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Introduction

Abstract

Biagi F., Piras F., Farina V., Zedda M., Mura E., Floris A., Franzoi P., Fausto
A.M., Taddei A.R. and Carcupino M. 2016. Testis structure, spermatogenesis and
sperm morphology in pipefishes of the genus Syngnathus. —Acta Zoologica (Stock-
holm) 97: 90-101.

Testes, spermatogenesis and sperm morphology have been analysed in four spe-
cies of the Syngnathus genus. All species show testes of unrestricted lobular type,
characterized by a single germinal compartment, with central lumen, and an
external tunica albuginea. The spermatogenesis occurs throughout a process of
semicystic type, in which germinal spermatocysts open precociously, so germ
cells complete maturation in the testis lumen. Amongst them, aflagellate and fla-
gellate multinucleate cells are recognizable. This type of spermatogenesis may be
therefore related to the reduced number of simultaneously mature sperm pro-
duced by syngnathids. Only one type of mature sperm has been identified in all
examined species. It is always a monoflagellate cell, characterized by an elon-
gated head. Elongated head has generally been correlated with the internal fertil-
ization and/or to the production of spermatophore. As this is not the case of
syngnathids, a possible function to explain the particularly elongated head of
syngnathids is discussed.

Marcella Carcupino, Dipartimento di Scienze della Natura e del Territorio, Via
Muroni 25, 07100 Sassari, Italy. E-mail: carcupin@uniss.it

Testes of restricted lobular and unrestricted tubular type
have been reported in Microphis brachyurus hnearus (Kaup)

The array of reproductive strategies amongst teleosts is
extraordinarily diverse and, amongst them, those of syngnath-
ids are peculiar. In this teleosts family, eggs are laid by the
females on or into the male brooding structure, which has,
according to the species, a different localization and extraordi-
narily diverse morphology (see Wilson and Orr 2011). Egg
fertilization is assumed to take place after their deposition, but
how sperm move to reach the eggs has not been completely
understood yet.

In fish, adaptations for sperm transfer have involved the
modification of the testis and sperm morphology (Burns ez al.
1995, 2000), as well as the transformation of male fins or
other body regions into intromittent organs (Meisner 2005;
Burns and Weitzman 2006). The male reproductive appara-
tus of syngnathids still largely remains a mystery to investiga-
tors, and, at present, conflicting data are reported for both
testis and sperm morphology.
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(Miranda-Marure et al. 2004), Syngnathus abaster Risso and
Syngnathus acus L. (Carcupino et al. 1999), respectively. In
addition, in the last two species, the germinal epithelium has
been reported to be organized in the typical spermatocysts
(Carcupino ez al. 1999), whereas in Syngnathus schlegeli Kaup,
these structures seem to be absent, or at least, difficult to be
recognized (Watanabe ez al. 2000).

Large droplets-containing cells characterize the testis of
several syngnathid species. These cells, however, are reported
to have different localization. In S. schlegeli, they appear to be
localized in the germinal epithelium only (Watanabe er al.
2000), whereas in S. abaster and S. acus, they have been also
observed inside the lumen, where they have been interpreted
as germinal cells in different developmental stages, associated
with a semicystic spermatogenesis (Carcupino ez al. 1999).

The functional sperm of most syngnathids examined up to
now have been categorized as introsperm type (Watanabe
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et al. 2000; Van Look ez al. 2007; Biagi et al. 2008; Dzyuba
et al. 2008), which has elongated head and long flagellum,
and is typical of internal fertilizing fish (Jamieson 1991). This
type of sperm is the unique type found in a brackish water
population of S. Abaster, S. acus and N. ophidion (Carcupino
et al. 1999; Ah-King ez al. 2006). Only one type of sperm has
also been reported in M. brachyurus lineatus. In this species,
however, sperm seem to be of the aflagellate type (Miranda-
Marure et al. 2004). Syngnathus schlegeli and Hippocampus
kuda seem to have two sperm types: functional sperm of intro-
sperm type and non-functional sperm of aquasperm type
(Watanabe ez al. 2000; Van Look et al. 2007). The latter,
which is typical of external fertilizing fish (Jamieson 1991), is
characterized by a large spherical head. Three different mor-
photypes of sperm, differing in flagellum length, head length
and head wide, have been reported in a freshwater population
of S. abaster (Dzyuba et al. 2008). Amongst them, however,
only the longest seems to be functional.

