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Spermatogenesis in Lake Magadi tilapia (Alcolapia grahami), a cichlid fish endemic to the highly alkaline
and saline Lake Magadi in Kenya, was evaluated using light and transmission electron microscopy. Sper-
matogenesis, typified by its three major phases (spermatocytogenesis, meiosis and spermiogenesis), was
demonstrated by the presence of maturational spermatogenic cells namely spermatogonia, spermato-
cytes, spermatids and spermatozoa. Primary spermatogonia, the largest of all the germ cells, underwent
a series of mitotic divisions producing primary spermatocytes, which then entered two consecutive mei-
otic divisions to produce secondary spermatocytes and spermatids. Spermatids, in turn, passed through
three structurally distinct developmental stages typical of type-I spermiogenesis to yield typical primi-
tive anacrosomal spermatozoa of the externally fertilizing type (aquasperm). The spermatozoon of this
fish exhibited a spheroidal head with the nucleus containing highly electron-dense chromatin globules,

a midpiece containing ten ovoid mitochondria arranged in two rows and a flagellum formed by the typ-
ical 9+2 microtubule axoneme. In addition, the midpiece, with no cytoplasmic sheath, appeared to end
blindly distally in a lobe-like pattern around the flagellum; a feature that was unique and considered
adaptive for the spermatozoon of this species to the harsh external environment. These observations
show that the testis of A. grahami often undergoes active spermatogenesis despite the harsh environ-
mental conditions to which it is exposed on a daily basis within the lake. Further, the spermiogenic
features and spermatozoal ultrastructure appear to be characteristic of Cichlidae and, therefore, may be

of phylogenetic significance.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lake Magadi tilapia, Alcolapia grahami is a small cichlid teleost
endemic to Lake Magadi, a southern-most Rift Valley Lake in Kenya
(Coe, 1966; Seegers and Tichy, 1999; Walsh et al., 2001). This fish
is the only vertebrate species thriving in this lake which presents
arguably one of the most hostile environmental conditions for
survival of any teleost on earth; with osmolality ~ 600 mOs mL~!,
alkalinity ~ 380 mmol L-1, pH ~ 10, temperatures as high as 42°C,
extreme diurnal fluctuation of dissolved O, and intense ultra-violet
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solar radiation (Reite et al., 1974; Johansen et al., 1975; Narahara
etal.,, 1996; Wilson et al.,2004). In order to survive in this extremely
hostile and stressful environment, this fish has developed amazing
physiological, morphological and behavioural adaptations (Maina,
1990, 2000; Wood et al., 1994, 2012; Laurent et al., 1995; Narahara
et al., 1996; Bergman et al., 2003; Wilson et al., 2004), the most
important and unique one being urea excretion instead of ammo-
nia (Randall et al., 1989; Wood et al., 1989), a phenomenon that is
completely obligate (Wood et al., 2002). In addition, the internal
environment of the fish is unusual, with exceptionally high extra-
cellular and intracellular pHs (Johansen et al., 1975; Wood et al.,
1994) and moderately elevated urea concentrations (Wood et al.,
1989, 1994; Wilson et al., 2004) relative to other teleosts. Despite
increased research interests on this fish in the recent past, focusing
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Fig. 1. A specimen of an adult A. grahami with the abdomen opened and part of the viscera removed to show testicular lobes (TL) in situ. The common spermatic ducts (SD),
the pelvic fin (PF), the parietal peritoneum lined by a thin membrane highly laden with a dark pigment (asterisk) are also shown. GT denotes part of the caudal gut, UB the

urinary bladder while the arrowhead points to the genital papilla.

mainly on its diverse adaptive strategies, very little is known about
its reproductive biology. So far, only behavioural aspects of brood-
ing and breeding have been documented. For example, it is known
that this fish exhibit external fertilization (Coe, 1966; Seegers and
Tichy, 1999), an indication that its spermatozoon is tolerant of the
high salt, high pH and high alkalinity content which characterize
the waters of the lake. In our previous work, we also observed
that these fish exhibit highly skewed sex ratios, a phenomenon
we largely attributed to the harsh conditions of the lake (unpub-
lished).

However, information on the testicular structure and sper-
matogenesis in Lake Magadi tilapia still remains largely unknown
(Onyango and Kisia, 2008), similar to other species within the genus
Alcolapia.

In the present study, the testicular structure of mature A. gra-
hami freshly collected from their native habitat was described both
at histological and ultrastructural levels, with the main goal of
determining the progression of spermatogenesis in this fish in the
face of the extreme external environmental conditions of the lake
and the unusual internal environmental conditions of the animal.
Ultimately, this study aimed at generating information that will be
useful in the understanding of the male A. grahami reproductive
biology.

2. Materials and methods
2.1. Fish samples

Adult A. grahami were collected in July 2010 by use of a seine
net from the Fish Springs Lagoon on the periphery of Lake Magadi
(see Coe, 1966; Narahara et al., 1996; Wilson et al., 2004 for maps).
They were quickly transferred to 20-1 plastic buckets %-way filled
with Lake Magadi water then taken immediately to an outdoor
laboratory set up on the balcony of one of the buildings gener-
ously provided by Magadi Soda Company. A total of ten adult fish
with a mean weight of 8.86 g (range 3-15.12 g) and length 8.2 cm
(range 6-10 cm) were anaesthetized by transfer into ice-cold Mag-
adi water at a temperature range of 0.5-1°C for 3-5 min (see Pic,
1978; Wood et al., 2012), and then euthanized by cephalic concus-
sion. A ventromedian incision was then made on each fish to expose
the gonads for sex determination. Six of them were male and were
therefore recruited in this study while the remaining four female

fish were discarded. The remaining intact fish were returned to the
lake.

