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Microhylid spermatozoa show the autapomorphic condition of possessing
a thin post-mitochondrial cytoplasmic collar. Their spermatozoa are
apomorphic in several respects. They have lost the distinct nuclear shoulder,
endonuclear canal and axial perforatorium observed in urodeles, caecilians and
primitive frogs, possess a conical perforatorium and apomorphically lack any
fibres associated with the axoneme. The spermatozoa of Cophixalus, however,
differ in several respects from those of the other microhylids examined.
Cophixalus spermatozoa are longer in almost all measurements, the acrosome
vesicle is cylindrical and does not completely cover the putative perforatorium,
the perforatorium is asymmetrical and composed of fine fibres, the nucleus
is strongly attenuated and narrower, and the mitochondria are elongate. The
absence of fibres associated with the axoneme is an apomorphic condition
shared with the Ranidae, Rhacophoridae and Pipidae.
David M. Scheltinga, Department of Zoology and Entomology, University of
Queensland, Brisbane, Australia, 4072. E-mail: dscheltinga@zen.uq.edu.au

Introduction
Frogs have the most diverse reproductive modes of all terrestrial vertebrates (Duellman and Trueb 1986). These modes
occur along trajectories toward terrestriality and can include
placement of eggs out of water (e.g. in foam nests, on leaves
overhanging streams, or completely terrestrial nests), direct
development (all development occurring within an egg capsule
instead of a free-living aquatic tadpole stage) and parental
care of eggs, tadpoles, and/or froglets. Frogs breed in a variety
of habitats from aquatic to fossorial, terrestrial, and even
arboreal. Any of the numerous combinations of these factors
could influence selection of sperm motility and function.
The family Microhylidae is an enigmatic frog family with
the highest generic diversity (> 65 genera), most extreme
morphological differences (from squat, nearly spherical fossorial and burrowing frogs, to slender and fully arboreal tree
frogs), and greatest geographical disjunctions within the
subfamilies of any other frog family (Parker 1934; Savage 1973;
Frost 1985; Burton 1986; Wu 1994; Duellman 1999). Of the
nine recognized subfamilies (see Frost 2000), four (Asterophryinae, Dyscophinae, Genyophryninae, and Microhylinae)
are included in the present account. These frogs occur
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across Wallacea and South America. The Wallacea frogs in
our study are from Australia (Genyophryninae: Cophixalus
ornatus and C. mcdonaldi ) and New Guinea (Genyophryninae: Cophixalus sp. A, Liophryne schlaginhaufeni, and
Sphenophryne cornuta; Asterophryinae: Callulops sp. and
Hylophorbus rufescens) through the Indo-Malaysian archipelago (Microhylinae: Microhyla ornata) to mainland S.E. Asia
(Dyscophinae: Calluella guttulata). The South American frogs
we examined are from Brazil (Microhylinae: Ctenophryne
geayi, Dermatonotus muelleri and Elachistocleis ovalis). The
family Microhylidae has been considered a problematic frog
family not only in terms of the evolutionary relationships
within the family, but between it and other families of frogs
as well (Burton 1986; Ford and Cannatella 1993; Wu 1994;
Hay et al. 1995). Placement of the family relative to other
frogs has ranged from primitive (Inger 1967) to highly derived
(Blommer-Schlosser 1993; Wu 1994; Emerson et al. 2000).
Diagnostic synapomorphies for the Microhylidae have
been elusive. Mandibular arch structure, carefully examined
by Haas (2001), while providing several apomorphic characters, did not provide characters diagnostic of all members of
the family. The supposedly diagnostic type II tadpole does
not define the family but a unique microhylid tadpole has
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nevertheless been defined (Wassersug 1989). However, the
microhylid frogs of New Guinea and Australia lack tadpoles,
constituting the only microhylid subfamilies with all members displaying direct development (Asterophryinae and
