chromatin fibers, thicker fibers which appear in €ross section as larger and denser dots,
each with diameters of about 40 nm (level 3), could also be observed (Fig.1C, D; Table
1).

Mid acrosome phase spermatids These cells correspond to stages 10 to 12
(Fig.6). The striking features are the elongation of the nuclei which start to assume
falciform shape. The anterior region is covered by completely-formed acrosome
(Fig.2A). The centriolar apparatus is localized in the implantation fossa contiguous to
the clectron-dense caudal plate of the nucleus (Fig.2A, B). Towards the end of stage 10
and in stage 11 chromatin fibers increase in size to 50 nm in diameter (level 4), which
are distributed chiefly in the subacrosomal area, and in the caudal part close to the dense
plaque on the posterior nuclear membrane (Fig. 1E, F; Table 1). Besides the difference
in diameters, the appearances of these fibers are also drastically different: while level 2
and 3 fibers appear as dot-like which is interpreted to be cross sections of highly
convoluted fibers, level 4 appear as thick and straight fibers with long sections
appearing even in the thin sections (Fig. 1E, F). Some level 4 fibers might also be seen as
dot-like feature but with less frequency, which is interpreted to be the cross sections of
the straight fibers (Fig [F). From this appearance we believe that during stage 10 the
chromatin fibers begin to change in size as well as co;'lforrnatjon; while the first 3 levels
of chromatin fibers may be randomly coiled, the 4" level fiber, in addition to becoming
thicker, also transform to straight threads which are aligned in long parallel orientation.
In stage 11 the nucleus is uniformly filled with level 4 fibers (Fig.1E, F). The next levels
of organization are the highly condcnscd chromatin fibers appearing as large knobs
(level 5) and branching cords (level 6) with the thickness varying from 60-70 nm
(Fig.2B, D; Table 1} which start to form in the subacrosomal portion of the nucleus; and
this result in the initiation of chromatin condensation in the anterior part of the nuclei in
stage 12 (Fig.2A-D). These levels 5 and 6 fibers may achieve their thickness and density
as the resutt of lateral association and coalescence of several level 4 fibers. Interestingly,

the width of the anterior part of the nucleus is also substantially reduced, suggesting the



possibility that the nuclear tapering occurs as the result of this initial chromatin
condensation, while the mid and caudal portions of the nucleus are still filled with level
4 fibers and appear rather wide (Fig.2A, B, F).

Late acrosome phase spermatids These cells correspond to stages 13 and 14
(Fig.6). Level 5 and 6 chromatin fibers could be found throughout the nucleus (Fig.3A-
F). And the gradient of chromatin condensation progresses from the anterior part until it
covers the whole nucleus. And in some spermatids the anterior half of the nuclei may
contain completely dense chromatin.

Maturation phase spermatids These cells correspond to stages 15 to 17 (Fig.6)
where the acrosomes are fully developed and cover the anterior two-third of the nuclei.
Still attached to posterior end of the acrosome are nuclear rings and manchettes (Fig.4A-
E; 5A.B). Gradually, the manchettes disappear by being shed out with the residual
cytoplasm. The chromatin in the anterior half of the nucleus of stage 15 becomes almost
completely condensed, except for small electron-lucent slits or channels between very
thick branching chromatin cords, each about 100 nm in width (level 7) (Fig.4B, D; 5A,
B; Table 1) whereas in the posterior half of the nucleus there may still be level 5 and 6
and small amount of level 4 fibers (Fig.4A, B, I). The midpiece of the tail is formed
between the manchette (Fig.4F). In stage 16 and 17 the chromatin assumes level 7
organization throughout the nucleus (Fig.5A, B).

Immature spermatozoa These cells correspond to stages 18 and 19, when their
chromatin becomes almost completely condensed and electron opaque, except for small

circular spots which are widely scattered throughout the nucleus (Fig.5C-F).

Discussion

Leblond and Clermont (1952) have classified rat spermatids into 19 stages based
mainly on the acrosome and tail formations. While many investigators have studied the

sequence of replacement of histones by transitional proteins and protamines (Balhomn et
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al., 1984; Heidaran et al., 1988; Alfonso and Kistler, 1993; Meistrich et al., 1994; Oko et
al., 1996) the actual morphometric data concerning the change in the higher orders of
chromatin fibers and the pattern of their condensation in various stages of spermatids of
rats have sfill not been reported. In this study we have shown that the nuclei of round
spermatids (stages 1-7) have mostly 10 nm-thick chromatin fibers (level 1), and certain
amount of 30 nm-thick fibers (level 2), and the latter may also aggregate together to
form small heterochromatin blocks. In early acrosome phase spermatids (stages 8-9), the
chromatin fibers increase to 40 nm, which is designated as level three. These fibers
appear as dense dots in cross-sections which we interpret that they are randomly coiled.
In mid-acrosome phase spermatids (stages 10-12), further enlargement of chromatin into
50 nm-thick straight fibers (level 4) which assume more parallel orientation were
observed. The size and conformation change of chromatin fibers during these stages of
spermatids may be the consequence of the loss of histones including various variants of
H1 and other core histones, and/or their replacement by transition proteins {TP) as
reported earlier (Bucci et al., 1982; Lennox and Cohen, 1984; Meistrich et al., 1994;
Oko et al., 1996). In late acrosome phase spermatids (stage 13-14) chromatin fibers
increase in thickness to 60-70 nm, starting from the subscrosomal and spreading to the
caudal regions of the nucleus. This initial chromatin condensation may be also brought
about by TP proteins which are found to be the prevalent lysine-rich proteins in these
stages {Courtens and Loir, 1981; Heidaran et al., 1988; Alfonso and Kistler, 1993; Oko
et al., 1996; also see Fig.6). The large chromatin cords in maturation phase spermatids
(stages 15-17) have similar appearance as chromatin remaining within the heads of rat
spermatozoa after being decondensed with urea-DTT, which appeared as thick
branching cords about 100 nm in width linked together by thin zig-zag fibers about 30
nm in diameter (Sobhon et al., 1981). The latter fibers disappeared upon subsequent
treatment with micrococcal nuclease. As a result we interpreted that the thick chromatin
cords represent the highly packed nucleoprotamines linked together by smaller and

loosely packed nucleohistones which could represent the remaining histones in the rat



sperm head; and that these nucleohistone fibers were preferential digested away by
micrococcal nuclease. This finding supports the pattern of chromatin condensation in
late spermatids where the chromatin fibers gradually increase in size, starting from 50
nm paratlel straight fibers in stages 11 and 12 to 90- 100 nm branching cords in stages 15
to 17. Such increase in thickness of chromatin cords could be viewed as the lateral or
parallel association of neighboring 50 nm fibers which later become coalesced and
tightly packed together. This final step of condensation could be brought about by
protamines, which have been shown to replace TP proteins in stages 15 to 17 spermatids
(Platz et al., 1977; Meistrich et al., 1994; also see Fig.6). The pattern of chromatin
condensation in rat spermatids may differ from that proposed for human sperm
chromatin, where after histones are replaced by protamines the randomly coiled 30
nucleohistone fibers turn into 50-100 nm beaded fibers that may be formed by the
packing together of compact toroidal-shaped nucleoprotamine beads (Sobhon et al.,

1982; Balhorn et al., 1999; Sobhon ct al., 2000).
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Explanation of Figures

Figure 1 A, B) Stage | rat spermatid, showing the nucleus confaining mostly
euchromatin which consists of two levels of chromatin fibers: level | appear as thin
zigeag fibers with the thickness about 10 nm (1), and level 2 appear mostly in cross
sections as dense dots about 30 nm in diameter (2). Few blocks of heterochromatin (He)
consisting of tight aggregations of 30 nm fibers are also present.

C, D) Stage 9 spermatid, showing elongated nucleus with completely formed
acrosome (Ac) at the anterior, nuclear ring (nr) and manchette (ma) in the cytoplasm
that becomes localized towards the posterior part of the cell (in C). In D, a few large
dense dots about 40 nm in diameter (3), which inay represent cross sections of larger
chromatin fibers, are present in the subacrosomal arca and the anterior part of the
nucleus.

E, F) Stage 11 spermatid, showing 50 nm straight fibers interlacing with

each other; short straight segments (4) as well as dots (arrows) which represent the cross
sections of these fibers could also be observed.
Figure 2 A, B, C, D) Stage 12 spermatid: the anterior part of the nucleus contains thick
branching chromatin cords with variable thickness at 60 nm (5) and 70 nm (6), which
may represent the higher-ordered structures formed by the lateral aggregation of smaller
level 4 fibers. The most anterior part of the nucleus usually contains completely
condensed chromatin (in C) while the middle and posterior parts still contain 50 nm
straight fibers (4) (in B, D).

E, F) The posterior end of the same nucleus showing the implantation fossa
occupied by centriole (ce), manchette (ma) atlaching (o the nuclear ring (or) and
surrounding the nucleus, and the caudal condensatidn (cd) on the posterior nuclear
membrane.