To shed light on these topics, we analysed the male gonad
of four internal brooder species belonging to the Syngnathus
genus, using different light and electron microscopic tech-
niques. We particularly intended to ascertain: (i) the testis
structure and spermatogonia localization, (ii) the germinal
epithelium organization, (iii) the morphology and localization
of Leydig cells, and (iv) the modality of spermatogenesis and
sperm structure.

Materials and Methods

Samples

Twenty-eight adult males belonging to the pipefishes species
Syngnathus abaster (n = 24), S. tenuirostris (n = 3), S. typhle
(n = 4) and S. acus (n = 4) were analysed.

S. abaster, the easiest species to be sampled, were collected
in two Mediterranean lagoons (Cabras lagoon, in western
Sardinia and Venice lagoon, Italy). S. tenuirostris and S. typhle
were both collected in Venice lagoon. S. acus were collected
in the sea near Alghero (Sardinia). All samples of the above
species were captured during the reproductive period (May—
September).

Different analyses with different purposes were used. In
particular, for the description of the general organization of
the testes, the following analyses were performed:

Histological techniques. Eight entire reproductive apparatuses
(two for each species) were dissected, fixed in aqueous Bou-
in’s fixative, dehydrated in a graded ethanol series, cleared in
Bioclear and finally embedded in paraffin wax. Sections
(5 pm) were stained with Mayer’s Hemalum and Eosin
(Mazzi 1977) and observed with a Zeiss Axiophot light micro-
scope (ZEISS, Oberkochen, Germany).

In an attempt to observe a larger number of mature sper-
matozoa, hardly observable in thin sections of paraffin-
embedded samples, some thicker cryosections were tested.
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Additional testes obtained from two males of S. abaster were
fixed in 4% paraformaldehyde (pH 7.4) at 4 °C. Then, sam-
ples were washed in 0.4 M Sorenson’s phosphate buffer (PBS)
at least for 1 h (three changes of 20 min each). The testes
were then transferred in 30% sucrose solution for 1 day.
Afterwards, sections (20 pm thick), obtained using a cryostat
(Microm Cryo-Star HM 560, Walldorf, Germany), were
placed on electrostatically charged slides (Superfrost Plus,
Menzel-Glaser) and stained with Haematoxylin and Eosin.
After staining, all preparations were dehydrated in ethanol,
mounted in Canada balsam and observed with a Zeiss Axiop-
hot light microscopy. Digital images were obtained using a
Canon Power Shot camera G2.

Transmission electron microscopy (TEM) for testis ultrastruc-
ture. Testes of both S. abaster and S. acus (two for each spe-
cies) were dissected and fixed for 2h in 4%
paraformaldehyde-5% glutaraldehyde buffered with sodium
cacodylate (0.1 m, pH 7.2). Specimens were then rinsed over-
night in the same buffer, postfixed for 1 h in 1% osmium
tetroxide buffered with sodium cacodilate, dehydrated gradu-
ally in ethanol and embedded in Epon 812 resin. Semi-thin
and thin sections of 1 pm and 80 nm thick, respectively, were
cut with a Reichert Ultracut ultramicrotome. Semi-thin sec-
tions were stained with toluidine blue and then photographed
with a Canon Power Shot G6 camera, mounted on Zeiss Axi-
ophot light microscope. Thin sections were stained with ura-
nyl acetate and lead citrate, observed and photographed with
a Jeol Tem 1200 EX II transmission electron microscope
(JEOL, Tokyo, Japan).

Fluorescent microscopy. To evidence the muscular fibres of
the tunica albuginea, muscle actin was labelled with Rh-
phalloidin. Two testes of S. abaster were removed in phos-
phate-buffered saline (PBS) and fixed for 1 h at 4 °C with
freshly prepared 4% paraformaldehyde in 0.1 m PBS, pH
7.4, thoroughly rinsed and permeated with Triton X-100.
F-actin filaments were stained for 40 min at room tempera-
ture with Rh-phalloidin (Molecular probes, Eugene, Ore,
USA) diluted 1 : 100. Nuclei were stained for 5 min with
the nuclear dye DAPI (1 mg/mL in PBS, SIGMA). After
final rinsing in PBS for 5 min, the samples were mounted
in a mixture of 5% PBS + 90% glycerol + 5% propyl gal-
late and observed in a LEICA DMI 6000B microscope
connected to a TCS SP5 confocal scanning system
equipped with laser 405 DIODE (UV), ARGON, HeNe
543, HeNe 633. Video images were collected using ‘10 and
'40 lenses.