Genyophryninae). The Dyscophinae and Microhylinae taxa
in this paper follow the typical frog life cycle, having aquatic
eggs and tadpoles (Altig and McDiarmid 1999).
Taxonomy and classification of the microhylid frogs have
been and continue to be problematic. The only modern treatment of the entire family since Parker’s (1934) opus is by
Wu (1994), who utilized 188 morphological and osteological
characters from all ten subfamilies of the microhylid frogs.
Unfortunately, Wu’s estimates of phylogeny were weakened
by homoplasy and extremely low measures of data consistency (his ‘preferred cladogram’: CI = 0.088, RI = 0.545,
RC = 0.048). Considering the extremely high levels of homoplasy and lack of robustness in Wu’s proposed cladograms,
there remains progress to be made on a well-supported hypothesis of phylogeny for the group. An example of the status
of the current taxonomy and systematics of the microhylid
frogs is the recent work of Zweifel (2000), where frogs formerly placed in the genus Sphenophryne (Genyophryninae),
were partitioned into three other genera (e.g. Liophryne)
without evidence to hypothesize evolutionary relationships.
Spermatozoa provide an important non-traditional source
of data that can be, and has been, used to better resolve relationships among various animal taxa (see Jamieson 1999a,b,
2000a,b), including amphibian lineages ( Jamieson et al.
1993; Kwon and Lee 1995; Meyer et al. 1997; Selmi et al.
1997; Scheltinga et al. 2001). As part of a larger study using
spermatozoal morphology in the phylogenetic reconstruction of the Amphibia, we here provide the first description of
sperm of the anuran family Microhylidae.
Materials and Methods
Transmission Electron Microscopy
Wallacea specimens. Five calling male Cophixalus ornatus (Fry,
1912) were collected from several locations in far northeastern Queensland, Australia between 10 February 1995
and 31 January 1997. Two male Cophixalus mcdonaldi Zweifel,
1985 (N73642, N73634) were collected from Alligator
creek, Bowling Green Bay National Park, Queensland,
Australia on 13 August 1999. One male Cophixalus sp.
(BSFS11900), which appears to be a new species, was collected from Aerosele, Herowana, Eastern Highlands Province, Papua New Guinea on 4 October 1998. A single
male specimen of Hylophorbus rufescens Macleay, 1878
(BSFS11805) was collected from the Pio River, Papua New
Guinea on 11 August 1998. One male Callulops sp. was
collected from Wara Sera, Chimbu Province, Papua New
Guinea on 3 September 1998 (BSFS11784). Three male
Liophryne (= Sphenophryne) schlaginhaufeni (Wandolleck,
1911) were collected from Aerosele camp, Herowana, East
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ern Highlands Province, Papua New Guinea on 6 October
(BSFS11904), 15 October (BSFS11965) and 23 October
(BSFS11992) 1998. A single male Sphenophryne cornuta
Peters & Doria, 1878 (BSFS11808) was collected from
Papua New Guinea on 12 August 1998.
Frogs were killed with either a lethal injection of anaesthetic or immersed in a saturated chlorobutanol solution
shortly after capture. Upon dissection, testes were quickly
removed and fixed for TEM in 3% glutaraldehyde in 0.1 
sodium phosphate buffer (pH 7.2) at 4 °C for at least two
hours before being transported at ambient temperature to
Brisbane, Australia, for processing and sectioning.
Museum specimens. Testes of a single specimen of Calluella
guttulata (Blyth, 1856 ‘1855’) (USNM103454) collected
from Chantabun, Thailand on 8 May 1937 and a single
Microhyla ornata (Dumril & Bibron, 1841) (USNM278471)
collected from N. P. Royal Thai air force base, Nakhon
Phanom, Thailand on 18 April 1969 were removed from animals in the Smithsonian Institution, Washington D.C., USA,
collection. The specimens are of unknown initial fixation
but have been stored in ethanol. Testes of these specimens
were taken to Brisbane in 80% ethanol, where they were
rehydrated through a descending ethanol series before being
placed into 3% glutaraldehyde in 0.1  sodium phosphate