Figure 3 A, B, C, D) Stage 13 spermatid, showing the coalescence of 50 nm fibers (4)

to form chromatin cords of larger sizes at 60 nm (5) and 70 nm (6} which are spreading
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throughout the nucleus (in A, C, D). In B, the midpicce of the tail (Mp) is formed from
the centriole (ce) in the implantation fossa. Nuclear ring (nr) and manchette (ma) are
present on both sides of the nucleus.

E, F) Stage 14 spermatid, showing the formation of highly clectron dense
chromatin cords at 70 nm (6) and 90-100 nm (7) throughout the nucleus.
Figure 4 A, B, C, D, E) Stage 15 spermatid, showing completely condensed chromatin
in the anterior part of the nucleus (in A, C), and the presence of branching 90-100 nm
chromatin cords (7) in the middle portion (in B, D), while the posterior portion (in E)
still contains 70 nm (6), 60 nm (5), and 50 nm (4) fibers.

F) The midpiece of the tail (Mp) and a group of mitochondria are present
between the manchettes (ma).
Figure 5 A, B) Stage 17 spermatid, showing the highly condensed chromatin
throughout the nucleus which still appear as branching cords, each about 90-100 nm
thick (7), separated by narrow clefts (arrows) which arc completely electronlucent.

C, D, E, F) Stage 18 (C, D} and stage 19 (E, F) spermatids, showing
completely condensed chromatin in all arcas of the nucleus, except for very small
vacuoles which appear as electronlucent spots {arrows).

Figure 6 A diagram summarizing the changes in sizcs.and conformation of chromatin
fibers and the pattern of chromatin condensation in correlation with the sequence of
replacement of histones, transitional (TP) proteins, and protamines (modified from the

original diagram of Leblond and Clermont, 1952).
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Abstract

In Fasciola parasites fatly acid-binding proteins (FABP) are the carrier proteins
that help in the uptake of fatty acids [rom the hosts’ fluids. Attempts have been made
to utilize both native and recombinant FABP (rFABP) for immunodiagnosis and
vaccine development lor {asciolosis. In the present study we have produced a number
of monoclonal antibodies (MoAb) against rFABP of FFasciola gigantica. These MoAb
were initially screened against tEABP by ELLISA and then tested for their specificities
by immunoblotting. Five stablc clones were sclected and characterized further: four of
them were of the isotype [gG; while one clone was 1pG,,. All the MoAbs reacted with
rFABP which has a molecular weight (MW) of 20 kD and with at least two isoforms
of native proteins at MW 14.5 kD that were present in the tegumental and crude worm
extracts, and the excretion-secretion materials. Immunoperoxidase stainings of frozen
sections of adult parasites by using these MoAb as primary antibodies indicated that
FABP were present in high concentration in the parcnchymal cells and reproductive
tissues, in low concentrqtion in the tegument and caccal epithchium.  All MoAb cross-
reacted with a 14.5 kDD antigen present in the whole-body extract of Schistosoma
mansoni, while no cross reactivities were detected with antipens from fwrytrema

pancreaticum and Paramphistomum spp.

Keywords: /. gigantica, {ally acid binding protein, monoclonal antibody, localization



[ntroduction

Trematode parasites are unable to synthesize de novo most of their hipids
particutarly long chain f(atly acids and choleslerol (Meyer ct al.., [970). Therelore,
they have to depend on fatty acid binding proteins (FABP) for the uptake and
transport of these molecules {rom the host. Phylogenetically, parasite FABPs appear
10 be related to those appearing in vertebrate tissues including heart, mammary gland,
muscle, with about 30% identity of the amino acid [evel, although no clear functional
relationships have been established (Esteves et al, 1997, Moser et al, 1991).
Recently, /. hepatica FABP (Fhi2) and S. mansoni FABP (Sm15) .have been shown
to elicit a strong cross protective immunity (Hillyer, 1985; Hillyer et al, 1988a).
Mice vaccinated with purified Fh12 prior to challeng.ing with S. mansoni cercariae
displayed a 77% reduction in the worm burden (Hillyer et al.,, 1988b). In addition,
[h12 was found to be expressed in /0 fiepatica carly alter the excystiment through to
the adult stage (Rodriguez-Perez et al, 1992). However, due to the limitation In
obtaining sufficient quantity of native FABP as antigen {or vaccination, attempts to
produce recombinant FABP (rFABP) of /% fiepatica (Fh15) have been made. This
recombinant protein has been shown to induce a signilicant level of resistance in hosts
to challenges with F. Aepatica (Muro et al., 1997) and S. bovis (Abane ct al., 2000).

[n comparison to /. hepatica, there have only been few studies on the cloning
and vaccine potential of /-, giguntica FABP (Estuningsih ¢t al., 1997, Smooker ¢t al.,
1997). In the present ihvestigation we have atlempted to produce and charactenize
monoclonal antibodies (MoAb) against recombinant /-0 giguntica FABP.  These

MoADb were used to immunolocalize FABP in /- gigantica tissues, and their cross



reactivities with other trematode parasite antigens were tested m order to probe for

their possible applications in immunodiagnosis and vaccine development.

Materials and methods

Parasite samples

Adult F. giganiica were removed from the bile ducts and gall bladders of
condemned bovine livers at local slaughterhouses. Other trematode parasites collected
from the same group of cattle for a cross reaction study included Paramphistomum
spp. from the rumen and Lurytrema pancreaticum {ftom the pancreas. S. mansoni were
collected for the cross reaction study from mice infecled with cercariae 8 week earhier.
All parasite specimens were washed three times with Hank’s balanced salt solution
(HBS) containing 100 U/ml penicillin and 100 mg/m) streptomycin to remove all

traces of blood, bile and contaminating microorganisims.

Lxcretory-secretory antigens (1.8) of adult F. gigantica

The ES-antigens were prepared by incubating freshly collected, living adult
parasites in Hank’s balanced salt solution (Gibco, USA) at room temperature for 3
hours. The purasite cggs in the culture medium were removed by centrifugation at
5000 g for 20 minutes at 4 °C. The supernatant was dialysed in 0.01M PBS, pH 7.2 af

4 °C for 24 hours, lyophilized, and kept at -20 “C until uscd.



Tegumental antigens (TA) of adult I, gigantica

TA-antigen was obtained by extraction of live adult parasites with 1% Triton
X~-100 in Tris HCI buifer, pH 8, for 30 minutes at room temperature. The extracting
solution was collected and centrifuged at 5000 g for 20 minutes at 4 °C to remove the
parasite eges which may be relcased during the extraction. The supernalant containing
TA-antigen was collected and dialysed 1n 0.01 M phosphate buffer saline (PBS), pH

7.2 at 4 °C for 24 hours, before it was lyophilized and kept at -20 °C until used.

Whole body antigens (WB) of parasites

Whole adult parasites (. gigantica and other trematodes) were homogenized
in 0.0} M PBS, pH 7.2 and then rotated at 4 °C overnight. The suspensions were
centrifuged at 5000g, 4 °C, for 20 min and the supernatants were collected and stored
at —70 °C until used in subsequent experiments.

The protein contents of all fractions were deternuned by modified Lowry’s

method (Lowry etal., 1951).
Preparation of I'. gigantica ri"ABP

A 399 bp ¢cDNA fragment cncoding a FABP of /. gigantica was cloned by
RT-PCR (Grams et al., 2000). The tragment was subscquently cut by Bumt { and Su/
I restriction enzymes from pBluescript SK(-) (Stratagene) and subcloned in the
bacterial expression vector pQE30Q (QIAGEN). The cloning procedure resulted i the

addition of 19 amino acids at the N-terminus including a six-residue histidine stretch



for purification. At the C-terminus another (4 amino acids were added to the
recombinant FABP. The calculated molecular weight of rFABP is 18.5 kDa. Upon
induction by IPTG (I mM) FABP was detected by SDS-PAGE analysis in the
insoluble protein fraction. 1t was, therefore, purificd by Ni-NTA chromatography
under denaturing conditions in 6 M urea following the instructions of the manufacturer
(QlAexpressionist, QIAGEN). The eluted protein fractions were analyzed by SDS-
PAGE, and FABP-containing fractions were combined and dialyzed apgainst PBS

buffer.

Production of monoclonal antibodies (MoAbs) against I, gigantica ri”ABP

BALB/c mice were immunized subcutaneously with /7. gigantica tFABP in
complete Freund’s adjuvant at a dose of 10 pg in 100 ut per mouse. The second
njection of a sunilar dosc of the recombinant protein in incomplete Freund’s adjuvant
was given 3 weeks later. And 20 pg of protein in 100 pi PBS was given intravenously
as a final boosting dose 2 weeks later. Hybridomas were produced by fusion of spleen
cells from BALB/c mice immunized with /7. giguntica rTFABP and mouse myeloma
cells (P3/x63-Ag8). The hybridoma cells that grew successfully in culture were
cloned by limiting dilution methods. Only the hybridoma clones that produced high
titers of antibodies against rFABP, as screened by indirect ELISA, were selected. Five
MoAbs were chosen in this study, namely, 3D4-12, 3D8-1, 3D8-8, 5C5-1 and 6I'3-2.
The antibody isotypes were determined by ELISA using the Mouse MonoAb-[D kit

(ZYMED laboratories, USA).