For the luminal cells and sperm morphology, the following
analysis was used:

Light microscopy. To analyse the different types of cells free in
the testicular lumen, two testes for each species were dissected
and kept in acetic orcein for 24 h, then gently squashed and
observed with a Zeiss Axiophot light microscope.
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Moreover, to obtain isolated luminal cells, testes of further
10 males of S. abaster and one of S. typhle were isolated and
open with forceps. A small aliquot (20 pL) of 5% glutaralde-
hyde-fixed luminal cells was applied onto a coverslip precoat-
ed with polylysine (1 mg ml.-1, Sigma P1274) and allowed to
air-dry. Next, luminal cells adhering to the coverslip were
stained with toluidine blue 0.1% in aqueous solution and
observed with a Zeiss Axiophot light microscope (Zeiss). A
pool of 60 polyflagellate cells, obtained from different slides of
a single S. abaster specimen, were analysed to estimate the fla-
gella numbers.

Scanning electron microscopy (SEM). The external morphology
of cells free in the testicular lumen, including mature sperm,
was analysed using an aliquot (20 pL) of formalin-fixed lumi-
nal cells obtained from testes of 4 S. abaster males and applied
onto a coverslip precoated with polylysine. Next, luminal cells
adhering to the coverslips were dehydrated using a graded eth-
anol series (5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 95% and 100% ethanol) and critical-point
dried (Bal-Tec CPD 030) Critical Point Dryer, gold-
palladium coated and observed with JEOL JSM 5200; Jeol)
scanning electron microscope.

Fluorescent microscopy. To evidence both the cytoplasmic
and flagella microtubules, aliquots (20 pL) of luminal cells
obtained from the testes of three males of Syngnathus abas-
ter were applied onto a coverslip precoated with polylysine
and allowed to dry. Then, the sample was fixed in metha-
nol for 5 min at —20 °C, permeated in acetone for 5 min
at —20 °C and rinsed in PBS. Fixed cells were then pre-
incubated with PBS contains 1% BSA (bovine serum albu-
min) for 20 min, incubated in monoclonal anti-o-tubulin
antibody, clone DM 1A (Sigma), diluted 1 : 400 for 1 h
in the dark, then rinsed three times on PBS for 5 min, po-
stincubated in an anti-mouse-TRITH antibody (Sigma)
diluted 1 : 200 for 1 h in the dark. Nuclei were stained
for 5 min with DAPI. After final rinsing in PBS for 5 min,
the samples were mounted in a mixture of 5% PBS +
90% glycerol + 5% propyl gallate and observed in a LE-
ICA DMI 6000B microscope connected to the confocal
system.

Morphometry. To study the nuclear morphometry of the dif-
ferent luminal cells types, two samples of S. abaster processed
with acetic orcein (see above) were analysed. Thirty nuclei per
each cellular type were measured.

Furthermore, to study the morphometry of the spermato-
z0a, such as the length of both the head (including the nucleus
and the midpiece) and flagellum, intact spermatozoa, stained
with toluidine blue (see above) and obtained from the two
species, S. abaster (n = 200, 20 sperm per males) and S. zy-
phle (n =17, obtained by a single male) were analysed.
Abnormal, broken or difficult to measure spermatozoa were
discarded.
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Digital images of the different luminal cell types and
mature spermatozoa were acquired with a digital camera
Nikon DS-FI1 connected with the control unit DS-L2 and
mounted on an optical microscope Nikon Eclipse 80i (Nikon,
Shinjuku, Japan). The measurements were made using the
program Tpsdig2.

Results

The morphology of the testes was similar in all examined spe-
cies. The paired testes were semi-translucent organs charac-
terized by a large central lumen and a thin wall (Fig. 1A-C).
The latter consisted of the germinal epithelium and a thin vas-
cularized tunica albuginea (Figs 1A-C, 2, 3A).

In all examined species, the tissue of the tunica albuginea
was continuous and did not pierce inside the organ, where in-
tergerminal compartments were not observed. (Fig. 1A). The
tunica albuginea had about the same thickness as the germinal
epithelium and was characterized by connective tissue, rich in
muscle fibres and blood vessels. (Figs 1A-C, 2). Fluorescent
microscopic analysis on S. abaster testes showed that the mus-
cle fibres were disposed in two layers: the internal layer, char-
acterized by fibres oriented perpendicularly to the main axis of
the testis, formed a continuous muscular sheath, and the
external layer, with only few longitudinal fibres, formed an
irregular weft (Fig. 2).