buffer (pH 7.2) overnight before processing and sectioning
as for normal glutaraldehyde-fixed tissues taken from the
Wallacea specimens, as described below.
In Brisbane the testis material was cut into 1 mm3 pieces
and rinsed in 0.1  sodium phosphate buffer (three changes,
each of 15 min); postfixed for 80 min in similarly buffered
1% osmium tetroxide; rinsed in buffer (three changes, each
of 15 min); dehydrated through an ascending ethanol series
(20%, 40%, 60%, 80%, 90%, 100% (two changes); 30 min
in each); and infiltrated (50% for 1 h; 75% for 1 h; 100%
for 2 h; 100% for 12 h) and embedded (baked overnight at
60 °C) in Spurr’s epoxy resin (Spurr 1969). Sections were
cut with a diamond knife on a LKB 2128 UM IV microtome.
Thin sections, 50–80 nm thick, were collected on carbon
stabilized, colloidin-coated, 200 µm mesh copper grids,
stained for 30 s in Reynold’s lead citrate (Reynolds 1963),
rinsed in distilled water, then placed in 6% aqueous uranyl
acetate for 4 min, rinsed in distilled water, and stained for
a further 2 min in lead citrate before final rinsing. Electron
micrographs were taken on an Hitachi 300 electron microscope at 75 kV and a JEOL 100-s electron microscope at 60 kV.
South American specimens. Five calling male Elachistocleis ovalis
(Schneider, 1799) (CHUNB 13027, 13029, 12780, 12781,
12782) were collected from Parque Nacional de Águas
Emendadas Planaltina, DF, Brazil, on 4 October 1999. Two
calling male Dermatonotus muelleri (Boettger, 1885): one
(CHUNB 12912) collected from Parque Nacional Grande
Sertão Veredas, Formoso de Minas, MG, Brazil on 1 October 1998 and one (CHUNB 15250) from Palmas (Lajeado
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hydroelectric plan), TO, Brazil in November 1999. Four male
specimens of Ctenophryne geayi Mocquard, 1904: two were
collected from near Porto Velho (Samuel hydroelectric plan),
RO, Brazil & in 1992 and two (CHUNB 22584 and 22590)
from Guajará-Mirim, RO, Brazil on 29 December 2000.
Animals used for light microscopy were initially fixed in
formaldehyde and stored in 70% ethanol. Those used for
electron microscopy were killed by rubbing xylocain onto the
abdomen, testes were removed and cut into small pieces
before being fixed in a solution of 2% glutaraldehyde,
2% paraformaldehyde, 3% sucrose and CaCl2 at 5 m in
cacodylate buffer at 4 °C overnight. The testes material
was then rinsed in cacodylate buffer (four changes, each
of 15 min); post-fixed for 1 h in 1% osmium tetroxide and
0.8% potassium ferricyanide; stained in block overnight with
an aqueous solution of uranyl acetate; rinsed in cacodylate
buffer (four changes, each of 5 min); dehydrated through
an ascending acetone series (30%, 50%, 70%, 90%, 15 min
each and 100% three changes, each of 10 min) and infiltrated (30% for 6 h; 50% for 12 h; 60% for 6 h; 100% for
6 h) and embedded (24 h at 60 °C) in Spurr’s epoxy resin.
Sections were cut with a diamond knife on a Leica Reichert
Supernova ultramicrotome. Thin sections, 70–95 nm thick,
were collected on 200 µm mesh copper grids, stained for
30 min in 3% uranyl acetate, rinsed in distillated water, then
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placed in Reynold’s lead citrate for 8 min and rinsed again in
distilled water. Electron micrographs were taken on an Jeol
100C electron microscope at 80 kV.
Light Microscopy
Due to the limited amount of testes material obtained for
Microhyla ornata and Hylophorbus rufescens, the sperm of
these two species was not examined by light microscopy. Light
microscopic observations and photographs of the spermatozoa of all the other species listed above were made using
an Olympus BH2 microscope with Nomarski interference
contrast and an attached OM-2 camera.
Results
The spermatozoa of all microhylids examined here are of
similar structure and are therefore described together, with
any differences noted.
Light microscopy
The testicular spermatozoa of all species examined are filiform and lack an undulating membrane associated with the
tail (Fig. 1). The spermatozoa of Cophixalus spp., particularly