2.2. Tissue processing

The testes were excised and fixed by immersion into 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2-7.4) and
stored at 4 °C for at least 24 h. Thereafter, the tissues were rinsed in
the same buffer, post-fixed in 2% aqueous osmium tetroxide (0sOg4)
for 2 h, dehydrated in ascending concentrations of ethanol (50%,
70%,90%, 95% and 100%), cleared in propylene oxide, infiltrated and
then embedded in araldite resin mixture. Semi-thin (1 pwm thick)
sections were then obtained from a Reichert® ultra microtome,
stained with Toluidine blue and examined and photographed using
aLeica® DM 500 light microscope. Ultrathin (70-100 nm thick) sec-
tions were subsequently obtained from the same blocks, mounted
on copper grids, stained with uranyl acetate and counterstained
with lead citrate, examined and photographed using a Philips®
CM12 Transmission Electron Microscope (TEM).

3. Results
3.1. Testicular morphology

Grossly, the testis of a mature A. grahami appeared as bilobed,
creamy-white, elongate organs located in the coelomic cavity
whose parietal peritoneum was lined entirely by a thin membrane
heavily laden with a dark pigment (Fig. 1). These lobes converged
caudally to connect with the common spermatic duct and were
suspended from the dorsal body wall by the mesorchium. His-
tologically, the testicular parenchyma which was enclosed by a
connective tissue capsule (tunica albuginea), comprised the ger-
minal and interstitial compartments, with the former organized
as seminiferous lobules terminating blindly beneath the capsule
(Fig. 2A). Each lobule was defined by the lamina propria on whose
basement membrane rested the germinal epithelium (spermato-
cysts). These spermatocysts, occurring in various developmental
stages and sizes, were distributed along the entire length of the
lobular lumen. Essentially, these spermatocysts comprised a clone
of germ cells at the same stage of development circumscribed by the
cytoplasmic extensions of Sertoli cells, hence, forming sites of sper-
matogenesis in this fish (Fig. 2B). At the end of spermatogenesis,
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Fig. 2. Light micrographs of the testicular parenchyma in Lake Magadi tilapia. (A) Seminiferous lobules (SL) bounded by lamina propria (LP), and ending blindly at the tunica
albuginea (TA). Interstitial tissue (IT) is evident. Toluidine blue. (B) A cross-section of the seminiferous lobule (SL) containing spermatocysts at varying stages of development
(arrowheads) formed by the encystment of germ cells by Sertoli cell cytoplasmic processes. Lamina propria (LP) and spermatozoa (SZ) are shown. Toluidine blue. (C) An
opening spermatocyst (asterisk) containing spermatozoa (SZ) that are yet to be released into the lobule lumen (LL).

spermatocysts opened to release spermatozoa into the lumen
(Fig. 2C).

3.2. Spermatogenic cells

In this species, all the developing germ cells were confined
within their respective spermatocysts in the seminiferous lobules
(Fig. 2B). On the basis of the nuclear size and their respective mor-
phological characteristics, four successive germ cell-types in this
species were identified, namely spermatogonia, spermatocytes,
spermatids and spermatozoa.

3.3. Spermatogonia

Spermatogonial germ cells observed in the testis of Lake Magadi
tilapia comprised two types: primary (type A) and secondary (type
B) spermatogonia distributed randomly along the lobular wall.

Primary (type A) spermatogonia: These were the largest of
all the spermatogenic cells present in the testis of A. grahami.
Two types were identified; the undifferentiated and differenti-
ated type A spermatogonia, distinguished mainly by their nuclear
sizes as well as the number of cells in a cyst. The undifferen-
tiated spermatogonia were spheroidal solitary cells distributed
along the entire seminiferous lobules (Fig. 3A). On average, the
nuclear diameter of these cells measured 8.47 & 0.24 pm (n=20),
and hence, they were the largest of all the spermatogenic cells in
Lake Magadi tilapia. They underwent mitotic division giving rise
to differentiated spermatogonia distributed throughout the lob-
ules. These differentiated spermatogonia, whose nuclear diameter
measured on average 7.32 £ 0.25 pum (n = 20), occurred in clones of
2-8 spheroidal cells within a cyst (Fig. 3B). Ultrastructurally, the
undifferentiated type A spermatogonia presented scanty, electron-
lucent euchromatin material distributed uniformly in their large
nuclei. In addition, their conspicuous cytoplasm contained char-
acteristic electron-dense substances positioned contiguous to a
cluster of mitochondria. These inter-mitochondrial dense sub-
stances were frequently found adjacent to the nuclear envelope.
Mitochondria often occurred in clusters within the cytoplasm and
were round in shape with ill-defined cristae (Fig. 3C).

Secondary (type B) spermatogonia: Each differentiated type A
spermatogonium further underwent mitotic division giving rise
to secondary (type B) spermatogonia. Histologically, type B sper-
matogonia were spheroidal in shape with centrally located nuclei
containing sparse, lightly condensed and irregularly distributed
clumps of chromatin material (Fig. 4A). Ultrastructurally, the chro-
matin material in these cells appeared to have greater density
compared to the primary spermatogonia. The cytoplasm also con-
tained aggregates of ovoid mitochondria with ill-defined cristae,

found in close association with inter-mitochondrial dense sub-
stances as in the primary spermatogonia (Fig. 4B). These cells were
comparatively smaller in size with a nuclear diameter measuring,
on average, 6.2+0.17 pm (n=21).