Moreover, between the tunica albuginea and the germinal
epithelium, testes of all species had small groups of globular
cells resting on the external surface of the basal membrane
were visible (Fig. 1B). These cells, analysed in S. abaster and
S. acus using the transmission electron microscopy, had
rounded nuclei with one or two large nucleoli. Their cyto-
plasm was rich in both mitochondria with tubular crests and
vesicles of smooth endoplasmic reticulum (Fig. 1D-E).

In all examined species, the germinal epithelium had the
typical organization in spermatocysts, which were formed by
germ cells enveloped by Sertoli cells, resting on the basal
membrane (Figs 1A-C, 3). Sertoli cells were elongated and
flat cells characterized by small nuclei of irregular shape
(Figs 1B, 3). The transmission electron microscopic analysis
on S. acus and S. abaster testes showed that, in both species,
the Sertoli cells cytoplasm appeared more electron-dense than
that of germ cells and contained mitochondria, both rough
and smooth endoplasmic reticulum, free ribosomes and mi-
crovilli-like projections of the surface facing the lumen
(Fig. 3B). Moreover, Sertoli cells of the same spermatocysts
were joined together with tight-like junctions (Fig. 3B). Along
the entire length of the testis, spermatocysts contained sper-
matogonia and primary spermatocytes (Figs 1A-C, 3). The
latter were recognizable by the presence of numerous synapto-
nemal complexes (Fig. 3C-D). Neither secondary spermato-
cytes nor spermatids were observed.

In all examined species, inside the testicular lumen, large
spherical cells and spermatozoa were embedded in a fibrous-
like secretion (Figs 1A-C, 4-7). Two types of spherical cells,
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Fig. 1—A~C. Light micrographs of Syngna-
thus tenuirostris testis. —A. Transversal section
showing large central testicular lumen and
thin wall. —B—C. High magnification of the
testis wall showing germinal epithelium,
tunica albuginea and albuginea’s basal cell. —
D-E. Transmission electron micrographs of
Syngnathus acus testis.—D. Albuginea’s basal
cell. —E. High magnification of adjacent
albuginea’s basal cells. (AC) albuginea’s basal
cell, (arrow) spermatogonia, (arrowheads) cel-
lular junctions, (BM) basal membrane, (FS)
fibrous secretion, (GE) germinal epithelium,
(L) testis lumen, (M) mitochondria, (N)
nucleus, (SC) Sertoli cell, (Sp) spermatocytes,
(TA) tunica albuginea, (W) wall. Scale bar:

A =88 ym, B = 26 pm, C = 18 um,

D =186 nm, E = 70 nm.

aflagellate and flagellate cells, were recognizable. In S. abaster,
both cellular types were variable in size (diameter of 20 pm in
average) and showed one, two or more nuclei (Figs 1A,C, 3,
4-6).

The aflagellate cells had the cytoplasm rich in droplets of
different size and density. This made the observation of the
nuclei difficult, which were well recognizable using a fluores-
cent nuclear dye (Fig. 4A,B). All aflagellate cells had nuclei
(n = 30) of the same size (9 £+ 0.64 um) and morphology,
and they occupied most of the cell volume (Fig. 4A,B). In
contrast, the flagellate cells showed a less amount of cytoplas-
mic globules and had nuclei localized at the periphery
(Figs 4C-F, 5, 6). These cells were unquestionably develop-
ing spermatids, and their nuclei were always characterized by
a well-developed nuclear fossa, to which corresponded an
emerging flagellum (Figs 4C-F, 6). Mono-, bi- and multifla-
gellate cells were visible (Figs 4C-F, 5-6). Of 60 flagellated
cells, obtained by different slides of the same specimen of S.
abaster and analysed by light microscopy, only 2% had a single
nucleus, 32% showed two nuclei, about 6% had more than
ten nuclei, and the remaining 60% had a variable number of
nuclei, from 3 to 10.

© 2014 The Royal Swedish Academy of Sciences
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In all examined species, on the basis of nuclear morphol-
ogy, young, intermediate and late spermatids were distin-
guished. In S. abaster, young spermatids had spherical nuclei
of 7.3 + 1.09 um in diameter, with one or two spherical dots
of nucleolus-like appearance (Fig. 6A). Zones of condensed
chromatin were particularly visible at the periphery of the
nucleus and in the nuclear fossa region (Figs 4D, 6A).