Fig. 1—Light micrographs of the
spermatozoa of: —A. Cophixalus
ornatus (note anterior tip
of acrosome broken off).
—B. Cophixalus sp. (note tail
broken off). —C. Liophryne
schlaginhaufeni (note tail
broken off). —D. Sphenophryne
cornuta. —E. Calluella guttulata.
—F. Dermatonotus muelleri.
—G. Ctenophryne geayi.
—H. Elachistocleis ovalis. All to the
same scale as indicated.
Abbreviations: h, head (acrosome
and nucleus); mp, midpiece; t,
tail.
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Table 1 Dimensions (mean and standard deviation, SD) of spermatozoa taken from light and transmission electron microscopy. n, number.

Range given for total length
Species
Asterophryinae
Callulops sp.
Dyscophinae
Calluella guttulata
Genyophryninae
Cophixalus mcdonaldi
Cophixalus ornatus
Cophixalus sp.
Liophryne schlaginhaufeni
Sphenophryne cornuta
Microhylinae
Ctenophryne geayi
Dermatonotus muelleri
Elachistocleis ovalis
Microhyla ornata

Head

Midpiece

Tail

Tail & Midpiece

Total length

14.9 µm
(n = 8, SD = 1.1)

–

–

37.8 µm
(n = 6, SD = 1.0)

52.9 µm (50.7–54.3 µm)
(n = 7, SD = 1.1)

15.1 µm
(n = 18, SD = 1.3)

2.3 µm
(n = 14, SD = 0.4)

29.0 µm
(n = 11, SD = 1.0)

31.1 µm
(n = 11, SD = 1.1)

46.6 µm (44.2–48.8 µm)
(n = 11, SD = 1.4)

66.2 µm
(n = 20, SD = 3.6)
78.3 µm
(n = 32, SD = 4.5)
40.4 µm
(n = 25, SD = 3.5)
22.9 µm
(n = 25, SD = 1.3)
24.9 µm
(n = 11, SD = 1.2)

13.6 µm
(n = 5, SD = 0.8)
4.4 µm
(n = 10, SD = 1.0)
–

57.6 µm
(n = 4, SD = 4.9)
67.0 µm
(n = 5, SD = 3.3)
–

5.0 µm
(n = 7, SD = 0.9)
4.5 µm
(n = 4, SD = 0.3)

45.3 µm
(n = 5, SD = 3.3)
38.1 µm
(n = 3, SD = 1.1)

67.2 µm
(n = 15, SD = 4.5)
70.2 µm
(n = 22, SD = 3.6)
45.4 µm
(n = 18, SD = 2.7)
47.4 µm
(n = 18, SD = 2.7)
42.3 µm
(n = 3, SD = 1.7)

132.9 µm (125.3–145.5 µm)
(n = 19, SD = 6.0)
148.2 µm (140.0–158.4 µm)
(n = 22, SD = 5.2)
84.9 µm (79.2–93.9 µm)
(n = 19, SD = 3.6)
69.0 µm (62.6–79.2 µm)
(n = 21, SD = 4.4)
66.6 µm (65.4–67.2 µm)
(n = 3, SD = 1.0)

11.3 µm
(n = 40, SD = 0.9)
11.3 µm
(n = 30, SD = 0.9)
12.6 µm
(n = 27, SD = 1.0)
8.5 µm (n = 1)

2.1 µm
(n = 5, SD = 0.4)
1.8 µm
(n = 2, SD = 0.1)
1.5 µm
(n = 11, SD = 0.5)
–

≈ 36.9 µm

38.9 µm
(n = 25, SD = 2.8)
27.0 µm
(n = 25, SD = 1.1)
32.5 µm
(n = 13, SD = 5.2)
–

50.2 µm (46.7–55.8 µm)
(n = 25, SD = 2.5)
38.2 µm (35.7–42.2 µm)
(n = 27, SD = 1.5)
45.4 µm (40.3–57.8 µm)
(n = 14, SD = 4.6)
–

Cophixalus ornatus and C. mcdonaldi, are extremely elongate,
while those of Liophryne and Sphenophryne are moderately
long and Calluella, Callulops, Ctenophryne, Dermatonotus and
Elachistocleis are relatively short (Fig. 1; Table 1). As most
of the samples have been stored in fixative for several years
the spermatozoa have become fragile. This may explain the
large amount of variation seen in the measurements taken.
Therefore, as the sperm are prone to breaking, the larger
values given for the range may be more accurate of ‘typical’
live sperm. Measurements of head (acrosome complex and
nucleus), midpiece (neck and mitochondrial sheath), tail
(and/or tail + midpiece combined) and total length are given
in Table 1. In some species it was impossible to distinguish
between the end of the midpiece and the beginning of the
tail. Thus, no measurements of midpiece length are given for
these species. To allow comparisons between species, measurements of the tail + midpiece combined length are given
for all species.
Transmission electron microscopy
The spermatozoon of Cophixalus ornatus is depicted diagrammatically in Fig. 2, and can be referred to throughout for all Cophixalus species, while Fig. 3 diagrammatically
depicts Elachistocleis ovalis and can also be referred to for