{mmunoblotting

Immunoblotting was performed as described previously by Viyanant et al.
(1993). Briefly, tFABP, TA, ES, and WB antigens were scparated in 12.5% SDS-
PAGE and blotted onto a nitrocellulose membrane. As positive controls, the antigenic
bands in each fraction were detected by cattle infected sera (CIS) obtained from the
pooled sera of naturally infected animals. Strips containing similar antigenic fractions
were also screened by MoAbs. For negative controls, the culture {luid (CF) and
normal mouse serum {(NMS) were used as probes. Cattle antibodies that reacted with
the antigenic molecules were detected by peroxidase-conjugated rabbit anti-bovine
immunoglobulin, whereas the monoclonal antibody-antigen complexes were detected
by peroxidase-conjugated rabbit anti-mouse lgG. The reaction was visualized by

further incubation in 3,3 diaminobenzidine {DAB) and H,0,.

Immunolocalization of FABP

The five MoAbs were used for an analysis of the distribution, and relative
concentration of FABP in the frozen and acetone-fixed sections of adult /. gigantica
by immunoperoxidase/DAB staiming. Endogenous peroxidase activity was destroyed
by pretreating the tissue sections with 3% 0, The positive reaction was

demonstrated by Avidin-Biotin-Peroxidase technique as previously described by

- Viyanant et al. (1993). CiS diluted at 1:50 and 10% fetal calf serum were used as

positive and ncgative controls, respectively.



Results

Monoclonal Antibodies

Five clones of monoclonal antibodies against rFABP of I\ gigantica, namely
3D4-12, 3D8-1, 3D8-8, 5C5-1 and 6F3-2, were produced. Four of them, 3D4-12,
3D8-1, 3D8-8, and 5C5-1 were found to be Ig(G,, while only 6F3-2 was IgG,, All
monoclonal antibodies were k light chain. Clone 6F3-2 had the highest titer (up to

2.02 in ELISA OD reading at 492 nm with the cut off point at 0.5).

Immunoblotting

The immunoblotting expertment indicated that ail MoAbs reacted with a
single band of FABP which has a molecular weight (MW) of 20 kD (Fig A}
However, when fested against WB TA and ES antigens Irom adult /. gigantica, these
MoAbs reacted with native FABP which appeared as a c[osé double band at MW 14.5
kD (Fig. 1B, 2A). When simular antigenic fractions were analysed with polyclonal
antibodies against native FABP (kindly given by Dr. Terry Spithill, Monash
University, Australia), the identical double band was obscrved at MW 14.5 (Fig. 2B)
which conlirmed that the proteins detected by MoAb were UABP.  However, in
contrast to the MoAb the polyclonal antibodics also reacted with bands in ES and WB
at higher molecular weights which coald be duc lo smpuritics in the native FABP
preparation used for immunization.

When tested against WB antigens {rom three other trematode parasites (S.

miensord, Parampliistomum spp. and Lurytrema pancreaticum), all MoAb showed a



strong cross reaction with a S mansond antigen at MW 14.5 kD, while no cross

reactions were detected in WB antigens from other parasites (Fig.3).

[mmunolocalization

All MoAbs showed similar immunoperoxidase staining characteristics as
represented by MoAb 6F3-2 (Fig.4) which exhibited the strongest reaction. The sites
and intensities of the brownish reaction products indicated the location and relative
concentration of FABP which were bound to MoAb. The highest intensity was
observed In the cytoplasm of parenchymal cells and their processes (Fig. 4A, B, C).
However, while most parenchymal cells (Pc;) were intensely stained, some
parenchymal cells (Pc,, Pes) were only moderately or lightly stained (Fig. 4B, C).
The testicular and ovarian tissues were also moderately stained with the early stage
germt cells on the peniphery of the gonadal follicies appearcd more intensely stained
than the late stage cells in hte center (Fig. 4E, F). The basal part and the surface of
tegument were moderately stained (Fig.4B). Most cytoplasm of the caecal epithelium
was lightly stained, whilst the apical cytoplasm and lamellae were intensely stained

(Fig. 4D). The utertne epitheliun was only lightly stained (Fig. 4G).

Discussion

In the present siudy we could produce MoAbs specific to rFABP.  These
MoADbs could react with the native /7. gigantica FABP at MW 14.5 kD represented as
closely aligned double bands in immunoblots of whole-body (WB) and tegumental

(TA) extracts, and the excretion-secretion material of the adult parasites. Swmooker et
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al. (1997) could also identify two isoforms of native /7 giguntica FABP with sinifar
MW. In contrast, it has been shown by many studies that /- feputica has at least three
isoforms of the cytoplasmic FABP family (Rodriguez-Perce et al., 1992; Chicz, 1994,
Bozas and Spithill, 1996). Their molccular weight range between 14-16 kD with 127-
133 amino acids in length (Hillyer, 1985, Hillyer et al., 1987, Veerkamp et al., 1991,
Rodriguez-Perez et al., 1992). In comparison, homologous protein in S. mansoni has a
MW about 12 kDD (Hillyer et al., 1988a) and exhibited cross reactivity with /. hepatica
FABP as well as cross protection for both species of parasites (Hillyer et al,, 1988b).
Analysis of ¢cDNAs indicated that FABP in the two spccies showed 44% identity
(Moser et al., 1991; Rodriguez-Percz et al., 1992). Our MoAb could detect only two
isoforms of the . gigantica FABP family which may possess similar epitopes. These
two isoforms were also detected by polyclonal antibodies against native FABP. In
comparison to the native FABP, rI'ABP that reacted with all MoAbs has a higher MW
of 20 kD. The higher MW of tFABP is due to the addition of 31 amino acids for
cloning and purification purposes as mentioned in Materials and methods.

The immunolocalization cxperiment demonstrated that FABP have a wide
distribution in almost all tissucs of the parasites. Howcver, it has the highest
concentration in one type of parenchymal cells which forms the major stroma or
general packing tissue between epithclia lining the tegument, digestive, reproductive
and urinary tracts; whereas two other types of parenchymal cells exhibit less staining
intensity and thus probably contained a lower concentration of FABP. In contrast, the

_relative concentration of FABP in the caccal epithclium and tegument which werc
exposed (o the hosts” fluid and thus thought to be involved in the initial uptake of fatty
actds was quite tow. It is possible that after the uptake through these two kinds of

epithelia, falty acids and cholesterol could be concentrated and stored in the {irst type
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of parenchyinal cells which acts as the intermediary in supplying these building block
molecules to other kinds of cells that they maintain close contact. Some of the latter,
such as, the tegument may require a significant quantity of lipids for the synthesis of
the surface membrane which has a high rate of turn over for the parasite’s homeostasis
and protection (Hanna, 1980).

In addttion to /. gigantica native FABP these MoAb also recognized similar
sized antigens in S. mansoni, while no cross reactions were detected against antigens
from other trematode parasites, including Paramphistomun spp. and Eurytrema spp.
As has been reported, the strong cross reaction and cross protection between the FABP
of Fusciola and Schistosoma are due to the high degree of conservation of 43% amino
acid sequence identity (Smooker et al., 1997). In tact, FABP is considered to be one
of the most promising vaccine candidates that could confer dual protection against
fasciolosis and schistosomiasis (Casanueva et al,, 2001} Vaccination against FABP
may mterfere with the processes of fatty acid and cholesterol uptakes and thus damage
the structurat integrity‘ of many tissues, especially the surface membrane of the
tegument, which have high need of these molecules for their building blocks.
Furthermore, because of their specificities to only [Fasciola and Schistosoma these
MoAb may be good candidates for immunodiagnosis which will be further

investigated.
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Lxplanations of figures

Fig. 1. A. Immunoblotting patterns of recombinant FABP reacted with myeloma
culture fluid (CF-lane 1), normal mouse serum (NMS-lane 2), cow immunized serum
(CiS-lane 3), monoclonal antibodies 3D4-12 (lane 4), 3D8-1 (lane 5), 3D8-6 (lane 6),
5C5-1 (lane 7), and 6F3-2 (lane 8). SD is the lane containing standard molecular
weights.

B. Immunoblotting patterns of /. gigantica whole body antigens (WB)
reacted with myeloma culture fluid (CF-lane 1), notmal mouse serum (NMS—lane 2),
cow immune serum (CIS-lane 3), monoclonal antibodies 3D4-12 (lane 4), 3D8-]

(fane 5), 3D8-6 (lane 6), 5C5-1 (lane 7), and 6F3-2 (lane 8).

