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Abstract: The architecture of testicular lobules, morphology of spermatozoa, and spermatophore in the mud crab, Scylla serrata, are
described for the first time employing atomic force microscopy (AFM). A fast and simple squash preparation protocol was followed
using crustacean physiological saline without distorting the natural structure. Observations provided new insight into the arrangement
of lobules and morphology of testicular assembly. It consists of a close network of lobules of different sizes in a radial manner on radially
branching basal tubules. Budding of new lobules is another distinguishable feature noted in the network of testicular organization. A
thin membranous envelope of the lobule with undulating processes offered indirect evidence on the possible storage of sperm cells
within the lumen of the lobule. Spermatozoa of S. serrata were of different shapes and sizes, and, depending on the maturational status,
they displayed changes in the acrosome vesicle with a significant amount of cytoplasm. Vertical constrictions found in the testicular
lobules suggest propulsive extrusion of spermatophoric masses into the central lumen. These observations necessitate further study
using AFM and involving molecular probes to elucidate the polymorphic nature of male germinal cells, mechanisms of spermatophore
formation, and the phylogenetic relationship among crustaceans in general.
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1. Introduction

Crustaceans produce a wide variety of reproductive
structures that distinguish them from other arthropod
groups such as insects, millipedes, and spiders. The
majority of male crustaceans produce special sperm
packets called spermatophores. Although spermatophores
are found in various other invertebrates including other
members of arthropods, crustaceans are unique in the
way they are used in sperm transmissions to females
(1). The male reproductive system of the mud crab,
Scylla serrata, is composed of testis and vas deferens
enclosing various representative constituents, such as
spermatogonia, spermatocytes, spermatids, spermatozoa,
spermatophores, and seminal fluid. The above constituents
have been demonstrated to vary morphologically and
biochemically among decapod crustaceans. One of the
earliest descriptions available for a decapod sperm cell was
from alithodid crab, Lithodes maja (2). Subsequently, some
more observations were also made on the pedunculate
spermatophores in the vas deferens region of Lopholithodes
mandii (3). These morphological depictions of testicular
assembly through drawings by the authors and similar
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attempts made by others were slowly replaced due to
the emergence of light microscopic advancement in this
field, permitting the illustration by photographic images
providing a comprehensive knowledge on the morphology,
arrangement, and maturation of male germinal cells, and
their subsequent packaging into spermatophores.

Ultrastructural ~ visualization of  spermatophoric
elements was made possible in the 1960s by employing
electron microscopys (4-7). Following this, many structural
and functional features of crustacean spermatophoric
elements were elucidated through scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) (8-13). However, there has been concern about the
limitations of light microscopy (14) in illustrating the lobular
arrangement in toto. Morphology of spermatozoa has been
studied comprehensively using electron microscopy (EM),
and electron micrographs have been obtained through
fixation of sagittal sections. These have revealed several
intrinsic features of crustacean spermatozoa. Nevertheless,
in this process, spermatozoa are subjected to complete
dehydration, which causes them to lose nearly 50% of their
volume during observation by EM (15).
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Atomic force microscopy (AFM) has been extensively
employed to delineate the surface features of innumerous
samples of biological origin in addition to availing
topographic data images with nanometer resolution.
Spermatozoa have been demonstrated to be better subjects
for imaging through AFM because of its rigidity and
relatively small size (16). AFM requires simple sample
preparation protocols such as usage of physiological saline
and air drying of smeared spermatozoa as compared to
the use of artificial preservatives and elaborate sample
preparation protocols in EM (17). AFM has been
successfully used to view the surface topography of sperm
heads of numerous mammals (15-21). Despite the vast
development achieved technologically in the process of
visualization and image capture, and intensive investigation
in the field of molecular reproduction of crustaceans in
the past century, some of the intrinsic structures, such as
architectural arrangement of testicular lobules, remain
elusive and are only hypothetical. In the present work,
an attempt was made to elucidate the network of lobular
organization of the testis, morphology of spermatozoa,
and formation of spermatophore in the testis of the mud
crab S. serrata, using AFM.

2. Materials and methods

2.1. Animal maintenance

The adult male mud crabs S. serrata were collected from
the Kovalam coast in Chennai by fishermen. The collected
animals were brought to the Seafront Laboratory at
Neelankarai and acclimatized to laboratory conditions for
10 days after they were subjected to stringent quarantine
treatment. During the period of acclimatization, the
animals were maintained in filtered seawater with
appropriate water quality parameters, such as salinity (35
ppt), pH (8.1), dissolved oxygen (4.6 mg L), ambient
temperature (25-27 °C), ammonia (~1.2 mg L), nitrate
(~1.4 mg L"), and nitrite (~ 1.4 mg L™'). The crabs were
fed mussels and clams ad libitum throughout the period of
maintenance in the laboratory.