≈ 25.1 µm
≈ 31.0 µm
–

non-Cophixalus species. The testes samples of Calluella guttulata and Microhyla ornata are of unknown initial fixation
(probably formalin) and have been alcohol-stored for many
years, therefore some structures, particularly membranes,
have broken down.
Acrosome complex. The acrosome complex of Cophixalus spp.
differs from that found in the other microhylids examined.
The acrosome complex is elongate (Table 2), and composed
of a relatively short cylindrical acrosome vesicle which caps
only the apical portion of the putative conical perforatorium
(Figs 4A,C,D and 6E). The acrosome vesicle is membrane
bound and filled with electron-lucent material (Figs 4A,F,G
and 6H). The elongate perforatorium occurs within the
subacrosomal space, is composed of fine longitudinal fibres
which appear homogenous in transverse section, and overlies
the attenuated nuclear tip (Figs 4A,D and 6E). Posteriorly,
the perforatorium extends beyond the base of the acrosome
vesicle and is closely adpressed to one side of the nucleus
(Figs 4A,B,H and 6G).
The acrosome complex of Calluella, Callulops, Ctenophryne, Dermatonotus, Elachistocleis, Hylophorbus, Liophryne,
Microhyla and Sphenophryne are of similar structure to each
other, being relatively short (Table 2), and composed of a
conical acrosome vesicle and an underlying putative conical
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Fig. 2—Drawing of a spermatozoon of Cophixalus ornatus. Drawn

from several TEM micrographs.
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Fig. 3—Drawing of a spermatozoon of Elachistocleis ovalis. Drawn

from several TEM micrographs.
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Table 2 Dimensions (mean and standard
deviation, SD) of spermatozoa taken from
transmission electron microscopy. n,
number

Scheltinga et al. • Microhylid spermatozoa

Species

Acrosome complex

Nucleus length

Nucleus width (base)

short

short

–

4.2 µm
(n = 4, SD = 0.2)

10.21 µm
(n = 1)

1.02 µm
(n = 5, SD = 0.03)

Genyophryninae
Cophixalus mcdonaldi

elongate

elongate

Cophixalus ornatus

elongate

elongate

Cophixalus sp.

elongate

elongate

Liophryne schlaginhaufeni
Sphenophryne cornuta

moderate
6.8 µm
(n = 2, SD = 0.6)

moderate
≈ 21.6 µm

0.64 µm
(n = 6, SD = 0.02)
0.6 µm
(n = 6, SD = 0.06)
0.75 µm
(n = 2, SD = 0.15)
–
1.1 µm
(n = 2, SD = 0.14)

3.0 µm
(n = 7, SD = 0.6)
2.8 µm
(n = 6, SD = 0.4)
2.6 µm
(n = 4, SD = 0.4)
3.8 µm
(n = 2, SD = 0.3)

≈ 9.4 µm

Asterophryinae
Callulops sp.
Dyscophinae
Calluella guttulata

Microhylinae
Ctenophryne geayi
Dermatonotus muelleri
Elachistocleis ovalis
Microhyla ornata

≈ 10.3 µm
11.7 µm (n = 1)
6.7 µm (n = 1)

0.89 µm
(n = 3, SD = 0.07)
0.95 µm
(n = 3, SD = 0.05)
1.0 µm
(n = 10, SD = 0.15)
1.15 µm
(n = 2, SD = 0.07)

Acrosome complex: short ≤ 5 µm; moderate > 5 µm but ≤ 9 µm; elongate > 9 µm. Nucleus length: short
≤ 15 µm; moderate > 15 µm but ≤ 25 µm; elongate > 25 µm.

perforatorium which caps the tapered nuclear tip (Figs 5A,J
and 6A,C). The acrosome vesicle is membrane bound,
composed of electron-pale to electron-lucent material, and
completely covers the perforatorium (Figs 5A and 6A,B).
Posteriorly, the electron density of the acrosome vesicle
changes from pale to lucent. The perforatorium is composed
of coarse longitudinal fibres and is more electron-dense
than the acrosome vesicle (Figs 5A,C,D and 6A–C,K,L).
The acrosome complex is symmetrically attached to the
nucleus (Figs 5A,D,J and 6A,C,L).
Nucleus. The nucleus is conical. It varies from short
(Calluella, Callulops, Ctenophryne, Dermatonotus, Elachisto-

Fig. 4 —TEM micrographs of the spermatozoa of Cophixalus

mcdonaldi. —A. Longitudinal section (L.S) of the acrosome vesicle
which surrounds the apical region of the perforatorium and nucleus.
—B. L.S. through the anterior nucleus showing the perforatorium
lying along one side of the nucleus only (see also H). —C. L.S.
through the apical tip of the spermatozoon. —D. L.S. through the
posterior region of the acrosome vesicle. —E. L.S. through the neck
region showing the nuclear fossa, centrioles, axoneme, cytoplasmic
canal and mitochondrial collar. —F–L. Successive transverse
sections (T.S.) through the spermatozoon as indicated. —F. through
the apical region of the acrosome complex. —G. through the
posterior region of the acrosome vesicle. —H. through the posterior
junction of the perforatorium and nucleus. —I. through the nucleus.

