassa) acro-
some differs greatly from that of the
Astacidca—Anomura-Brachyura assemblage,
contraindicanng 4 thalassinid origin of the
Brachyura.

The discoidal acrosome and reduced arms of
dromnd (Dromudia, Pelalomera) sperm may be
plesiomorphic conditions of a group with no
close relationship to other brachyuraps. Phylo-
genetic heterogeneity of the Podotremata is sup-
ported by differences between dromiid and
raninoid sperm and similarities (postnuclear tail)
between Ranina and majids. The conventional
oxystomate-oxyrhynch-cancrid-brachyrhynch
subdivision of the Brachyura is not supported by
sperm uitrastructure. Dorippids and portunids,
with similar sperm. are placeable in the Heter-
otremata, whereas the former classification sep-
arates the two families in the Oxystomata and
Brachyrhyncha, respectively, but the Heterotre-
mata sensu Guinot is a paraphyletic assemblage.
representing a grade typified by migration of the
female pores onto Lhe sternum, unless it is en-
larged to include the thoracotremes. In contrast
examined Thoracotremata (Mictyroidea, Grap-
soidea and Ocypodoidea) appear to form a mon-
ophyletic groop typified by presence of an apical
opercular bufton, concentric laminalion of the
outer acrosome zone and modification of the
xanthid ring, though none of these three charac-
ters is sufficiently canstant to allow a monothetic
definition of the group.
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