Fig. 2. A. Immunoblotting pattemns of F. gigantica whole body antigens (WB) reacted
with myeloma culture fluid (CF-lane 1), normal mousc serum (NMS-lane 2), CIS
(lane 3); and excretion secretion (ES-lane 4), tegumental (TA-lane 5) and whole body
(WB-lane 6) antigens blotted with MoADb clone 6F3-2.  Other clones of MoAb
showed similar pattern and were not shown.

B. Immunoblotting pattern of WB antigens with culture fluid (CF-lane ),
normal mouse serum (NMS-lane 2), cow tmmune serum (ClS-lane 3), and ES (lane

4), TA (lane 5), WB (lanc 6) antigens with polyclonal antibodies against native

FABP.

Fig. 3. Immunoblotting patterns of WB anngens from /.. giguniica (lane 4), 5.
mansoni (lane 5), L. pancreaticum (lane 6) and Paramphistomun spp. (lane 7) with

MoAb 6F3-2. The controls show WB antigen reacted with myeloma culture thud
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(CF-lane 1) and normal mouse serum (NMS-lave 2) and cow immune serum (CL5-

lane 3). Other clones of MoAb showced similar patiern and were not shown.

Fig. 4. Light micrographs of [ gigantica {rozen scctions stained by
immunoperoxidase technique, using monoclonal antibodies as primary antibody and
biotinylated rabbit antimouse 1gG as secondary antibody. (Only sections stained with
MoAb 6F3-2 were shown.)

A. A low magnification microgragh of the cross scction of an adult parasite’s
body, showing intense staining in parenchymal cells (Pc) which form the general
packing tissue between the tegument (Tg) and other organs (Testis-Te; Bladder-Bl
Caecum-Ca;, Muscle-Mu).

B. A high magnification micrograph, showing intensety stained processes of
parenchynal cells (arrow heads) running between muscle cells (Mu) towards the
teguiment (Tg), which is only lightly stained except at the surface meinbrane (arrows)
and the basal cytoplasm which appears more intensely stained. Parenchyial cells
showed variation in staining from the highest 1o the lowest intensitics in Pey, Pe; and
Pca.

C, D, E. Iigher magnification micrographs of the iaterior of the adult
parasites’ bodies, showing in C intensely stained type | parenchymal cells (Pcy) and
their processes (arrow heads), and less intenscly-stained types 2, 3 parenchymal celis
(Pcy, Pe3d. Vitelline celis (V) are not stained. In D, most of the eytoplasm of caccal
gpi[hclium (Ep) is hightly stained, while the apical cytoplasm and famellac (arrows)
and content of the caecal tumien (Ca-arrow head) are inlenscly stamed. in E and F, the

testicular (Te) and ovarain (Ov) cells exhibit modciate staining, especially those lying
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on the penphery of the gonadal follicles (arrow heads). In G, the utenne epithelium

(Ut-Ep) 1s only lightly stained.
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GAMETOGENESIS, REPRODUCTIVE CYCLE AND DEVELOPMENT OF
GONADS IN Hualiotis asinina LINNAEUS

"PRASERT SOBHON"', SOMJAT APISAWETAKAN', MALEE
CHANPOO', CHAITIP WANICHANON', VICHAI LINTHONG',
AMPORN THONGKUKIATKUL?, PADERMSAK JARAYABITAND?,
MALEEYA KRUATRACIHUE!, SUCHART UPATHAM®, AND

TANATE POOMTHONG’®

Departiments of Anatomy' and Biology?, Faculty of Science, Mahidel University,
Department of Biology®, Faculty of Science, Burapha University, Department of
Marine Science”, Faculty of Science, Chulalongkem University, Bangkok, and
Coastal Aquaculture Development Center®, Department of Fishery, Ministry of
Agriculture and Cooperatives, Kleng Wan, Prachuabkirikhun, Thailand.

ABSTRACT Tl gonad histology, slirastructure nnd gametopenic processes ol Haliotis asinina, 1 species of sbalooe found
atong the cvast of Thailand, were studied by light and clectron migroseopics. ‘Fhe outer gonadal wall consists of fibro-
muscular tissue forming a capsule with conncetive tissuc septa or irabeculae that partition the gonad into compartments,
where gonial and germ cells are attached to and surround each trabeeula, thus forming oogenctic or spermatogenic unit.
Wiihin the conneetive tissue of trabeculae are vessels containing hacmolymph surrounded by muscle cells, fibroblusts, and
granulated endocrine-like cells. Germ cells in oogenetic unils could be classified into six stages according 1o their
histological and ultrastructural characteristics: oogonium and five stages of cocytes, i.e, Og with light to intense basophilia
and abundant polyribosumes, with some in large aggregates; Oc; with interse basephilia, oil droplets, numercus well
developed Golgi complexes and rough endoplasmic reticulum, but little seeretory granules; Ocy with a few yolk granules and
2 (ypes ol cortical granutes; Ocy with mereasing number of yoik granules, numerous cortical grimules and thin jelly coat; and
Oc, is the mature ovum with 2 types of yolk granules, numerous cortical grimules and fully formed jetly comt. The cells in
spermatogenctic process could be classified accarding 1o the pattern of chrematin condensation into thirteen stages:
spermatogotiium, five stages of primary spermatocytes, sceondary spenmatocyle, lour stages of spermatids and Iwo stages of
spurmaleson.

The gonads of H. asinina reared in land-based cullure systen exhibit five phases of repraductive cyete during the year: these
are proliferative, premature, mature, spawning and spent phases. Gonads in proliferalive and premature phases contain
primarily ponial cells, carty ooeytes, ; and spermatocytes, while mature phase conlains mainly laie stage cells, 1.c., 0GCYEES, 5
in pvary and spermatids and spermatozoi in testis. The spawning phase eccurs at least twice during cuch year: from Maich
to April and August to October in fentales, and with similar intervals but slightly prolonged duration in males. Spent phase,
accurring after the period of spawning, is characterized by a complete discharpe of gamele cells and the breakdewn of
connective lissue stroma. [t takes approximately 5 to 6 months fur gonads to regencrate their conneclive tissue stroma and
germ cell population, and finally become repleted with mature celks ugain.

lu developing /1. asining definitive gonads appear o be clenely separaled from liepalopancrens at 4 months. flistologically,
gonial cells appuar at 5 maonths, carly spermalocyles and oocyles (O¢4) at 6 1o 7 months. While spermatids, spermatozodu
could arisc in the gonads as curly as 6 to 7 months, malure 9ocyles {Oci.s) occur much later at 10 to |1 months. The male
animals tend to reach full sexual maturity and start normal reproductive cycle as carly as 8 1o 9 months, while female animals
reach sexual maturity and start reproduclive cycte around 11 1o 12 months.

KEY WORDS: Haliotis asinina, gamelogenesis, reproductive cyuhe, gunad development

the castern coast of the Gulf of Thailand around
Chon Buri, Rayonp and Trad provinces (6, 8).
Since collection from nalural habitat could not keep
pace with market demand, an cfficient aquaculture
system for this abalone is required. [lowever, there
are still lack of certuin aspects of knowledge that

INTRODUCTION

There are three species of abalone along
lhe Thai coasts, namely, H. asining, H. ovina, H.
varia (1, 2, 3), which are also distributed generally
over the Indo-western Pacilic area, especiatly in

coastal reef zones of Southenst Asia {4, 5). These
abalone species are found atong the Thai Guif and
Andaman Sea, usually in the crevices on coral and
rocky reels, at the depth ol 1 to 7 m of water (1, 2,
3. 6). Among the thice species, H. asining lias the
largest size and the most cconomic  potential
hecause of tieir maximum propottion of flesh (7)

and good taste. M. dasinima is primarily found ofl

could aid the large scale production of lurvae for
aquaculture. These are: 1) the probable spawning
periods and the frequencies of spawning of land-
cuttured browdstecks during the year; 2) the age
when the abalone reach full sexual maturity and can
be used as broodstocks; and 3) the possibility of
wsing artificial means to induce spawning when the
conads are fully developed, so thal mature gamele

* This inveslization was supported by the Thailand Research Fund (Centract BRGA080004 and Senior Research

scholar Fellowship to Prasert Sobhon).
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cells from both  sexes  could  be  obtained

simultancously.

Among abalene species found in Thailand,
preliminary study in /. varia around Bon Island,
Phuket, showed that spawning accurred al scveral
intervals  throughout the year during  January-
February, April-May, June-July and November-
December (9). Gametogenic cycle was also studied
in another species, H. owina, at Khangkao Island,
Chon Buri province (10), in which the spawning
period occurred between June and November, So
far there has not yet been any studies of the
gametogenic cycle as well as the development and
structure of reproductive eorgans in /L asinina
Theretore, the aims of the present study are to
investigate the repraduction of /. asinina that have
been reared in land-based culture system  with
respect to 1)} the gonadal histology and the
gﬂmetogcriic processes, especially the classification
of various stages of germm cells in the testis and
ovary of this abalone bascd on light and clectron
microscopic observations; 2} possible cyclical
patlern of gonadal histelogy during  differcnt
months of the year; and 3} the development of the
gonads and (he ages that abalone of both sexes
reach Tull sexual maturity. The knowledpe gatned
could be applied in determining the appropriale
fime for induction of spawning, and fo increase
gamcte  production, for the improvemecnt  of
aguaculture system of Uus abalone speeics.