© 2002 The Royal Swedish Academy of Sciences

cleis, Hylophorbus and Microhyla) to elongate (Cophixalus),
and is composed of condensed chromatin (Figs 4I, 5E,J and
6A,C,D; Table 2). Anteriorly, the nucleus of Cophixalus
spermatozoa tapers to a fine point within the acrosome complex
(Figs 4B and 6E), whereas the apical tip of the nucleus
is rounded in the other examined microhylids (Figs 5A and
6A,C). Numerous nuclear inclusions containing moderately
electron-dense material are present (Figs 6A,C). At the base
of the nucleus is an asymmetrical fossa (the basal nuclear or
centriolar fossa) in which the proximal centriole lies (Figs 4E
and 5F,L,M). Distinct nuclear shoulders are absent. The
nucleus increases throughout its length to a maximum diameter at the level of the basal nuclear fossa (Table 2).

—J. through the distal centriole. —K. through the midpiece.
—L. through the cytoplasmic collar region of the tail. —M. L.S.
through the end of the mitochondrial collar (arrows). —N. L.S.
through the cytoplasmic collar of the tail. —O. Oblique L.S. of
the midpiece showing the elongate mitochondria’s spiral pattern.
—P. L.S. of the tail. —Q.T.S. through the tail as indicated.
Note the absence of any associated fibres. All to the same scale
as indicated. Abbreviations: a, axoneme; av, acrosome vesicle;
cc, cytoplasmic canal; cy, cytoplasm; cyc, cytoplasmic collar;
dc, distal centriole; f, nuclear fossa; l, nuclear inclusion; m,
mitochondrion; mc, mitochondrial collar; n, nucleus; p, putative
conical perforatorium; pc, proximal centriole; pm, plasma
membrane.
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Midpiece. The midpiece is here considered to include the
centriolar region (neck) and the mitochondrial collar, but
not the cytoplasmic collar. Values for midpiece length are
given in Table 1. Within the nuclear fossa lies the proximal
centriole which is surrounded by pericentriolar material that
connects it to the nuclear fossa and distal centriole. The proximal centriole is orientated at 80° to the long axis of the
nucleus (Figs 4E and 5J,L,M). The distal centriole is located
posterior to the proximal centriole and is orientated with
its length in the long axis of the spermatozoon. The distal
centriole is continuous with the 9 + 2 axoneme of the flagellum. Both centrioles are composed of nine, circularly arranged,
triplets of short microtubules (Figs 4E,J and 5G). Several
mitochondria with prominent cristae form a sheath, the
mitochondrial collar, surrounding the anterior portion of
the axoneme. This sheath is attached only to the centriolar
region of the spermatozoon. A space (the cytoplasmic
canal) separates the mitochondrial collar from the axoneme
(Figs 4E,K,M, 5B,H,M,N and 6F,I). The mitochondria of
Cophixalus differ from the approximately spherical form of
other microhylids in being elongate. This is particularly evident in Cophixalus mcdonaldi where the mitochondria extend
along the length of the midpiece in a spiral pattern (Fig. 4O).
Tail. For an undetermined length the axoneme is surrounded by a cytoplasmic collar, the two being separate by
the cytoplasmic canal. The collar is composed of a thin layer
of membrane bounded cytoplasm which extends posteriorly
from the mitochondrial collar (Figs 4L,N and 5O). The
cytoplasmic collar observed in Calluella guttulata and Microhyla ornata requires confirmation from suitably fixed material. The collar is longer and more highly developed in
Cophixalus than the other microhylids examined. An axial
fibre, undulating membrane, and juxta-axonemal fibres are
absent (Figs 4K–N,P,Q, 5H,I,K,M–P and 6F,I,J,M,N).
Discussion
Examination of microhylid spermatozoa has produced a
variety of characters which may be useful in elucidating both
intra- and interfamily relationships. The spermatozoa of