2.2. Tissue processing

The crabs were killed by chilling in a freezer (-20 °C) and
the testis was dissected out immediately. The testicular
mass was macerated with the help of fine scissors and
the suspension containing cellular and tissue fragments
was diluted with an appropriate amount of physiological
saline solution (22) containing the following composition
(mM): NaCl 557, KClI 14, CaCl, 25, MgCl, 21, Na SO,
4.5, and Tris 5, and the pH was adjusted to 7.4. The above
suspension was dropped onto ethanol cleaned glass cover
slips using a wide pore tip fitted micropipette and spread
uniformly with the help of another glass cover slip. The
sample was allowed to adhere to the surface by air drying
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briefly. Adhered samples were rinsed briefly with nanopure
water and then air dried. Care was taken not to damage
the sample applied surface on the cover glass. The samples
were then mounted to the AFM stub (18 mm @ x 2 mm
thickness), keeping the sample applied area facing upward
by using a small piece of double-sided adhesive tape and
loaded into the AFM with tweezers.

2.3. Image processing

Topographical images of the samples were obtained in a
contact mode using an atomic force microscope (Shimadzu
Corporation, Kyoto, Japan; SPM-9500) equipped with
a phase imaging system and data processing unit. The
system was allowed to collect topographical information
of applied samples with repetitive scanning under a sharp
contact probe. The probe was attached to a cantilever that
deflected the direction of the Z-axis as the probe was drawn
over the surface of the sample. As the scanning probe was
deflected by changes in the sample thickness, the AFM
adjusted the position of the sample to maintain a minimal
set point deflection of the cantilever. These adjustments
were recorded by the computer, and used to generate a
high resolution topographical map of the samples kept
under observation.

The silicon nitride probes coated with gold used in
this study had a pyramidal tip with 6-um square base
and an opening angle of 70°. This tip was attached to a
200-pm long triangular cantilever with a spring constant
of 0.15 N/m and resonance frequency of 24 kHz. Before
the samples were observed, the piezoelectric scanner was
calibrated using standard gratings as per the guidelines of
the manufacturer mentioned above. Deviations between
the actual and AFM measured distances on the grating
indicated that the maximum calibration error in calculated
volume measurements could be < 5%. This was reduced
significantly (to <3%) by keeping the AFM scanner offset
less than 15 um from the neutral position. Repetitive
scanning of a single area took approximately 5-10 min,
depending on the objects. Scanned images stored in the
computer integrated with the AFM were analyzed for fine
surface topography of testicular lobules, and morphology
of male germinal cells and spermatophore using AFM
software. AFM provided detailed information about
the size and shape of various male germinal cells and
spermatophore, in addition to lobular arrangement of
the testis in this study. Images of 256 x 256 pixels were
collected at ambient humidity and the temperature was
recorded at an appropriate line frequency.

3. Results and discussion

In the present investigation, AFM observation of male
reproductive assembly of S. serrata presented newer details
on the arrangement of testicular lobules, structure of male



ANBARASU et al. / Turk J Biol

germinal cells in different stages, and spermatophore
formation. The testicular lobules of S. serrata are formed
in a radial manner all along branching basal tubules as
shown in Figure 1. Several such radially branching tubes
join together to form a common collecting duct. The
centrally located tubules serve as a common collecting
duct for many basal tubules. Several such centrally
formed collecting ducts may join together in a convoluted
manner and run into the proximal vas deferens, which in
turn forms into a mid and distal vas deferens for storage
and ejaculation of spermatophoric substances. A closely
arranged network of lobules of different sizes was also
noted (Figure 1). Generally, in decapod brachyuran
crustaceans, the process of spermatogenesis is completed
in testis and the spermatozoa travel towards vas deferens
before incorporating into spermatophores and are stored
with the surrounding fluid medium of seminal plasma
(23). Each lobule originates from a basal tubule and is
found intercalated with the counterpart shooting from the
opposite direction. The distal part of the lobule becomes
distended and forms a bulbular structure. The continuous
formation of testicular lobules all along the basal tubules
also indicates the possibility to meet the requirements
during the accelerated spermatogenic activity as a part
of testicular maturational processes. Numerous budding
lobules were also seen throughout the length of each
basal tubule (Figure 2), providing ample scope for further
enlargement of the budding lobule, which ultimately

10.00 pm 30.00 x 30.00 um

Figure 1. Shows the arrangement of testicular lobules with radial
branching. Arrow and arrowhead indicate a lateral basal tubule
and a central collecting duct, respectively. * indicates a typical
lobule formation.