3.4. Spermatocytes

Two types of spermatocytes were observed in the testis of Lake
Magadi tilapia: primary and secondary spermatocytes. Primary
spermatocytes were formed subsequent to the last mitotic division
of type B spermatogonia. The most frequently recognized primary
spermatocytes were those of prophase I of the first meiotic division,
distinguished on the basis of their nuclear size, density and char-
acteristics of chromatin condensation and distribution. Zygotene
spermatocytes, whose nuclei diameter measured 6.05+0.20 wm
(n=18), presented relatively electron-dense patches of coarse chro-
matin material with numerous short synaptonemal complexes
(Fig. 5A). Pachytene spermatocytes, with their nuclei diameter
measuring 6.33+0.14wm (n=25) exhibited relatively increased
density and a greater amount of the coarse chromatin material but
few synaptonemal complexes compared to their immediate pre-
decessors. Their nuclei were clearly outlined by a typical nuclear
envelope comprising the inner and outer layers (Fig. 5B). Diplotene
spermatocytes, whose nuclear diameter measured, on average,
6.32+0.19 wm (n=20), revealed more-or-less spheroidal nuclei
enclosed by a double layered nuclear envelope. Chromatin material
was organized into thick clumps of more electron-dense patches
compared to pachytene spermatocytes. In addition, there were a
few synaptonemal complexes within the nucleus (Fig. 5C). The
cytoplasm contained numerous ovoid mitochondria and vesicles.
Completion of the first meiotic division in primary spermato-
cytes resulted in secondary spermatocytes. The latter cells were
rarely encountered due to their short lifespan since they quickly
entered the second meiotic division to form spermatids. Nonethe-
less, some cysts containing a few intact secondary spermatocytes
were encountered in some parts of the seminiferous lobule together
with a number of metaphase figures of the second meiotic divi-
sion (Fig. 6). Ultrastructurally, secondary spermatocytes exhibited
electron-dense nuclei measuring 3.25+0.18 um (n=14).

3.5. Spermatids

Three maturational stages of spermatids were identified in
A. grahami during the course of spermatogenesis, namely early,
intermediate and late spermatids. These maturational stages were
identified on the basis of their characteristic condensation and dis-
tribution of chromatin material within their nuclei, development of
the midpiece and flagella, and exocytosis of residual cytoplasm to
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Fig. 3. Primary spermatogonia in Lake Magadi tilapia testis. (A) A semi-thin section showing intact (A1) and dividing (A1d) undifferentiated primary spermatogonia. Lamina
propria (LP) is evident. Toluidine blue. (B) A semi-thin section showing cysts containing differentiated primary spermatogonia (A2). Toluidine blue. (C) An electron micrograph
showing undifferentiated primary spermatogonia with the nucleus (N) containing sparse electron-lucent chromatin material. In the cytoplasm are mitochondria (M) and
electron-dense substances (arrows) found adjacent to the nuclear envelope (arrow heads). A Sertoli cell (ST) resting on the basement membrane (asterisks) with its nucleus
(NS) containing coarse electron-lucent chromatin material is evident.

®

Fig. 4. Secondary spermatogonia in A. grahami testis. (A) A photomicrograph showing a cyst containing type B spermatogonia (B). Lamina propria (LP) is evident. Toluidine
blue. (B) An electron micrograph of type B spermatogonia with nuclei (N) containing clumps of relatively high electron-dense heterochromatin material compared to primary
spermatogonia. In the cytoplasm are inter-mitochondrial dense substance (arrows), mitochondria (M), centriole (CT) and a portion of a thin Sertoli cell cytoplasmic extension
(SE). The nucleolus (NU) within the nucleus is evident.
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Fig. 5. TEM micrographs of primary spermatocytes in A. grahami testis. (A) Zygotene spermatocytes with nuclei (N) containing electron-lucent chromatin material with
numerous synaptonemal complexes (arrows). Nuclear envelope (arrowhead), mitochondria (M) and a relatively thin Sertoli cell cytoplasmic extension (SE) are observed.
(B) Pachytene spermatocytes with nuclei (N) exhibiting clusters of chromatin material with relatively increased electron-density. Notice the relatively decreased amount of
synaptonemal complexes (arrows). (C) A diplotene spermatocyte whose nucleus (N) contains patches of thick electron-dense irregular clumps of chromatin material and a

few synaptonemal complexes (arrows).

form spermatozoa. Early spermatids, which in most cases appeared
as closely packed cells, were generally ovoid to spheroidal in shape
with spheroidal nuclei measuring 3.40 &+ 0.18 pm (n=20) in diam-
eter. Their nuclei contained heterogeneous chromatin material
and the nuclear envelope appeared either irregular or indistinct,
indicating its re-formation immediately after the second meiotic
division (Fig. 7A). Furthermore, these cells possessed a more-or-
less symmetrical cytoplasm around their nuclei with generalized
distribution of ovoid mitochondria. Few developing flagella were
observed within their interstices. Intermediate spermatids, whose
nuclei measured approximately 3.44+0.12 um (n=20) in diam-
eter, contained uniformly distributed fine granular homogeneous
chromatin material enclosed by a double layered nuclear envelope.
Their cytoplasm, containing vesicular structures, demonstrated
asymmetry where it seemed to surround the distal pole of the
nucleus around the developing flagellum (Fig. 7B). At this stage, the
point of attachment of the plasma membrane to the distal centri-
ole appeared to have moved together with the centriolar complex
(diplosome) towards the nucleus, hence, creating the future cyto-
plasmic canal. An indentation into the nucleus then formed at the
point where the proximal centriole made contact with the nuclear