Fig. 5—TEM micrographs of the spermatozoa of: —A–L. Calluella

guttulata. —A. Longitudinal section (L.S.) of the apical region of a
spermatozoon, showing the acrosome complex surrounding the
anterior region of the nucleus. —B. Oblique L.S. of the neck region
showing spherical mitochondria and the cytoplasmic canal.
—C–I. Successive transverse sections (T.Ss) through the spermatozoon
as indicated. — C. through the apical region of the acrosome complex.
—D. through the posterior region of the acrosome complex and
anterior nucleus. —E. through the nucleus. —F. through the
nuclear fossa and proximal centriole. —G. through the distal
centriole. —H. through the midpiece. —I. through several tails.
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Cophixalus differ in several respects from those of the other
microhylids examined. Cophixalus spermatozoa are longer in
almost all measurements, the acrosome vesicle is cylindrical
and does not completely cover the perforatorium, the perforatorium is asymmetrical and composed of fine fibres, the
nucleus is strongly attenuated and narrower, and the mitochondria are elongate. However, all microhylid spermatozoa
studied to date show the autapomorphic condition of possessing a thin post-mitochondrial cytoplasmic collar, which
supports their monophyly. Their spermatozoa are apomorphic in several respects. They have lost the distinct nuclear
shoulders, endonuclear canal, and axial perforatorium
observed in urodeles, caecilians and primitive frogs (Furieri
1975a,b; Picheral 1979; van der Horst et al. 1991; Jamieson
et al. 1993). The lack of any fibres associated with the
axoneme is also an apomorphic character state as associated
fibres are present in most amphibians, sarcopterygian fish,
and amniotes (see Jamieson 1999a). The presence of a putative
conical perforatorium composed of longitudinal sheaves or
fibres is questionably apomorphic and will be discussed below.
The gross morphology of the acrosome complex of microhylids is distinctly different from that of ranids and more
similar to Bufonoidea and Pelodytidae in being conical
(cylindrical in Cophixalus) and having the perforatorium
composed of fibres (Pugin-Rios 1980; Lee and Jamieson
1993). However, questions remain as to the homology of the
conical perforatorium. The conical perforatorium appears
unlikely to be homologous with either the axial perforatorium and/or subacrosomal cone/periperforatorial material
found in urodeles, caecilians and some primitive frogs. The
conical perforatorium develops much later in spermiogenesis, in a different position, and with a different ontogeny and
final form (Abé et al. 1981; Picheral 1972; Folliot 1979;
Rastogi et al. 1988; Lee and Kwon 1992), and is probably a
unique development of those anurans possessing it. However, the replacement of an axially located rod-like perforatorium with a conical, albeit putative, perforatorium, is a
synapomorphy whether or not axial and conical perforatoria
are homologous. The presence of a conical perforatorium
in the archaeobatrachian Pelodytidae (Pugin-Rios 1980) suggests that this developed relatively early in anuran evolution.