2.00 pm 7.50 x 7.50 pum

Figure 2. Shows the testicular lobule filled with sperm. Arrow
heads and arrows show the lemellar nature of the lobule and a
basal tubule. 1: lobule; bl: budding lobule; p: pedicel.

stores a large volume and a variety of male germinal cells,
such as spermatogonia, spermatocytes, spermatids, and
spermatozoa in addition to seminal plasma in the lumen.
Each lobule was noted along with an indistinguishable
pedicel region at the bottom before joining to the basal
tubule. The pedicel was considerably broader in this
species. At the base of some developing lobules, accessory
lobules were also noted, although not uniformly in all
cases (Figure 3). An enlarged view of the lobules shows
some sort of undulating processes, indicating indirectly
the possibility for the presence of several male germinal
cells within the lumen of the lobule.

This is the first report providing a clear photographic
illustration on the architecture of lobules and connecting
tubules in the testicular assembly to a greater extent using
AFM. The AFM approach employed in this study could
help us to overcome the limitations faced on the illustration
of these intrinsic structures through light and electron
microscopic attempts made by others so far (14,15). Leat-
like branching lobules shooting from the radially dividing
basal tubes further suggest the feasibility of the formation
and maturation of sperm cells within the lumen of testicular
lobes. The thin lobular membrane enclosing the lumen
seems to be elastic and it may have the provision for further
enlargement during gonadal maturation. These lobules are
of different widths and lengths, implying different phases
of sperm maturation occurring differentially in each
lumen of the testicular lobules. It denotes progression of
sperm cell maturation as occurring in different testicular
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1.00 um 3.75x3.75 um

Figure 3. Enlarged view of a part from Figure 2. *signifies the
possible development of male germinal cells inside. al: accessory
lobule.

lobules. Interestingly, in S. serrata and Charybdis natator,
testosterone controls spermatophoric activity and hence
the formation of testicular lobules could be under its
control (24,25). A closely arranged network of lobules
intercalating with their counterparts shooting from the
adjacent basal tubules was a common phenomenon noted
during this investigation. At the base of the lobules, some
budding lobules were uniformly distributed close to the
pedicel region, although the pedicel was very broad and
distinct in this species. The variation in the size of the
lobes is very much anticipated even within an individual,
depending on the stage of maturation. Nevertheless, the
significance of accessory lobes at the base of developed
lobules is unknown at present. No other studies conducted
earlier could provide such a clear view of the architectural
arrangement of testicular assembly.

Male germinal cells of S. serrata were of different
shapes and sizes, and distributed uniformly in all observed
areas as shown in Figure 4. Depending on the stage of
maturation, the germinal male cells displayed the shape
of the acrosome vesicle, which were seen surrounded by a
significant amount of cytoplasm, from spherical to ovoid.
The concentric zone of the acrosomal vesicle was also
one of the important characteristic features noted in the
spermatozoa of S. serrata. A conspicuous nucleo-plasma
envelope and accumulation of periacrosomal material
were the other noticeable structures in the fully matured
spermatozoa. As observed in the present study, the squash
preparation of testicular lobes showed many different sized
and shaped sperm cells, revealing a polymorphic nature of
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2.00 pm 7.50 x 7.50 pm

Figure 4. Shows the polymorphic nature of male germinal cells
at different stages. Arrowhead and *denotes a homogenous outer
region and a granular inner region, respectively. AV: acrosome
vesicle, NPM: nucleo-plasma envelope; PAM: periacrosomal
material; SR: subacrosomal region.

male germinal cells with distinct uniqueness, as reported
in other crustaceans (25-28). Similar to the observations
made in the current study, a complex acrosome vesicle zone
concentrically capped by an electron-dense operculum
and penetrating posteriorly by a perforatorial chamber
was also noted through transmission electron microscopy
in the hermit crab, Loxopagurus loxochelis (29). This study
further reveals the formation of spermatophore assembly
within the lumen of the seminiferous tubules of S. serrata
(Figure 5). In the matured testicular lobules, there were
certain constrictive areas suggesting propulsive ejection
of seminal substances into the basal tubules. Formed
spermatophoric packets were noted sporadically during
the examination using AFM with varying dimensions and
shapes, and they were also longitudinally multilayered in
nature.