Fig. 6. An electron micrograph of a cyst containing secondary spermatocytes (S)
with some of these cells undergoing 2nd meiotic division (m). Notice the highly
electron-dense chromatin material in the nuclei.

envelope. Concomitantly, a single flagellum was developing from
the basal body of the distal centriole distally, resulting in a tangen-
tial orientation of the diplosome-flagellar axis with respect to the
nucleus (Fig. 7B).

Late spermatids, with nuclear diameter measuring
2.75+0.13 um (n=20), formed the final phase of spermato-
genesis in Lake Magadi tilapia. At this stage, the initially fine,
granular and generally homogeneous chromatin material asso-
ciated with the intermediate spermatids began to condense into
foci of highly electron-dense, homogeneous chromatin, appearing
as dark globules (Fig. 8A). Eventually, most of the nucleus was
filled by the compacted chromatin material, distributed irregularly
against an electron-lucent matrix (Fig. 8B). Organelles within the
cytoplasm were displaced to the distal end of the nucleus, leaving
a thin layer of cytoplasm proximally appearing as lamellations.
Most of the cytoplasm in the late spermatids was later shed off
and phagocytosed by the cytoplasmic processes of the Sertoli cell
walling the cyst at this stage, resulting in their thick appearance
(Fig. 8C). As the condensation continued, the nuclear indentation
initially formed in the intermediate spermatids continued to
extend deep into the nucleus, forming the nuclear/implantation
fossa. The entire diplosome, which initially was tangential to the
nucleus in the intermediate spermatids, now became perpendic-
ular to the nucleus and inside the nuclear fossa, demonstrating
the complete rotation of the nucleus along the diplosome-flagellar
axis (Fig. 8D).

3.6. Spermatozoa

These cells, resulting from the final transformation of late sper-
matids, had nuclei measuring 1.82 +0.08 wm (n=40) in diameter,
and contained highly condensed chromatin material covering the
entire nucleoplasm. They were therefore, arguably, the smallest
germ cells in this fish. These cells exhibited faintly stained masses
of flagella projecting behind the dark stained heads within the
lumen (Fig. 9A). At maturity, a typical A. grahami spermatozoon
was composed of the head and a single flagellum (Fig. 9B and C),
the latter being surrounded by the midpiece proximally. The head
generally round, comprised a large conspicuous nucleus situated
at the centre (Fig. 9B). There was no evidence of an acrosome or
an acrosomal vesicle on the head. The nucleus was packed with
compacted, highly electron-dense chromatin material, organized
as spheroidal masses closely attached to each other. As in late
spermatids (Fig. 8B), the cytoplasm showed several lamellar config-
urations running transversely from the irregular nuclear envelope
to the plasma membrane (Fig. 9B and C). Excess cytoplasm cast
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Fig.7. TEM micrographs of spermatids in A. grahami. (A) Early spermatids immediately after differentiation from secondary spermatocytes. Their nuclei (N) contain irregularly
distributed clumps of coarse heterochromatin. Notice the irregular outline of the nuclear envelope (arrowhead) surrounded by relatively symmetrical cytoplasm containing
ovoid mitochondria (M). At the interstices of the cells are developing flagella (arrows). (B) An intermediate spermatid where the proximal centriole (P), located at the
indentation fossa (IF) on the nuclear envelope (arrowhead), and the distal centriole (D) with its basal body (BB) where the flagellum (F) grows from are all oriented tangential
to the nucleus (N). Vesicular structures (V), cytoplasmic canal (CC) and other flagella (F) axonemes are also evident.

off by the developing spermatozoa as residual bodies occupied the
intercellular spaces (Fig. 9B). Distal to the head, the remaining cyto-
plasm initially displaced from the head region, surrounded the base
and most of the proximal portion of the flagellum symmetrically.
This cytoplasm and its contents then formed the midpiece of the
mature spermatozoon, which measured about 1.5 wm in length.
The cytoplasmic portion at the distal end of the midpiece was
limited by a blind ending plasma membrane. Hence, a sagittal sec-
tion of an A. grahami spermatozoon depicted a midpiece made up

of a bilobed structure separated centrally by the flagellum (Fig. 9C).
The most notable feature of the midpiece was the presence of round
mitochondria within the cytoplasm, arranged in two transverse
layers: the proximal and distal layers, both surrounding the cen-
trally located axoneme (Fig. 10A). The proximal layer was in close
proximity with the distal centriole typified by its nine microtubule
triplets (9+3) pattern (Fig. 10B). The entire midpiece therefore
appeared to comprise about 10 mitochondria, distinctly isolated
from each other by a thin cytoplasmic matrix (Fig. 10A and B). At this