The intermediate spermatids had smaller nuclei of
3.19 4+ 0.57 pm, still spherical in shape and similar morphol-
ogy, but inside them the nucleolus-like dots were no more evi-
dent (Fig. 6B,C). The late spermatids had nuclei of
subspherical shape (3.59 4+ 0.36 pm) and chromatin uni-
formly condensed (Fig. 6D,E).

Mature sperm were measured in Syngnathus abaster and S.
typhle only (Figs 4G, 7). In both species, they were elongated
monoflagellate cells with flagella of several tens of microns
(54.82 + 3.32 pm, n = 200) in S. abaster and
(58.37 &+ 2.7 ym, n = 17) in S. ryphle. They were character-
ized by a cylindrical head occupied for most of its length by
the nucleus of 3.25 + 0.14 pum (z = 200) in S. abaster and of
3.35 +£ 0.29 ym (n = 17) in S. zyphle. A short midpiece was
evident (Fig. 7A-C, insert).
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Discussion

In all syngnathid species here analysed, the testis atypically
consists of a single and continuous germinal compartment
surrounded by a single and continuous somatic compart-
ment. Each testis appears as a tubular organ characterized
by a unique testicular lumen surrounded by two concen-
tric layers, the thick tunica albuginea and the germinal
epithelium, separated by the basement membrane. In all
other vertebrates, from fish to mammals (see Schulz
et al. 2010), the testis has a more complicated organiza-
tion being the germinal compartment generally arranged
in numerous germinal units, amongst which numerous
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Fig. 2—A. Light micrographs of the apical
portion of Syngnathus abaster testis. —B. Con-
focal laser Scanning Microscopy (CLSM)
images of the same portion of testis showing
the F-actin localization in the tunica albuginea
muscular sheaths. —C-D. High magnifica-
tion of the same testis portion showing the
doubles fluorescent stain with nuclei in blue
and F-actin filament in red. —C. Note the
different arrangement of muscular fibres in
the two internal and external sheaths. —E.
Transmission electron micrograph of muscle
fibres characterizing the tunica albuginea of S.
acus testis. (CF) circular muscular fibres,

(LF) longitudinal muscle fibres, (MF) muscle
fibres, (T'A) tunica albuginea. Scale bar: A—
B =71 ym, C-D = 18 pm, E = 120 nm.

intergerminal extensions of somatic compartment are
present.

The tunica albuginea of syngnathids testes contains blood
vessels, connective cells and numerous smooth muscle fibres.
Moreover, small groups of cells are visible in close contact
with the external surface of the basal membrane. Large cells
surrounded by connective tissue have been also seen in
M. brachyurus lineatus, but they were interpreted as primary
spermatogonia (Miranda-Marure er al. 2004). However, we
retain that both their localization and cytoplasmic characteris-
tics, such as mitochondria with tubular crests and abundant
vesicle of smooth endoplasmic reticulum, are consistent with

the interstitial Leydig cells.
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Fig. 3—A. Light microscopy image of Syn-
gnathus abaster testis showing spermatocysts
containing spermatocytes and polynucleated
cells inside the lumen. —B. Transmission
electron micrograph of Syngnathus acus sper-
matocysts with germ cells enveloped by Ser-
toli cells. —C. Transmission electron
micrograph of primary spermatocytes of S.
acus. —D. High magnification of synaptone-
mal complex. (Arrow) basal membrane,
(arrowheads) synaptonemal complex, (GC)
germ cells, (J) tight-like junctions, (L) lumen,
(MV) microvilli-like projections, (PC) poly-
nucleated cell, (SC) Sertoli cells, (Sp) sperma-
tocytes. Scale bar: A = 16 ym, B = 1 pum,

C =130 nm, D = 30 nm.

Because of the presence of an atypical permanent lumen,
the syngnathids testis was defined as belonging to the tubular
type (Carcupino et al. 1999). However, according to the bet-
ter elucidated definition reported in Parenti and Grier
(2004), testes of tubular type are only those in which ‘the
germinal compartments do not terminate at the testis periph-
ery, but form highly branched, anastomosing loops or
tubules’. Instead, testes of lobular type are those in which
‘the germinal compartments may form anastomosing net-
works proximally, but distally they extend to the periphery of
the testis and terminate blindly’. On this basis, testes of the
syngnathids here analysed, must be included in the lobular
type, as are formed by a single germinal compartment, with-
out forming any kind of anastomosing networks and termi-
nating blindly.