MATERIALS AND METHODS

Collection of abalone specimens

Abalone  from  land-based  culture  system  are
provided by the Ceastal Aquaculture Development
Center, Prachaubkirikhun province, and Marine
Biological Station, Chulalengkorn University,
Angsila, Chon Buri province. They are kept in
concrele tanks housed in the shade, which are well
Tushed with mechanically civcutated filiered sea
water and air delivery systent to maintain the
controlled environment. The optimum level of
salinily 15 about 22.5-32.5 ppt and the temperature
is about 22-26°C (7). They are fed wilh a dict of
macroilgae (usnatly Gracidurie spp. and Laminaria
spp.), supplemented with artificial food tor abalone.

For studies of he ponadal
ulirsstrocture and the eyclical changes during the
year, adull abalone, aged at least 24 months, were
colleeted menthly for a period of ong vear. The
Nxcd gonads swere prepared for light and celeciron
microscopic observations by the parallin, semithin,
and conventionu!l TEM methods.

histolopy,

For development of the ponads, saimples of
juvenile abalone reared mthe closed-cnlture svstem

184

as mentioned above were collected monthly from
the age of 3 to 12 menths, and the gonads were
processed for light microscopic observations.

Light Microscopy

Abalone  were  ancsthetized i 3%
magnesium  chloride (MpCly) for one hour, for
paraffin sections the gonads were cut and fixed in
cither Bouin's solutien, or 3% glutaraldchyde in
0.1M sodium cacodylate buffer pH 7.4, at 4°C, for
avernight.  The tissue blocks were then washed 1n
70% cthyl alcohol for vemoval ot the [Bouin's
fixative, and glutaraldchyde fixative was removed
by washing with phosphate buffer three times.
Then, the specimens were dehydrated in graded
serics of ethyl alcohol (70-100%) for 30 minutes
each, cleared with dioxane, infiltrated and
embedded in paraltin wax, Blocks of specimens
were sectioned at S5-micron thick, and finally
stained  with  heamatoxylin-cosin, or PAS-
heamatoxylin, and observed in an Ofympus Vanox
light microscope.

Transmission Elcctron Microscopy

For semithin sections and TEM studies,
gonads were cut inte very small picces and fixed in
a solution of 3% glularaldehyde in 0.1M sodivm
cacodylute buller pH 7.4, at 4°C, for ovemnight.
The specimens were post-fixed in 1% cesmium
tetroxide in 0.1M sudium cacodylate buller, at 4°C,
lor 2 howrs, Phen, they were dehydrated in graded
series ol cthanol {3G-100%) for 30 minutes each,
cleared in two changes of propylenc oxide,
mhltrated in a mixture of propylene oxide and
Araldite 502 resin at the ratios of 3:1 for 1 lrour, 2:1
for 2 hours and 1:2 for overnight, then embedded in
pure Araldite 502 resin for at least 6 hours, and
finally polymerized at 30°C, 45°C and 60°C for 24,
48 and 48 hours, respectively. Blocks of specimens
sectioned  at l-micron  thickness by
ulramicroteme and stained with Methylene blue for
light microscopic  observations, and
sections were cut and stained with lead citrate-
uranyl acetate and viewed uader a Hitachi TEM H-
300 at 73 kV.

Were

ultrathin

RESULTS

1. Gonadal Histology

e conical consists of  the
hepatopanereas surrounded by the testis or ovary
(Fig. 1C, D). At the base of the organ, the
hepatopancreas appears large and occupies most of
the cross-scctional  profile  (Fig.tC),  while 1t
ecomes smaller towards the tapered end of the
wrean where most of the tiszue belengs to the
gonads (Fig.1D). Both testis and ovary are
surrounded by a capsule which is composed of the
vuter single layer of epithelial cells, and the inner

arpan

[

be
as
cl

1k

sp
1t
Wi
M
bl



layer of densc collagenous fibers mixed with
smooth muscle celis (Fig LK, 2D}, The thickness
of this capsule varics according lo the gonadal
cycle during the year.

The connective tissue [rom the capsule
extends perpendicularly into the milerior of the
gonad Lo [orm septa or trabeculae that are branched,
and connected at the ianermost ends with the thin
loose capsule of hepatopancreas. As a result the
gonads are partilioned into small compartments,
each containing various stages of maturing gern
ceils {Fig 1E, 11). Within the connective tissue of
each trabecula, there are small vessels runming
through its whole course (Fig.1F, 1L.M), which
may be capillarics that branch out from the larger
subcapsular vessels.  Around the capillarics,
parallel to the long axis of the trabeculae, there are
packs of smooth muscle cells and collagen fibers
that are intermingled with small cells exhibiling
dense eflipsoid nuclei (Fig.1K, 1M). Some of the
laiter may be fibroblasts, while others may be
{ollicular or supporting cells that surround oogonia
and developing oocyles. Some small cells contain
grancles that show similar characteristics as
endocring cells.

Each trabeeula acts as the axis on which
growing germ cells are attached (Fig 1L F, 11,M).
Early stape cells, such as spermatogonia, initial
stages of primary spermatocyles and ovponia, are
closely adhered to the trabeculac. Middle stage
germ cells, such as secondary spermatocyles and
developing oocytes, are more detached and appear
further away Irom the trabeculae; while late stape
cells, such as spermatids, spermatozoa and mature
oocytes, are completely detached and move to the
outermost region from the axis. Such an
appearance gives rise to a discrete group of germ
cells surroundimg cach trabecula, which is lermced
spermalogenic or oogenic unit.

2. Classification of Germ Cells

Germ cells appearing in the gonads could
be classified, accerding to their structural features
as observed under the light and wansmission
electron microscopes, as follows:

2.1 Spermatogenic cells Based on the
nuckear characteristics and the cell sizes, the male
verm cells ol 74 avinina can be classified into 13

stages.

Spernatoponium (5g) (Fig.1G) Sg is a
spherical or oval-shaped cell with diameter about 8-
10 um.  Its nucleus is round or slightly indented
with diameler about 6-7 . The nucleus contains
mastly cuchromatin with only snwll chromatin
biocks attached o the inner surlace of nuclear

Muollisk Researelt in Asia, 20061

cnvelope.  The nucleolus is prominent and stands
out from the rather trinsparent nucleopiasm. Sg are
bounded Lo Urabecutac,

Primary spermatocytes (PrSc) (Fig.1G-
H, 4A-C) PrS8c consists of 5 stages, ie., lepiolene
(1.5¢), zygotene {Z5c), pachytene (PSc), dipletene
{(DSc), and diakinetic or metaphase (MSc) stages.
The early cells (Irom LS¢ to PSc) are round and
become increasingly larger, then they (from DSc to
MSe) are gradually decrecased in size.  Another
distinetive ditfcerences among wvarious stages of
PrSc s the pattem of chromatin condensation and
the relative amount of euchromatin  versus
heterochromatin,

Leptotene spermatocyte(LSc) (Fig. 1G,H,
4A) These round-shaped cells are larger than Sg
wilh diameter about 10-12 pm and also contain
larpe round nuclei, cach with diameter about 8 um.
There is a thin rin of heterochromatin along the
nuclear  envelope  and  small  blocks  of
heterochromatin scattered evenly  throughout the
nucleus.  The nueleolus is stifl present but not as
prominent as in Sg.

Lygolene spermatocyle (£8¢) {(Fig. )G,
4A) ZSc has approximately the same size as LSc.
The distinguishing  features of ZS8c is  the
heterochromatin blocks which are increasing in size
and densily, and they are coupled al many points by
synaptonenial  complexes. The wucleolus
disappears completely.

Pachytene spermatocyle (I'Se) PSe still
shows round shape with slightly smalier size than
those of LSc (about 8 pm in size and 5 pm in
nuclear diameter).  Under LM (Fig. IGH) it is
characierized by the heterochromatin which appears
as fong, threads oc thick fibers that are entwined inlo
“bouquet paticrn”, and becoming visible throughout
the nucleus. Under TEM  (FipdA-C) these
chromatin "threads™  are actwally  thick  blocks
consisting of” tightly packed 30 nmn fundamental
chromatin (ibers.

Diplotenc spermateeyte(DSce) (Fig. 1G,H,
4A-C) T his cell resembles PSc, except the nucleus
becomes smaller (about 4 yum), and the chromatin
blocks become increasingly thicker and packed
closer (opether in the denser nucleoplasm than in
carlier stages.