Fig. 8. TEM micrographs of late spermatids in Lake Magadi tilapia. (A) Head of the late spermatid exhibiting initial phase of chromatin condensation and compaction into
highly electron-dense globules (asterisk) within the nucleus (N). Mitochondria (M) on the distal end of the cell are evident. (B) Head of the late spermatid showing the nucleus
(N) under advanced phase of chromatin compaction evidenced by increased chromatin globules (asterisk). Lamellar configurations (arrows) in the cytoplasm proximal to the
nucleus are present. (C) Transverse section of the late spermatid at the proximal portion of the midpiece. Notice the relatively thick Sertoli cell cytoplasmic extension (SE)
indicative of its phagocytotic activity. The nucleus (N), distal centriole (D) and a mitochondrion (M) are evident. (D) Oblique section of the proximal portion of the midpiece
showing the longitudinal orientation of the diplosome proximal (P) and distal (D) centrioles to the nucleus (N), and the deep seated nuclear fossa (arrowhead).
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Fig. 9. Spermatozoa in Lake Magadi tilapia. (A) A photomicrograph of spermatozoa within the lobular lumen (LL). Notice the dark staining heads connected to faintly staining
tails within the lumen. Primary spermatogonium (SG), secondary spermatogonia (B), pachytene spermatocytes (P) and lamina propria (LP) are evident. Toluidine blue. (B) A
TEM micrograph showing a transverse section of a spermatozoon head. Notice the highly electron-dense globules of chromatin material (asterisk) packed within the nucleus
(N). Residual bodies (RB) are observed. (C) A longitudinal section of a spermatozoon of A. grahami showing the major parts: head (H), midpiece (MP) and tail (T). The nucleus
(N) is capped with a thin cytoplasm containing lamellar configurations (arrows). Notice that the midpiece containing mitochondria (M) ends blindly distally. The cytoplasmic
channel (CC) and the flagellar axoneme (FA) covered by the flagellar membrane (FM) and flagella (F) of other neighbouring spermatozoa are evident.

stage, the cytoplasmic canal became more apparent and elongated
compared to the same in spermatid stages. This cytoplasmic canal
shared a common base with the flagellum proximally, and was
open distally, facilitating a direct communication with the external
environment (see Figs. 9C and 10A). Still at the level of the mid-
piece, the flagellum was centrally positioned within the narrow,
symmetrical cytoplasmic canal. The flagellar axoneme comprised
9 distinct microtubule peripheral doublets and a central pair
enclosed by a plasma membrane along its entire length (Fig. 10C
and D).

3.7. Sertoli cells

Sertoli cells in A. grahami appeared as thin or flattened somatic
cells within the germinal compartments exhibiting cytoplasmic
processes that formed a wall around spermatogenic cells in various
developmental stages (spermatocysts) (Fig. 2B). Ultrastructurally,
these Sertoli cells generally rested on the basement membrane sep-
arating the lobular system and the lamina propria (Fig. 3C). They
presented highly irregular pleiomorphic nuclei containing coarse
electron-lucent chromatin material diffusely distributed. The cyto-
plasmic processes encysting various germ cells seemed to vary in

thickness. While those processes encysting type B spermatogonia
(Fig. 4B) and spermatocytes (Fig. 5A) were thinner, those surround-
ing spermatids were generally thicker (Fig. 8C).

4. Discussion

The testicular parenchyma of A. grahami, comprising the ger-
minal and interstitial compartments separated by a basement
membrane and enclosed by the tunica albuginea, is a typical fea-
ture of both teleostean (Grier, 1981; Loir et al., 1995) Garcia-Lopez
et al,, 2005 and mammalian (Hermo et al., 2010) testicular tissue.
In particular, the disposition of the germinal compartment with its
distribution of primary spermatogonia among different groups of
teleosts has necessitated the classification of the testicular archi-
tecture in this group of vertebrates into two major categories:
lobular and anastomosing tubular types with each having either
restricted or unrestricted spermatogonial distribution (Grier, 1981,
1993; Nagahama, 1983; Parenti and Grier, 2004). In this study,
the disposition of the germinal epithelium with its distribution
of primary spermatogonia in the testis of A. grahami conforms to
the unrestricted lobular testis type described by Parenti and Grier
(2004). Each testicular lobule in a mature A. grahami demonstrated
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Fig. 10. TEM micrographs of spermatozoa in Lake Magadi tilapia. (A) A longitudinal section of the spermatozoon at the midpiece region showing the two transverse layers
of mitochondria (M). The nucleus (N), cytoplasmic canal (CC), and flagellum (F) are shown. (B) An oblique-section of the proximal portion of the midpiece of a mature
spermatozoon showing mitochondria (M) surrounding the distal (D) centriole. Notice the nine microtubule triplets (9 +3) of the distal centriole (arrows) and the flagellum
(F) distally. (C) A cross-section of the distal portion of the midpiece revealing the central location of the flagellum (F) within the cytoplasmic channel/canal (CC). M denotes
mitochondria. (D) Cross-sections of the tails/flagella (F) revealing the 9 peripheral doublets and a central pair of the microtubule pattern of the axoneme enclosed by flagellar

plasma membrane.

germ cell associations exclusively found in cysts with the exception
of spermatozoa. This observation suggests that each cyst func-
tions as an independent spermatogenic unit where germ cells
undergo the entire spermatogenic process culminating in the lib-
eration of spermatozoa into the lobule lumen. Taken together,
these observations signify that A. grahami undergo complete cystic
spermatogenesis as previously reported in the majority of teleosts
(Mattei et al., 1993; Weltzien et al., 2002; Schulz et al., 2005, 2010;
Chung, 2008; Leal et al., 2009; Chung et al., 2010; Shabana, 2012).