© 2014 The Royal Swedish Academy of Sciences
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Spermatogonia are clearly distributed along the entire
length of the testis, so we may confirm that also in these repre-
sentatives of Syngnathidae, the testis organization is of the
unrestricted lobular type, typically found throughout the Neo-
teleostei, except for the atherinomorphs (Parenti and Grier
2004).

Both the light and electron microscopic analyses definitely
demonstrate that at least in Syngnathus species, the germinal
epithelium has the typical tripartite organization, in which
germ cells surrounded by Sertoli cells form spermatocysts
resting on the basal lamina. Sertoli cells are easily recognizable
from germ cells because of their elongated and flat shape,
small nuclei of irregular shape and their capacity to form
tight-like junctions with adjacent Sertoli cells belonging to the
same spermatocysts.
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In agreement with previous data (Carcupino et al. 1999),
in the germinal epithelium of all reproductive males here anal-
ysed, the spermatocysts only contain spermatogonia and pri-
mary spermatocytes. Developing spermatids are recognizable
by both the presence of flagella emerging from a deep nuclear
fossa and nuclei characterized by different degrees of chroma-
tin condensation. They are only visible inside the testis lumen
together with matures sperm. These data confirm that, at least
in Syngnathus pipefishes, the spermatogenetic process is of
semicystic type.

Generally, the spermatogenesis of bony fish is cystic, and
therefore, the process takes place entirely inside the cyst, when
the cyst breaks the spermatozoa are released into the lumen.
In contrast, in the semicystic type, the cyst ruptures at the
spermatocyte or spermatid stage, so germ cells only partly
develop inside the cyst (Mattei and Mattei 1978). This type of
spermatogenesis may result in asynchronous maturation of
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Fig. 4—Confocal laser scanning microscopy
(CLSM) images of luminal cells obtained
from Syngnathus abaster testes showing the
dual fluorescent stain with nuclei in blue and
microtubules in red. —A-B. Aflagellate poly-
nucleated cells. —C. Polynucleated spermat-
ids showing nuclei localized at the periphery
of the cells and emerging flagella. —D-F.
Spermatids in different developmental stages.
—D. Young spermatids with nuclei character-
ized by zones of condensed chromatin partic-
ularly visible at the nuclear periphery and in
the fossa region. —E. Intermediate spermat-
ids with more condensed nuclei. —F. Late
spermatids with nuclei of subspherical shape.
—@G. Mature sperm with cylindrical head. (F)
flagella, (H) head, (N) nuclei, (PC) polynu-
cleated cells. Scale bar: A = 15 um,
B=3um,C=9 pym,D =2 um,
E=9um,F=2 um,G = 3 pm.

spermatids, thereby reducing the number of simultaneously
mature sperm.

Semicystic spermatogenesis was described for the first time
in some Gobiesocidae (Mattei and Mattei 1978) and is cur-
rently known in several teleostean groups, such as Blenniidae
(Lahnsteiner and Patzner 1990; Lahnsteiner er al. 1990;
Giacomello et al. 2008), Opistognathidae (Manni and Rasot-
to 1997), Channidae (Srivastava and Singh 1994), Gobiidae
(Mazzoldi 2001), the Ciprinodontiformes Fundulus heteroclitus
(Selman and Wallace 1986), the Ophidiiformes Ophidion sp.
(Mattei et al. 1993) and Ophidion barbatum (Hernandez et al.
2005), the Lofiifformes Lophiomus setigerus (Yoneda er al.
1998a), some Scorpeniformes (Munoz er al. 2002; Sabat
2002; Sabat et al. 2009), the Siluriformes, Malapterurus electri-
cus (Shahin 2006), the Caraciformes, Acestrorhynchus lacustris
(Bazzoli and Godinho 1991), Bryconops affinis (Andrade et al.
2001) and H. marginatus (Magalhaes et al. 2011), and the

© 2014 The Royal Swedish Academy of Sciences
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Fig. 5—Scanning electron microscopy images
of flagellate cells obtained from Syngnathus
abaster testis lumen. —A-C. Mono-, bi- and
multiflagellate spermatids. (F) flagella. Scale
bar: A = 2.7 pm, Insert=1.3 ym, B = 1 pm,
C=1pm.

Pleuronectiformes, Solea senegalensis (Garcia-Lopez et al.
2005).