Dinkinciic and Mctaphasc
spermiatocyles (MSce) (Fig 11, 4B,C}  “These
stages exhibit thick chromosomes that move to the
cquatorial region, while the nuclear membruang
disintegrates and completely disappears in MSc.
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Secondary spermatocyte (SS¢)
(Fie413,C) SScis a small round cell about 7 um in
diarmeler with the nucleus about 4 . They show
thick chromatin biocks that are crisscrossing one
another, thus appearing as checker-board or XY
figures, The individual chrematin fibers in the
block are loosened up, and cach still maintains the
size of 3l nm.

Spermatids (St) (Fig 1111, 4B,C) There
arc 4 stages of spermatids, i.e., spermatid 1 (S},
spermatid 11 (Sty), spermatid 11 (St;) and spermatid
IV (St;) depending on the size, chromatin
granulation and condensation. All stages arc round
or oval, and ranging in size from 6 pm in St to 3 p
m m Sty.

Spermatid I (St) (Fig.1G) St can be
distinguished by their chromatin which appears as
fine granules under LM, that are uniformly spread
throughout the nucleus. As a result the whole

nuclei appear medcerately dense  without any
intervening  transparent  areas  of nucleoplasm.

Under TEM the 30 nm chromatin fibers becomes
loosely  packed and  uniformly  distributed
throughout the nucleus.

Spermatid I (St;) (Iig.1GH)  The
general featares of St; ure similar to those of St; but
the nucleus, which remains round, decieases in size
and s located eccentrically within the cell. As a
result the chromatin fibers become more closely
packed, and the nucleus appears denser but still
uniform.

Spermatid III (St;) (Fig.1G,I, 4B.C)
The ccll becomes smaller and assumes more oval
shape with eccentrically-located and clongated
nucleus.  The chromatin beging o condense into
dark blocks with itervening  lisht area of
nucleoplasm, individual chromatin fiber is enlarged
Lo 40 nm.

Spermatid IV (Sty) (Fig.lH) The ccell
becomes smallest but still appears oval. It
chromtin becomes completely condensed, thus the
nucleus appears rather opaque; however, the
cutlines of individual chromatin fibers could still be
obscrved, and each is cnfarged to 60 .

Spernuitozoa (Sz) (Fig. LI-1, 403 Thae
are ? stapes of spermatozoa: Sz; is the immatine
spermatozoon that beging to show highly clongated
nucleus with completely dense chromating thus the
oullines  of  chromatin granules wme  baely
discernible. There is a cap-like structure apposing
on one side of the ellipsoid nucleus, which is the
maturing acrosome. The ail 1s short with a pair of
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centrioles moving to the neck region, from which
the axoncmal microtubules start to form.

In mature spermatozoa (Sz) (Fig.11, 4D}
the nucleus is fully elongated and slightly tapered at
{he anterior cnd, with the size aboul 1x3 pm. The
chromatin is completely dense and the anlerior
portion ol the head is covered by acrosome with
central core eclement (Fig4D). Five globular
mitochondtia surround the centrioles in the neck
region. Zig-zag microtubules link mitochondria to
the plasma membrane covering the distal halfl of the
nucleus. The tail is lengthened, and consists of 942
axoncmal  microtubule  doublets  surrounded by
plassa membrane.  Both immature and  mature
sperm arc completely detached from the germinal
epithelium and come to lie in the space between
adjacent spermatogenic units (Fig. 11, 4B,D).

2.2 Qogenetic cells There are 6 stages of
femule germ cells of A asining, including
oogonium and five stapges of growing oocytes.

Oogonium (Og) (Fig.1K,L.) Og is a round
or oval-shaped cell, whose size is about 10-12 ym.
Its nucleus is round and abowt 7 pm in diameter, It
contains small blocks of hetcrochromatin attached
1o the inner surface of nuclear envelope, with the
remaining majority appearing as euchromatin. The
mucleolus is present but may not be as prominent as
i Sg. The eytoplasm is stained light blue by
heamatoxylin-cosin and methylene blue, which
implies its basophilic property due to the presence
of moderate amomnt of ribosomes. Qg arc atlached
e the capsular side of wrabecufae and usually arc
concentrated in groups {(Fig 1K,L). LEach Og is
surrcunded by {lat, squamous-shaped follicular
cells.

Stage I Oocyte (Oc;) (Fig. 1K.L, S5A-C)
Qc, is u round or scallop-shaped cell that is ciosely
adhered to the trabecula. 1t is about 15-24 wum in
size, with a round nueleus about 12 jm in diameter.
The nucleus exhibits densely packed chromatin in
the Form of nwnerous lampbrush chromosomes.
The nucleotus is present but wends to be obscured
by the rather dense chromatin and nucleaplasm.
The eytoplasm 15 stained  deep blue  wilh
heamatoxylin-eosin - and  methylenc  blue, which
indicales its intense basophilic property, reflecting
the presence of  numicrous  polysomes, newly
developed rough endoplasmic reticulum (IRIXR) and
Golpi complexes (Ge) as cbserved in TEM
(Fip 5C7). Newly released ribosomies aie packed
into Lupe mass around nuclear envelope (Uig.513).
There 1s very few secretory granules.  Due to it
enfarged size each Qcy 15 swrounded by few
follicular cells.




Stage Il Oocyte (Oc,) (Fig. LK L, 5D, 6A
Ocy becomes larger and transtorms into columnar
shape, with the cell size around 30x55 pm, and
nuclear size about 22 pm. [t is still attached to the
connective tissue of trabecula by the narrow par,
and each Oc; is surrounded by several follicular
cells. The pucleus  cxhibits  increasingly
decondensed cluomalin and nucleolus,  Thus the
nucleolus and nuclear membrane are clearly dislinct
due to the more transparent nucleoplasm and the
presence of mostly euchromatin. The cytoplasin is
stained light blue similar to Og, and contains cluster
of clear lipid droplets (Fig.5D). At TEM level it
was observed to contain numerous weli-developed
Ge, RER and still abundant ribosemes. There are 2
types of secretory granules: SG, and SG, (=330 and
450 nm in diameter) with electron lucent and
glectron dense matrix, respectively (Fig.6A,B).

Stage 11I Oocyte (Oc;) (Fig.IM, 6B)
This cell becomes increasingly larger and assumes
fask or pear shape, with the narrow side or base
sill atached to the connective tissue of trabeeula,
The cell size is about 35-70 pun, with the nuclear
size about 20 um. The nucleus contains mostly
euchromatin, as most of the lampbrush
chromosomes  becone almost  completely
unraveled, and the nucleoplasm is quite transparent.
The nucleolus is distinet and becomes enlarged due
to the uncoiling of nucleolar chromatin. In addition
to increasing number of clear lipid droplets, the
cytoplasim begins to show reddish yolk platelets
(Fig.1M) which are electron dense under TEM.
Fine blue granules representing SGy and SG, are
evenly distributed between lipid droplets and yolk
platelets. At TEM these granules are seen
concentrated around Ge (Fig.6B). Follicular cells
surround both the cell body and its base near
trabecula.

Stage 1V Ooeyte (Ocy) (Fig2A,C, 6C)
This cell is large and assumes a pear or polygonal
shape, but still attached to trabecula by slender
cyloplasinic progess. The cell size is about 60-80 p
m, with nuelear size about 35 pm.  The nucleus
contains mostly euchromatin  and completely
transparent nucleoplasm (1ig.2A,C, 6C). Hence the
nucleolus is clearly visible, and it alse becomes
enlarged due to the complete uncoiling of ils
chromatin. The ¢ytoplasm is filled with reddish and
electron dense yolk platelets (each about 1500-
2500 nm in diameter) mixed with numerous lipid
droplets (each about 1500-3000 nm in diameter)
{Fig. 6C). Finc blue-stained granules which
represent 3Gy and 5G; are decreased i central arca
of the cytoplasm, since 1most arc probably
ranslocated to the arca undermeath the plasioa
membrane. A thin layer o7 jelly coat begins to form
on the outer surface of the cell membrane (IFig.20).
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This coat is PAS positive and may be formed by the
released  content of SG,, which were seen
cxocytosed at the oocyle’s plasma membranc
(Fig.6D). The coat is in twn surrounded by
follicular cells.

Stape V Qocyte (Ocy) (Fig.2B-D) This is
the fully mature oocyte before being relcased from
the adult female. Ocs is the largest cells with
polygonal or round shape, with the cell size about
80-140 pm and the nuclear size about 40 pm. The
nucleus cxhibits similar characteristics as that of
Ocy, but with completely enlarged and clear
nucleolus. Ocs could be divided into 2 subgroups
based on the characteristics of yolk platelets
observed under LM (Fig.2D). The first subgroup
contains small and simnilar size yolk platelets that
are scaitered evenly throughout the cytoplasm. In
the second subgroup, the yolk platelets are variable
in size, and most are large bodies that could be
formed by the cozlescence of the smaller yolk
platelets.  Stripe of fine blue granules are also
located underneath the cell membrane as in Oc,
(Fig.2C,D).  The thick PAS positive jelly coat
attains its maximum thickness and is uniform

~around the ouler surface of the cell membrane, but

without the surrounding layer of follicular cells.
Under TEM  jeily coat appears fibrous in
compatison to the amorphous appearance in Ocg
{Fig.6D). All Ocs are completely detached from the
conncctive tissue of trabeculae.