4.1. Spermatogenic cells

The morphological appearance of primary spermatogonia
(undifferentiated and differentiated) in Lake Magadi tilapia exhib-
ited features frequently shared by most other studied fish species
(Quagio-Grassiotto and Carvalho, 1999; Koulish et al., 2002). Par-
ticularly conspicuous, was the presence of inter-mitochondrial
dense substance in the cytoplasm located adjacent to the nuclear
envelope. These inter-mitochondrial dense substances have pre-
viously been observed in the primary spermatogonia of a number
of teleosts where they have been variously referred to as ‘nuages’,
‘inter-mitochondrial cement’, ‘dense nuclear bodies’ or ‘dense ger-
minal bodies’ (Stoumboudi and Abraham, 1996; Mufioz et al., 2002;
Fishelson, 2003; Fishelson et al., 2006; Jun et al., 2006; Chung, 2008;
Chung et al., 2010). It has been demonstrated that these substances
are units of RNA which detach from the nucleus to cross the nuclear
membrane into the cytoplasm (Eddy, 1975). They have further been
regarded as the early indicators of spermatogonia formation, but
they disappear in later stages of germ cell development (Koulish

et al., 2002; Fishelson et al., 2006). Ultimately, type A differen-
tiated spermatogonia divide mitotically giving rise to secondary
(type B) spermatogonia (Schulz et al., 2005, 2010). The presence of
inter-mitochondrial dense substances in type B spermatogonia in
this fish is a feature that has similarly been reported in other fish
species (Quagio-Grassiotto and Carvalho, 1999; Koulish et al., 2002;
Fishelson et al., 2006; Chung, 2008; Chung et al., 2010). The most
advanced type B spermatogonia in Lake Magadi tilapia differenti-
ated into primary spermatocytes after undergoing the final mitotic
division in a similar fashion as previously reported by Nobrega et al.
(2009). The abundant spermatocytes in the testis of A. grahami
were those under prophase I of the first meiotic stage of sper-
matogenesis, a common phenomenon frequently observed in germ
cells at this stage of spermatogenesis both in mammals (Franca
and Russell, 1998; de Rooij and Russell, 2000; Hermo et al., 2010)
and teleosts (Fishelson et al., 2006; N6brega et al., 2009). Among
the primary spermatocytes, pachytene spermatocytes were the
largest. This finding is in general agreement with reports in the Nile
tilapia (Schulz et al., 2005, 2010) and zebrafish (Leal et al., 2009).
In guppies, however, zygotene spermatocytes have the largest vol-
ume (Schulz et al., 2010) while diplotene spermatocytes are the
largest in mammals (Franca and Russell, 1998). In A. grahami, the
most notable feature in primary spermatocytes was the formation
of synaptonemal complexes frequently observed in zygotene and
pachytene spermatocytes. The occurrence of synaptonemal com-
plexes in this fish was consistent with its localization in the black
porgy, Acanthopragus schegeli (Gwo and Gwo, 1993), Sorubim lima
(Quagio-Grassiotto and Carvalho, 1999), Thalassoma bifasciatum
(Koulish et al., 2002) and Pampus argenteus (Chung et al., 2010). The
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first meiotic division in primary spermatocytes ends with the for-
mation of secondary spermatocytes, which then proceeds through
the short-lived second meiotic division to form spermatids (Silva
and Godinho, 1983; Selman and Wallace, 1986; Quagio-Grassiotto
and Carvalho, 1999). Therefore, the occurrence of relatively few
cysts observed in the testis of Lake Magadi tilapia containing sec-
ondary spermatocytes may probably be as a result of the short
life-span associated with these cells.

4.2. Spermiogenesis

Ultrastructural studies on spermiogenesis in teleosts have
revealed the presence of three distinct types: types I, II, and III
spermiogenesis. These types have been identified on the basis of
either the presence or absence of nuclear rotation and orientation
of the flagellum to the nucleus (Jamieson, 1991; Lahnsteiner and
Patzner, 1997; Shahin, 2006, 2007; Quagio-Grassiotto and Oliveira,
2008; Schulz et al., 2010). Apart from these three spermiogenic
types, some fish species, for example, the cichlid Oreochromis niloti-
cus (Lou and Takahashi, 1989), cyprinid Cyprinus carpio (Billard,
1986) and characid Paracheirodon innesi (Jamieson, 1991) demon-
strate incomplete or partial nuclear rotation, hence, the flagellar
axis is eccentrically oriented with respect to the nucleus. In this
study, the entire process of spermiogenesis in A. grahami depicted
a typical case of type I spermiogenesis where diplosome migra-
tion and growth of the flagellum, both disposed tangential to the
nucleus, as well as establishment of a cytoplasmic canal, were
a common occurrence in the early phase. This was followed by
complete nuclear rotation, resulting in a flagellum that was ori-
ented centrally within the cytoplasmic canal and perpendicular
to the nucleus in the final spermatozoon. This type of spermio-
genesis has been extensively described in the past (Jamieson,
1991; Mattei, 1991), and frequently occurs in many teleosts (Gwo
and Gwo, 1993; Spadella et al., 2007; Chung, 2008; Chung et al.,
2010; Shabana, 2012; Rey Vazquez et al., 2012) resulting in type |
spermatozoa.