Several hypotheses have been formulated regarding the
functional significance of semicystic spermatogenesis. This
type of spermatogenesis leads to a reduced number of
simultaneously mature sperm, and it has been interpreted
as one of the possible mechanisms evolved to reduce the
cost of sperm production. This is the case of species, such
as syngnathids, performing male parental care, in which the
energies devoted to reproduction cannot all be invested by
the male in sperm production. (Manni and Rasotto 1997;
Giacomello er al. 2008). This mechanism seems therefore
to be crucial in those species in which, a small ejaculate size
is justified by their low fecundity, monogamous mating sys-
tem, absence of sperm competition and presence of male
parental care, such as some Opistognathidae (Rasotto ez al.
1992; Marconato and Rasotto 1993) and Gobiidae (Mazz-
oldi 2001). However, the asynchronous maturation of sper-
matids, thereby reducing the number of simultaneously
mature sperm, related to a spermatogenetic process of the
semicystic type, has been hypothesized to be also useful in
those species showing a promiscuous mating system and/or
a long-lasting egg deposition (see some blennies). In such
species, the males are forced to parcel out their sperm
expenditure during mating into several successive ejaculates,
releasing only limited portions of sperm at each ejaculation
(Giacomello er al. 2008). All syngnathid species have very
small ejaculate size, low fecundity, male parental care,
absence of sperm competition, and their mating system var-
ies from monogamy to different types of polygamy (Wilson
et al. 2003; Sanna et al. 2008).

© 2014 The Royal Swedish Academy of Sciences
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It should be also mentioned that the semicystic sper-
matogenesis has
According to Munoz et al. (2002), in some species (see
Ophidion marginatum, Lophiomus setigerus and Scorpena nota-
ta) that lay eggs within a gelatinous mass, such as syng-
nathids, (Fahay 1992; Yoneda er al. 1998b), this type of
spermatogenesis could be in some way related to the secre-
tion of abundant thick seminal fluid, having function in
keeping the spermatozoa together, facilitating fertilization of
the whole egg mass. In other species, such as Blenniidae,
the male gonads exhibit a peculiar organization, consisting
of a strictly spermatogenetic part (testicular lobules or tes-
tis) and a glandular part (testicular gland) (Lahnsteiner
et al. 1990; Richtarski and Patzner 2000). These species
show spermatogenesis of the semicystic type and a high
interspecific variability associated with the level of semicy-
stic spermatogenesis (with spermatids released at different
stages of maturity) (Lahnsteiner and Patzner 1990) and
with the relative development of the two gonad parts
(Richtarski and Patzner 2000). Species in which spermatids
are released at a very late stage of maturation have a
reduced testicular gland, which has been supposed to be
exclusively related to the seminal fluid production. In con-
trast, species where spermatids are released at an earlier
stage of maturation, have more developed testicular gland
involved in both seminal fluid production and metabolic
supply of germ cells (Giacomello ez al. 2008). In relation
to this last aspect, it should not be forgotten that in the
semicystic spermatogenetic process, Sertoli cells cannot reg-
ulate and support the metabolites transfer towards the
developing germ cells, when the latter are free inside the

been associated to other functions.
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Fig. 6—A-E. Light microscopy images of S. abaster spermatids stained with acetic orcein at different developmental stages. —A. Young spermat-
ids. —B—C. Intermediate spermatids; —ID-E. Late spermatids. (F) flagella, (IS) intermediate spermatids, (N) nucleus, (NF) nuclear fossa, (YS)
young spermatids. Scale bar: A = 11 ym, B = 10 pm, C = 12 pum, D = 10 um, E = 12 pm.

lumen. So, their metabolic demands depend on their stage
of maturity at the moment of the cyst rupture.

In the typical semicystic spermatogenesis, spermatocytes
and/or spermatids are released after the cytokinesis,
amongst isogenetic germ cells, is completed. Therefore,
germ cells advance individually through spermiogenesis
inside the lumen. As previously documented in Syngnathus
abaster and S. acus (Carcupino ez al. 1999), and here con-
firmed in the same and in other species of the same genus,
developing germ cells inside the lumen are mono- and,
more frequently, polynucleate and polyflagellate cells. Indi-
vidualization of mature sperm seems to occur at the end
of spermiogenesis, so the cytokinesis seems to be abolished
or at least delayed. Moreover, together with developing
spermatids and mature spermatozoa, another type of poly-
nucleated cells is present inside the testicular lumen of
Syngnathus species. These cells are aflagellate and charac-
terized by a large amount of cytoplasmic droplets. Large
droplets-containing cells have also been reported in S.
schlegeli testis (Watanabe et al. 2000). In this species, how-
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ever, this kind of cells seems to be only recognizable inside
the germinal epithelium. In contrast, in the reproductive
males here analysed, these cells are frequently observed
free into the testicular lumen, but they are also recogniz-
able coming out from the epithelium. On the basis of
these data, the large droplets-containing cells of S. schlegeli
testis are likely of the same cellular type reported here.
The apparent discrepancy in their localization may only be
due to a different developmental stage of the males analy-
sed.