3. Reproductive Cycle :
The reproductive cycle of H. asinina was
assessed by observing the changes in the gonad
histology, especially the characteristics of celtular
association during one year period. The stages of
gonad maturation during one reproductive cycle of
the abalone cultured in a closed land-based system
could be classified into 5 distinct phases as follows.

Proliferative phase (Fig.2E-I) This is a
period in which game(e cells begin Lo repenerate to
commence a new reproductive cyele. At the
initiation of this phase, the gonads contain mainly
eurly stage cells, and all of them arc closely
altached to the trabeculac.  The ovary (Fig 215,F)
contains primarily Og, which usually forin clusters
ncar the capsular side, and Ocy and Oc, which are
rapidly increasced in number. In the testis (Fig.2G-
1) there are wostly Sg and r3¢, but neither St nor
Sz arc present. The clusters of these carly stage
cells are located around the short and dilated
irabeculae.  The hepatopancreas is quite larpe in
size and ccoupivs most of the cross scetional profile
of the conical vrgan when compared to the tolal
gonad area. This phase usually occurs immediately
afier the spawning, and lasts for 2 months around
April to May and October 1o November,
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Premature phase (Iig.21-M) This phase
is the period when gametogenesis proceeds at full
speed with rapid increase in numbers and sizes of
various cells, while hepatopaucteas is  slowly
reduced in its relative size; the gonads become
enlarged in volume and trabeculae become thinner.
At the begineing, the ovary (Fip 20, K contains Og,
Ocy, Ocy and predominantly Oc;, most of which are
still attzched to the trabeculae; and later Ocy and
Ocs cells oecur.  The testis (Fip.21.,M) contains
mainly Sg, PrSe, increasing number of St and a lew
of Sz, all of which aggregate around ths trabeculae.
This phase lasts about 2 months following the
preliferative phase, usually around May (o June and
Januvary to February in fenale; and it takes place
around April to May and December to January in
male.

Mature phase (Fig.3A-L) This phase is a
period of rapid growth of gonads which are
reflected by striking differences in color between
the two sexes. The rates of cells proliferation start
to diminish, and the ponads contain primacily late
stage germ cells, while only a few of the early stage
cells are still present and  resiricted fo  area
immediately around trabeculae. Hepatopancreas is
further decreased in size, and trabeculae become
stimmer.  [n the ovary (Fig.3A13) there arc
abundant Oc;, but only few remaining and widely
scaltered Oc,. Al of Ocs appear fully mature and
are  liberated  into the  lumen  of  oopenclic
compartment.  In the festis (Fig.JC-E) there arc
mostly late stage male germ cells, Le., St and Sz
The most noticeable characteristics of the teslis in
this phase ts the vast number of Szy which lie in
rows that in twn surround the earlier cell slages
which are still closely attached to the trabeculae
(Fig.3D). As a result the testis appears to have
muaximum density of late stage cells.  Prior to
spawning, all of Sz, are dispersed into gonadal
lumen and intermingled with other lule stage cells
(Fig. 3E). Thin bands of Sg and PrSc surrounding
the trabeculae are still evident, This phase lasts for
2 months wsually from June to July and February to
March in both sexes.

Spawning phase (Fig.3F-I) This is the
period when abalone are ready for breeding, during
which the completely mature and viable epps or
sperm are relcascd from the ponads. The ponads
are significantly decreased in size, and the gonadal
watl becomes wrinkle when compared with the
former phase (Fig.3H). Mostly ripen sperm or eqiss
are discharged while the carlier stages of gamete
cells are sUll attached 1o the dilated triabeculac.

After spawning, the vellowish granular sulstnnces
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(Fig.3G) remain  in the lumen  of sonadal
comparlments  in both sexcs, Spawning phase
oceurs at feast twice during the one year period of
observation, usually from August to October and
March to April in fenle, and around August 1o
October and February to March in male.  In
addilion, partial spawning could be observed
throughout the year in some males.

Spent phase (Fig.3K-N) This is the period
after spawning when fully mature gamete cells are
completely discharged.  The ponads exhibit the
breaking down of conncctive tissue stroma, and
gametopcnic activity momentarily cease. [However,
there e still clusters of gonial cells remain
attached to parts of the gonads’ capsule. As a result
the gonads arc greatly decreased in size and
become creamy in color in both sexes. This
quiescence  ponads show small cross-sectional
profiles in contrast to those of the hepatopancreas,
which becomes very large in relative size (Fig.3M).
This phase occurs alter spawning around Sepicmber
to October and April to June in both sexes.

4, Development of Gonads

tn developing /1. asinina, delinitive gonads appear
during 4 months. Vhe initial sign is the scparation
of hepatopancreatic capsule into 2 scparate layers.
Clusters of gonial cells start to appear in the space
between the two capsules, Definitive gonial cells,
carly oocyles and spermatocytes could be detected
at 5 months, when the ovary could be distinguished
from he testis by the presence of Oc, in contrast to
primary spermatocyles. Qocyles and spermatocytes
arc increasing in number during 6 to 7 months.
While testis are rapidly enlarging and surrounding
almost half’ of the circurnference of the conical
organ, ovary is much less devcloped.  Spermatids
and spermatoroa are already present in large
nurnber as early 45 6 to 7 month. By 8 to 9 month
the testis becomes enlarged to almost completely
surronnd  the  hepatopancreas, and it already
cantaing fully mature male germ cells; while the
ovary tepnds to be delayed in development and
containg only carly oocytes (Qcys). By 10 to 11
month the teslis appears fully developed, while the
ovary slarts to enlarge substantiaily and mature
ococytes (Qcys) begin to appear.  Thus the male
animals tend to reach full sexual motunity and star
nornitl reproductive cycle as carly us 8 to 9 months,
while female animads reach sexoal maturity and
starl reproductive cycle around L o 12 months,

g—ﬁﬁﬂm Tl
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Fig.1 A.B) Dorsal views of shell-freed male abalone (A) and fomale (B} abalonc in B, showing tests (fe), avary (ov), hepatepancicas (HP),

adductor muscle (ad), pedal musele {pe). kead (hic), eyes (ev}, and tentacle {12).

C) A cross-section ol the testis, showing hepatepancicas (HP) suroundued by testicular tissue which is, in taen, serrounded by a thin
D) A cross-sectiaa of (he ovary, showing hepatopancreas (1EP) surrounded by oviuian tissuc nnd fibrous capsule,

E,) A spennatogenic unit consists ol a central trobeeulac (Ir) anisiag from capsule (cp), surrovnded by vanous stages of germn cells. In
F, a capillary (cn} is prescot imside each trabeculag, and successive matuving stages of germ cells lic at diffarent distance from the
conncetive trabecula (Se-spennatocyte, St-spermatid and Sz-spermatozoa).

G-1) Scetions showing various siages of male perm cells snrrounding, each tenbecufs; they me spermatogonin {Sg), prisunary spermalocyles

©(LSe-leptotene. ZSe-sygotene; Pie-paeiytene; DSc-diplotene; MSe wetaphase stage), spermatid (S, and speimatdzoa (Sx2). in 'l

there are rows of fully inature spermatozoa (Sra), which are the most typical characteristic in mature phase of male abatone.

J) An oogenic anit also eonsists of an axis of trabecula (tr) with closely attached early stage oocytes (Ges)  The fuily nuore cocyles
(Ocs) arc released into (he central arca of the compintinent partitioned ofT by ndjacent trabeculac,

K-M) Scctions showwmg «tape 1, Il and [l oocytes (Ocy ) which exhibit intensely basophilic eytopiasm. In M there are stage 11 oocytes
{O¢s} showing (he presence of egsinaphilic yolk granules (arrows) in the cyteplasn when compared with the former stage oocytes.