4.3. Spermatozoa

Ultimately, the final products of spermiogenesis in teleosts,
the spermatozoa, are presented as two types; aquasperm and
introsperm, based on the mode of reproduction of the fish. Most
teleosts exhibit external fertilization, hence, have retained the sim-
ple primitive spermatozoa known as the aquasperm while the
internally fertilizing ones have an advanced type of spermatozoa
referred to as the introsperm (Jamieson, 1991; Mattei, 1991). In
this study, the characteristic morphology of the spermatozoon of
Lake Magadi tilapia typified by a round head, short midpiece (about
1.5 wm in length) and a few mitochondria (approx. 10) are fea-
tures reminiscent of a typical primitive type of externally fertilizing
sperm (aquasperm), similar to the descriptions of spermatozoa
in other teleosts (Poirier and Nicholson, 1982; Mattei, 1988; Lo
Nostro et al., 2003). This finding compares favourably with previ-
ous reports on the breeding and brooding behaviour of A. grahami
where, among other things, it was concluded that Lake Magadi
tilapia exhibits external fertilization (Coe, 1966; Seegers and Tichy,
1999).

4.4, Sertoli cells

In the testes of many teleosts, Sertoli cells rest on the base-
ment membrane and separate the lamina propria from the germ
cells in the lobular system (Grier, 1981; Loir et al., 1995; Fishelson
et al., 2006). These cells are responsible for the formation of sper-
matocysts, which are the basic functional units of spermatogenesis
in fish (Schulz et al., 2010). These cysts are formed by the Sertoli

cell cytoplasmic processes frequently enclosing germ-cell clones
derived from a single spermatogonium (Nobrega et al., 2009). In
Lake Magadi tilapia, these Sertoli cells enclosed all developing
germ cells until spermiation, similar to what is reported in most
teleosts (Fishelson et al., 2006; Rey Vazquez et al., 2012). In A.
grahami, it was also observed that cysts of type B spermatogo-
nia and primary spermatocytes possessed relatively thin Sertoli
cell cytoplasmic processes compared to the thick ones enclosing
advanced spermatids. It is speculated that the increase in these
cytoplasmic structures is due to the increased need for lysosomic
resources required for catabolism of phagocytized degenerated
spermatids, spermatozoa, or residual bodies shed off during the
period of spermiogenesis. Indeed, the importance of Sertoli cells
in phagocytosis of residual bodies and undischarged germ cells
after spermiation is well documented (Koulish et al., 2002; Lo
Nostro et al., 2003; Chung et al., 2010; Rey Vazquez et al., 2012).
Therefore, the nature of encystment in advanced spermatids in
A. grahami by the Sertoli cell cytoplasmic processes is not a new
phenomenon and may be serving the same purpose as previously
suggested.

4.5. Spermiogenic and spermatozoal features of phylogenetic
significance

It is generally believed that the various types of spermatozoa
formation results in a diverse variety of spermatozoa which are
specific and highly conserved among various taxonomic units in
teleosts (Mattei, 1988; Schulz et al., 2010). This phenomenon has,
therefore, been exploited as a potent tool for phylogenetic analy-
sis in fish (Jamieson, 1991; Quagio-Grassiotto and Oliveira, 2008;
Burns et al., 2009; Schulz et al., 2010). In this regard, the rounded
head of the spermatozoa of A. grahami, with no evidence of an acro-
some or acrosomal vesicle, conforms to what is known in related
fish species belonging to the family, Cichlidae (Lou and Takahashi,
1989; Matos et al., 1995; Quagio-Grassiotto et al., 2003). However,
this phenomenon contrasts with those of other cichlids namely
Satanoperca jurupari (Matos et al., 2002) and Cichlasoma dimerus
(Rey Vazquez et al., 2012), which have cylindrical heads. It also
appears to differ significantly with those of other families within
the suborder Labroidei to which A. grahami belongs. The Embioto-
cid Cymatogaster aggregata, for example, possesses spermatozoa
with elongated heads (Gardiner, 1978), while those in the family
Pomacentridae (Mattei, 1991; Lahnsteiner and Patzner, 1997) have
kidney shaped heads.

In teleosts, especially during the advanced stages of spermio-
genesis, chromatin material undergoes gradual condensation
processes, presumably as histones are replaced by the more basic
protamines (Alfert, 1956; Louie and Dixon, 1972). In A. grahami,
the gradual compaction and condensation of chromatin mate-
rial into foci of small electron-dense globules characterized the
terminal stages of spermiogenesis. Consequently, the spermato-
zoa arising from the spermiogenic process bore highly compacted
electron-dense chromatin globules, reflecting the clustered form of
chromatin condensation previously described by Jamieson (1991)
and Mattei (1991), and found in a number of related cichlids (Lou
and Takahashi, 1989; Matos et al., 1995; Quagio-Grassiotto et al.,
2003; Fishelson, 2003). This form of chromatin condensation con-
trasts with the homogeneous (Jamieson, 1991; Mattei, 1991; Rey
Vazquez et al., 2012) and floccus (Gusmdo-Pompiani et al., 2009)
types.