—J. L.S. of the nucleus. —K. L.S. of the tail. —L. L.S. of the neck
region showing the nuclear fossa and centrioles. —M–P. Hylophorbus
rufescens. —M. L.S. of the neck region showing the nuclear fossa,
centrioles, axoneme, cytoplasmic canal and mitochondrial collar.
—N. T.S. through the midpiece. —O. T.S. through the cytoplasmic
collar region of the tail. —P. T.S. through the tail. A–I, K–P to the
same scale as indicated. J to scale as indicated. Abbreviations: a,
axoneme; av, acrosome vesicle; cc, cytoplasmic canal; cy, cytoplasm;
cyc, cytoplasmic collar; dc, distal centriole; f, nuclear fossa; m,
mitochondrion; mc, mitochondrial collar; n, nucleus; p, putative
conical perforatorium; pc, proximal centriole.
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Fig. 6—TEM micrographs of the spermatozoa of:
—A,B. Ctenophryne geayi. —A. Longitudinal section (L.S.) of the
apical region of a spermatozoon, showing the acrosome complex
surrounding the anterior region of the nucleus. —B. Transverse
sections (T.S) through the apical region of the acrosome complex.
—C. Sphenophryne cornuta. L.S. of the acrosome complex.
—D. Ctenophryne geayi. T.S. through the nucleus. —E. Cophixalus
sp. L.S. of the acrosome complex. —F. Ctenophryne geayi. T.S.
through the midpiece. —G–I. Cophixalus sp. —G. L.S. through
the anterior nucleus showing the perforatorium lying along
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one side of the nucleus (see also H). —H. T.S. through the acrosome
complex and nucleus. —I. T.S. through the midpiece. J Ctenophryne
geayi. —J. T.S. through the tail. —K. Liophryne schlaginhaufeni.
T.S. through the apical region of the acrosome complex.
—L–M. Sphenophryne cornuta. —L. through the posterior region of
the acrosome complex. —M. T.S. through the tail. —N. Cophixalus
sp. T.S. through the tail. Scales as indicated. Abbreviations: a,
axoneme; av, acrosome vesicle; cc, cytoplasmic canal; l, nuclear
inclusion; m, mitochondrion; n, nucleus; p, putative conical
perforatorium.
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The relatively short acrosome vesicle compared to the perforatorium and asymmetrical nature of the perforatorium
of Cophixalus is superficially similar to that seen in the hylid
frog Litoria longirostris (pers. obs.). However, the acrosome
complex of L. longirostris is highly modified, compared to
that of other hylids, and may be selected for the penetration of
a thick jelly mass which surrounds the terrestrial egg mass.
In L. longirostris the acrosome vesicle is distinct and welldeveloped while the perforatorium is not composed of distinct longitudinal fibres and does not surround the nuclear
attenuation at any stage.
The Eubufonoidea are united by a single spermatozoal
synapomorphy, the mitochondrial collar (Lee and Jamieson
1993; Jamieson 1999a). This is a thick collar-like cytoplasmic
sheath that emanates from the centriolar region, is separated
from the flagellum by a cytoplasmic canal, and contains the
mitochondria. This synapomorphy led to the erection of
the superfamily Eubufonoidea by Lee and Jamieson (1993).
This condition is also seen in the microhylids though in these
an autapomorphic, distinct cytoplasmic collar is seen in
addition to the mitochondrial collar. A short poorlydeveloped mitochondrial collar is also found in the lungfish
Neoceratodus forsteri, Leiopelmatidae and Pipidae (Jespersen
1971; Bernardini et al. 1986; Scheltinga et al. 2001). Thus,
a mitochondrial collar appears to be plesiomorphic for
anurans.
The large, elongate mitochondria observed in Cophixalus
spermatozoa are, among other amphibians, known only from
some foam nesting rhacophorids, in which the highly
aberrant spermatozoa are corkscrew-shaped and biflagellate
(Mizuhira et al. 1986; Wilson et al. 1991), and Ascaphus truei
(Jamieson et al. 1993). Numerous small ovoid mitochondria
are characteristic of dipnoans and urodeles, and appear to
be the primitive condition in anurans (Picheral 1979; Selmi
et al. 1997; Jamieson 1999a). The large elongate mitochondria appear to have arisen independently in each of the taxa
Ascaphus, rhacophorids and Cophixalus.
The absence of any fibres associated with the axoneme
in microhylids is an apomorphic condition for Amphibia.
Associated fibres are present in urodeles, caecilians and most
frogs (Picheral 1979; Pugin-Rios 1980; van der Horst et al.
1991; Kwon and Lee 1995). Their absence from the spermatozoa of the Ranidae, Rhacophoridae, Pipidae and Microhylidae is an apomorphy shared by these families. On currently
accepted relationships of anuran families (Duellman and
Trueb 1986; Hedges and Maxson 1993), it appears that this
may be convergence (homoplasy) but the possibility that it
may be a synapomorphy, indicating that loss was a monophyletic event, cannot yet be dismissed. Absence in some
leptodactylids (Pisano and Adler 1968; Pugin-Rios 1980) is
clearly secondary and independently derived.
Spermatozoal lengths vary greatly within the Anura and in
particular within microhylids. A total length of 38.2 µm in
Dermatonotus muelleri makes it one of the shortest recorded
while Cophixalus ornatus at up to 158 µm is amongst the
© 2002 The Royal Swedish Academy of Sciences
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longest (Telmatobufo australis and Leiopelma hochstetteri reach
approximately 240–250 µm, while Discoglossus pictus attains
a length of 2500 µm (Furieri 1975a; Pugin-Rios 1980;
Scheltinga et al. 2001). Lengths of various aspects of the spermatozoa may prove useful in examination of subfamial relationships. Spermatozoa of the Genyophryninae have longer
head, tail and overall lengths while the Asterophryinae and
Dyscophinae have a similar moderate head length, and the
Microhylinae a short head length (Table 1).
Sperm characters provide an important data set which has
been shown by this study to contribute valuable information
to phylogenetic reconstruction. To the suite of characters
defining an, albeit inconstant, unique larval type in other
Microhylidae (Wassersug 1984, 1989), sperm ultrastructure
has added a further synapomorphy for the family: the presence of a thin post-mitochondrial cytoplasmic collar in
the spermatozoon. It should be noted, however, that several
subfamilies of the Microhylidae have yet to be examined
for sperm ultrastructure. Further work describing the
spermatozoal ultrastructure and dimensions of other
microhylids is needed to determine the degree of variability
within the family and to provide data which may assist
in determining intrafamial relationships, particularly at subfamial level.
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