A smaller amount of droplets of different size and electron
density may be also recognizable in the cytoplasm of develop-
ing polynucleated and flagellate spermatids, so the present
data seem to support the hypothesis (Carcupino ez al. 1999)
that aflagellate cells may be germ cells. These cells could
therefore represent the youngest germ cells released inside the
lumen at the spermatocyte or very early spermatid stage, after
having accumulated a large amount of material in form of
droplets. These droplets progressively reduce in size and num-
ber during the germ cell maturation.

© 2014 The Royal Swedish Academy of Sciences



Acta Zoologica (Stockholm) 97: 90-101 (January 2016)

Biagi et al. * Semicystic spermatogenesis in Syngnathus species

Fig. 7—A, Insert. Scanning electron micro-
graphs of mature sperm of Syngnathus abaster.
—B-C. Mature sperm stained with toluidine
Blue of and S. abaster and S. typhle respec-
tively. —D. Cryosection of S. abaster testis &
showing several sperm inside the lumen.(F)
flagellum, (H) head, (IMP) short mid-piece.
Scale bar: A = 7.5 pm, Insert = 1.3 pm,
B=5um,C=24 pm,D =6 um.

No glandular structures have been identified in the tes-
tis and along the sperm ducts of Syngnarhus species (data
not shown). Consequently, we consider that the large
amount of droplets accumulated in the cytoplasm of germ
cells could have a dual role in: i) the formation of an
abundant and fibrous seminal fluid, which could have the
function for trapping the very low number of mature
sperm produced by syngnathids (Watanabe er al. 2000;
Van Look er al. 2007; Biagi et al. 2008; Dzyuba et al
2008), avoiding sperm loss during mating and ii) the meta-
bolic supply of the developing germ cells, which are
released in a very early spermatogenetic stage.

In the light of these two possible functions, it could be also
interpreted the functional significance of the delayed cytokine-

© 2014 The Royal Swedish Academy of Sciences

sis observed in the semicystic spermatogenesis of Syngnathus
species. An early cytoplasmic division amongst isogenetic cell
could lead to a reduction in the amount of cytoplasm and
organelles. Consequently, the production and accumulation
of material useful for the energy requirements of each germ
cell and the production of a sufficient amount of seminal fluid
may be endangered.

In agreement with our previous data (Carcupino et al
1999), only one type of sperm has been recognized in all Syn-
gnathus species here analysed. The data on mature sperm
morphology previously reported in Syngnathidae, such as the
aflagellate sperm in M. brachyurus linearus (Miranda-Marure
et al. 2004) and the dimorphic flagellate sperm in S. schlegeli
and Hippocampus kuda (Watanabe et al. 2000; Van Look ez al.
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2007) that are conflicting, may be therefore due to the semicy-
stic spermatogenesis, which determines the simultaneous
presence of different kinds of flagellate and aflagellate cells in
the testicular lumen.

The most particular feature of mature sperm is the
elongated shape of the head, a morphology that has also
been observed in some Blenniidae (Lahnsteiner ez al. 1990) in
Lepadogaster lepadogaster (Mattei and Mattei 1978), and in
Ophidion barbatum (Herndndez et al. 2005), all species with
external fertilization and semicystic spermatogenesis. In gen-
eral, spermatozoa with elongated heads are related to internal
fertilization (Jamieson and Leung 1991), an explanation that
does not match any of the mentioned species. According to
Burns er al. (1995), the elongated nucleus may also facilitate
the storage of the spermatozoa in the testicular ducts. Never-
theless, in the specific cases of O. barbatum (Hernandez et al.
2005) and Syngnathus species (data not shown), no packaging
of spermatozoa was observed. Because neither have these spe-
cies internal fertilization nor spermatophores production, a
third possibility to explain the particularly elongated head of
sperm could be their need to cross through the gelatinous
mass of maternal origin to reach the eggs.
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