Nuclei of spermatozoa of most teleosts are reportedly pene-
trated by a nuclear fossa whose position, shape and prominence
vary among different taxonomic units (Jamieson, 1991; Mattei,
1991). This phenomenon is well illustrated in families under the
suborder Labroidei. In this regard, the Embiotocid C. aggregata, for
example, shows no apparent nuclear fossa (Gardiner, 1978) while
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the family Pomacentridae presents a simple depression on the
nuclear outline instead of an actual nuclear fossa (Mattei, 1991;
Lahnsteiner and Patzner, 1997). In C. dimerus a cichlid, the nuclear
fossa is reportedly shallow (Rey Vazquez et al., 2012). In this study,
the spermatozoa of A. grahami presented an actual nuclear fossa,
extending deep into almost half the depth of the nucleus. This fossa
appeared to lie longitudinal to the nucleus following the complete
rotation of the head. Similar findings have been reported in other
related cichlids such as O. niloticus (Lou and Takahashi, 1989) and
Cichla intermedia (Quagio-Grassiotto et al., 2003). However, unlike
A. grahami, the nuclear fossae in these two cichlids are eccentrically
oriented within the nucleus owing to the partial nuclear rotation
which they undergo.

In the course of spermiogenesis, the spermatids in A. grahami
exhibited gradual displacement of the cytoplasm towards the distal
aspect of the cell, hence, forming the midpiece of the spermato-
zoa. Ultimately, the distal aspect of the midpiece was limited
by the plasma membrane ending blindly in a lobe-like pattern,
a feature that appears unique for this fish among other related
cichlids. In addition, the midpiece in A. grahami lacked a cyto-
plasmic sheath, which is a thin extension of the midpiece distally
around the flagellum frequently observed in other cichlids (Lou
and Takahashi, 1989; Quagio-Grassiotto et al., 2003; Fishelson,
2003). In particular, the cytoplasmic sheath in C. intermedia bears
dilated edges at its distal-most end (Quagio-Grassiotto et al., 2003).
The lack of the cytoplasmic sheath on the spermatozoa of A. gra-
hami may be considered to contribute to increased flexibility of
the flagella, thereby providing more propulsive force to move the
spawned spermatozoa in the harsh aquatic environment towards
the eggs for fertilization to occur. This feature, therefore, may be
one of the possible adaptive strategies employed by this fish in
maintaining its reproductive capacity against the harsh external
conditions.

Within the midpiece of A. grahami, about 10 unfused spheroidal
mitochondria arranged in two layers around the cytoplasmic canal
were conspicuously present. This has close resemblance to the mid-
piece of most cichlids where the number of mitochondria ranges
from 8 to 10 (Lou and Takahashi, 1989; Matos et al., 1995; Quagio-
Grassiotto et al., 2003), with some recording a remarkable 20-24
mitochondria (Fishelson, 2003). In this case, C. dimerus having
36 mitochondria (Rey Vazquez et al., 2012) appears to be on the
extreme end among the cichlids. Quagio-Grassiotto et al. (2003)
reviewed the differences in the number of mitochondria among
the families under the sub-order Labroidei, and it was established
that they differ significantly from that in other members of the
Cichlidae family. The flagellar axoneme in Lake Magadi tilapia
was covered by the flagellar membrane, a continuation of the
plasma membrane to the flagellum at the level of the midpiece.
Related cichlids such as O. niloticus (Lou and Takahashi, 1989)
and C. intermedia (Quagio-Grassiotto et al., 2003), possess similar
flagellar membranes but, unlike A. grahami, they exhibit conspic-
uous lateral extensions referred to as side fins/ridges, thought to
correspond to the undulating membranes occurring in a num-
ber of animal species (Lou and Takahashi, 1989). Other cichlids,
S. jurupari (Matos et al., 2002) and C. dimerus (Rey Vazquez
et al, 2012), possessing biflagellate spermatozoa, also exhibit
prominent lateral fins. Among teleosts with externally fertiliz-
ing sperm, Ostariophysi (Characiform, Cypriniform, and Siluriform
clades) have been reported to show no lateral fins (Burns et al.,
2009).

From the present findings, it can therefore be concluded that
A. grahami exhibits regular spermatogenesis irrespective of the
extremely severe environmental conditions in which they live. Fur-
ther, the apparent absence of the cytoplasmic sheath and indistinct
side fins/ridges in the spermatozoa of this fish compared to other
cichlids may be considered to be a structural adaptation to the

harsh external environment. The role of other somatic adaptive
mechanisms, for example, nitrogen metabolism and urea excretion
employed by this fish in ensuring normal body functions includ-
ing spermatogenesis in the face of the harsh conditions in the lake
cannot be overruled. In particular, the presence of the thin mem-
brane heavily laden with a dark pigment on the parietal peritoneum
may be presumed to provide protection to the testis, as well as
other visceral organs against UV-radiation frequently reported in
the area.

Studies on testicular structure and spermatogenesis in teleosts
create possibilities, among other applications, for management,
conservation and preservation of both endangered and/or valuable
fish species, as exemplified in recent studies (Lacerda et al., 2006;
Majhi et al., 2009; Nobrega et al., 2009, 2010). Consequently, the
findings of this study will further enhance conservation efforts of
this reportedly “endangered” or “vulnerable” fish species (Bayona
and Akinyi, 2006).

Ultrastructural investigations of spermiogenesis and sperm
structure in Lake Magadi tilapia reveal some characteristics that
are consistent with other members of the family Cichlidae. These
features include condensation of spermatid chromatin material
into multiple electron-dense globules and the presence of isolated
mitochondria (about ten) around the proximal aspect of the sperm
flagellum. These characteristics are now becoming more noticeable
as more studies on cichlid reproduction continue to be undertaken,
hence, they may be phylogenetically significant for this taxonomic
clade. However, additional data from other members of this family
are recommended to better test this hypothesis.
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