An enlarged view of the lobule shows some sort of
undulating processes suggesting indirectly the presence
of spermatozoa within the lumen (Figure 3). In a study
conducted in the male Jonah crab, Cancer borealis (26), it
was documented that the spermatogonia developed from
the germinal layer of testes and gave rise to spermatocysts
and spermatids filling the lumen of the tube with the
formation of spermatozoa occurring at the periphery of
the tubes. The formation of spermatophoric walls was
also reported by the presence of incomplete ring-shaped
spermatophoric walls within which numerous enclosed
spermatozoa were found (Figure 5). However, they were
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5.00 um 15.00 x 15.00 um

Figure 5. Shows sperms stored spermatophoric packets (arrows)
of different dimensions; arrowhead points out the appearance of a
new vertical constrictive process for formation of spermatophore.

not able to differentiate the vas deferens into different
regions based on gross anatomy (25). It was also observed
that the number of free spermatozoa increased towards the
distal region of the vas deferens. The earliest observations
employing light microscopys were made on the hermit
crab spermatophore several times in the past (3,30-
38). Light microscopic approaches on spermatophore
morphology provided further information on the presence
of a single layer encompassing the sperm mass in species
such as Carcinus maenas (39), Callinectes sapidus (40), and
Portunus sanquinolentus (41). In contrast, absence of such
an envelope over a spermatophoric mass was also reported
in the case of the Hawaiian crab, Ranina ranina (42). A
double-layered spermatophore has been described in the
studies conducted on the mud crab, S. serrata (43), and
the golden crab, Geryon fenneri (23). Notwithstanding
the report that only one sperm is contained in each
spermatophore in the Oxyrhynchan, Macrocoeloma
trispinosum (44), a definite variation in the number
of spermatozoa distributed has also been noted in the
spermatophores of the mud crab, S. serrata (45).

In the present observation, the spermatozoa of S.
serrata were of different shapes and sizes and distributed
uniformly in all observed areas (Figures 1-5). Although
the term spermatophore has been variably used by
different authors, it has been restricted as a terminal
structure emitted from the male ejaculatory duct (46).
However, they have been demonstrated to be structurally

complex externally. The spermatophoric packets of
variable dimensions were also noted sporadically during
the examination using AFM in the present investigation
(Figure 5). The presence of such sperm packets, each
containing 10-20 sperm cells, was also reported in the
middle part of vas deferens (47). The spermatophoric
packets observed in S. serrata were also longitudinally
multilayered in nature. A line of lateral division was also
witnessed in another study separating the ampulla into
2 halves (13). These suture lines were reported as the
point of weakness where the ampulla breaks to release
the spermatozoa prior to fertilization. However, no lateral
ridge in the spermatophore was observed in the king crab,
L. maja, although the spermatophore wall was found to be
bilayered (48). In addition, the spermatophoric packets
were also observed uniformly, which could be possible due
to the emergence of several vertical constrictive processes
to cleave them into smaller units.

Nevertheless, to the best of our knowledge, this is the
first study carried out on the morphology of spermatozoa
and spermatophore of a crustacean model employing
AFM. AFM has emerged as the only technique capable of
real-time imaging of the surface of a living cell, including
sperm cells, at nano-resolution (49). It does not distort
sperm morphology as the conventional microscopic
techniques do. Recently, a new technique developed based
on AFM provides scope to image and to quantify the
strength of specific receptor sites on the membrane of living
cells (50). Stringent maintenance of sperm morphology
is the universal prerequisite for successful fertilization
related events. Abnormal germinal development leads to
infertility. Sperm morphology is considered as one of the
primary prognostic parameters including humans (51).
Therefore, the current approach opens up new avenue in
order to detect several vital receptors and key molecules
present at the membrane surface of the spermatozoa
of commercially important crustaceans, by binding the
antibodies with an AFM tip. In addition, it may also serve as
a prognostic tool for identifying the status of spermatozoa
of economically important crustaceans for aquaculture
practices. Meanwhile, it has been pointed out that studies
pertaining to mating behavior, timing of mating during
the moult cycle, sperm transfer mechanisms, male sexual
tube morphology and microstructure, and ultrastructure
of egg, spermatophore and sperm cell in crustaceans are
imminent and would be fruitful. Application of AFM in
this regard would certainly provide vast knowledge further
required in this field.
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