189




Motlusk Research in Asiq, 2000

=7,
a2 é

Fig.2 A-D} Scctions showing stape IV and V {Ocus). potice the first appearance of o thin jelly coat (je), which i1s PAS positive, and mereasing
number of eosinophilic yoik granukss (yg) in Ocus. The mereasing amount of cuchsematin, which is pale stained, and the enlat gement and
Blue stupe undeneath the ooevte’s plasma membiane (aurow) 1s present in Oces. In D

vesieulation of nucleelus are also nediceable,
there are two sublypes of stage V cells: the upper cell (1) shows small and evendy distributed cosinophilic yolk pranules, and tie lower celf

{2} shows larpe plateict of yolks.
E-1} Sections of “prohferative piwse”, showing the repencration of gamcte cells alier spawning and spent phases.  The ovary (E.F)

comtains only Ocp, which are rapully increased i pumbers. The testis {G-F) coateing mosly Sp and LSe. Trabecolae, which are

depicted of eells and brenking down in spent phase, start 1o regenerate and appeasr short and dilated,

. i e - . . . . - . - L]
J-M) Scetiens of “premature phase™, showing rapid increase i munbers and sizes of vazious cells. The ovary (J,K) cont:uns mostly carly
§ i ¥ 3

in mmbers. The testis {L,M) contains vanous

stane ooeyles (Ocy ) and late stage vocyles {Ocys) stant Lo appear and gradually inerease
stape of privary spermatocytes (Pric), spermatid (SU) together and a fow spermatozoa (52); all of which arc located closc Lo the

trabeenine.
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Fig.3 A-F) Scctions of “mature plisse, showine rzpd growth of the ponads The ovary (A,B) coutains primarily fully mature Ocs with only a

S few widely scattered carly stage cells (Qers) The testis (C-E) contams mastly Tate spermaiids (S0 and spermatosoa {Sz), which lic in
d rows and at low power appear stecaky (D) Finally they become dispersed and relemsed into luminal area of the teshs
2 F-J} Seclions of “spawning phas:”, showing the pertod when sbalone relense the viable spermn or epgs from the gonads The ovary (F,G)
" comarns oaly the carler stage cecvics which are soil sttached o the dilated trabeculae. Some yellowish grusular substances (arrow) is
present in the ovarian lumen,  The testis (-0 containg only early stage ol male perns cells with o few ol spesmatosen (52).

3 K-N) Sections of “spent phase”. showing the comypilate dischare of pumete colls, and the breaking down of wrabeenlaz and esseciated
¢ | comicelve Basues 0 bath sexes. Notce e heputopisercas which becomes lirpen i relatye size
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Fig.d A-C) Flecwon micrographs shiowing various apes of male werm cells, insluding leptotene (LSc). zmyvpotene (Z5¢),
puchytens (PS¢}, ithpHoteng (DS, seonudary spormlioy te (SSc), sporiearals {51)
D) Spermafezoa exlnbiing dense oucleas (Nu), acrsome (Ac), globular mitochondrin (Mi), cemnole {ce), and tmls {T)

with axoncmal complesan.
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Fig.5 AB) Lady stage 1 owyte (Ocy), exlubifing nucleus with Jnmpheoosh chrom
oytoplasm (Cy) with sbumdant ribosomes, some of which are appremited in covstal-like bodies (arrows).
C) Latc Ocy, exhibiting the extensive develomnent of Golgi complexes {Ge) md nitechondria (Mi).
D) Staes 1) socyle (Oca), exhibiting lipid deoplets (1d), nucicus with uncoiled and clear clwomatin amd wuclcolus (no),

omes (Ch), dense nueleolus {no). and

193




Mollusk Kescarcl in Asia, 2000

Fip.6 A,B) The cyloplasm of Ocy (A) and Oz {I3) exhibiting hiph concentration of dense jelly cont granules (SGi) ond lighter

cortical granules (SG ) sronnd Golyi complexes {Ge).

i

poalage oowvio (O] oxinbimg very fieht nuctewds (nu) due Lo complelely unceiled chiumnatin, The eytoplazm
s ponseremes Tagre vtk pranoles (v small SGyoand S eanules

1) e lomogeneoin felly cont of Ocy (Vi) and Nbrons jelly coat of Qs (Ver)  Motice the exooyienis of SGy intn jully
cout Vo lirow)
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DISCUSSION

Conadal Siructure and Classification of Cells in
Gametogenesis ‘

The first accounts of reproductive biclogy
on aan abalonc  species, . tubercnlata,  was
published by Stephenson since 1924 (11), and Croft
(12) in 1929, who showed that the basic framework
of the gonads is composed of fibrous capsular and
trabecuiar suppor(s, [rom which germ cells appear
to generate. Similar histological studies in other
species were later performed by many investigators
(13, 14, 15, 16, 17, 18, 19, 20, 21, 22). More
recently, a fine structural study of the ovarian cells
in the red abalone, /I rufescens, was also
undertaken by Martin er af. (23). All these studies
confirmed similar pattern of structural organization
of the gonads; however, there are some
disagreements on the classification of the stages of
germ cells in the vogenctic and spermatogenic
processes (15, 16, 18, 20).  Utilizing a high
resolution TEM to study the relative abundance of
various organelles, particularly ribosomes and the
development of rough endoplasmic reticulum and
Golgi complexes in the cells, Martin er al. (23)
sugpested that there are 5 slages of female germ
celts in H. rufescens, which they termed cogoniumn,
presynthetic  oocyte, synthetic oocyte, early
postsynthetic  ococyte and  fully developed
postsvnthetic oocyte. We feel that the classification
based on size alone, as adopted by many
investigators, is not a good criterion {or dividing
cells in a single line of ditferentiation inte various
stages, because in reality these cells are undergoing
continuous development. A belter criterion would
be to divide the cells according to the changes in
histological and ulitrastructural features which
reflect the beginning of different synthetic actevitics
in various developmental stages. In our study ot £
asiping, we have used the following light and
electron microscopic characteristics for dividing the
stages of female germ cells: 1) the appearance of
nucleus and nucleclus espectally with regard to the
uncoiling of chromatin, as reflected by the clarity of
the two structures; 2) Lhe clarity of nuclear
membrane which is the result of the deusily
difference between the condensed chromatin in the
nucleus and the surrounding cytoplasm; 3) the
basophilia or the bluishacss imparled to the
cyloplasin of the cells Ly basophilic dyes which
rellect  the  abundance of  ribosomes in o the
cyloplasm; 4) the presence of lipid droplets; 5) the
development of scoiciory organelles particularly
rouph endoplasmic reticuhem and Golgi complexes;
6} the occurrence of Lasoplihe secretory granules
including cortical granules, and cosinophilic yolk
granules, and their rclative abundance; and 7) the
presence of jelly coaf surronnding the egg cells. By
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using these rather stringent merphological criteria,
we have identified 5§ slages of cgg cells, starting
from oogonia (Og)} which arc the smallest cells
closely attached to the connective tissue trabecula.
These cells could maintain a constant poot of early
stem cells, particularly those that are clustered
towards the capsular side of trabeculae. During the
spent period when most mature cocytes are released
fromm the ovary and the connective tissues of
trabeculac are breaking down, these cells are the
only remaining group of perm cells. The
restoration of genadal structure during proliferative
phase is carried out by the regeneration of
connective  tissues of trabeculae and  the
proliteration of this pool of cogontia.

The first stage of cocytes (Oc,) including
cells of different sizes ranging from 20-24 pm. The
most pronounced characteristics that they exhibit is
the increasing buasophilia or bluistiness of their
cytoplasm. And because of the similar degree of
densily between the cytoplasm on onc hand, and the
partially —condensed chromatin  and  dense
nucleoplasm on the other, the outline of nuclcar
membrane could not be easily discerned under LM.
The nucleelus, while present, is not oulstanding,
All Og¢; are surrounded by a singic layer of flat
follicular cells. Under TEM we found that there is
increasing amount of ribosomes which reflects the
intense cytoplasmic basophilia,  While ribosomes
are rapidly synthesized during the carly stage of
Qc,, definite surge in the number and degree of
devclopment of Golpi complexes and RER are
obscrved only in late Ocy. “T'hese two subgroups of
Og, do not yet exhibit any sccrelory granuies. ‘Thus
they may correspond to the presynthelic oocytes as
described by Martin ef of. (23), when cells are
preparing themselves for the onset of synthetic
activities.

QOc, is the stape that first shows the
presence ol lipid droplets in the less intense
basophilic cytoplasm. Due to the decondensation
of most chromatin, and the increased translucence
of the nuclcoplasm, the nuclear boundary could be
clearly observed under LM, For similar reasons the
nucleolus also becomes more distinet; and beeause
of its enlargement the nucleolar activities for
cibosomal synthesis is Dbelieved to be oo the
increase (24). Under TEM, a fow delnile SG, and
SG, granules start to appuar in this stage, by
clustering around Golgi complexes.  Thus Oc,
could, represent the initial phase of synthetic
activitics  when Jelly coat (8} and corlical
granules (SGy) arc first synthesized,

Oc; is the stape which cosmmophilic yoltk
eranuics Nrst appear, and later is increasing in
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muonber; hence rendering the cytoplasm of Qcy
more reddish in contrast to that of Oc,y, while the
basophilic or bluish SG pranules are seen scaltered
evenly between yolk granules and lipid droplets.
We belicved, therefore, that this is the stage where
there is inlense synihetic activities, since under
TM momerous SG, and 8G; as well us yolk
sranules appear in large numbers; parlicularly SG,
and SG; were scen concentrating around Golgi
complexes. Ocs is still surrounded by a single layer
ol fullicular cells, which by this time consists of
several cells because of the increase in size of the
cell.  in addition, Ocy is further detached from the
comnectives of trabeculae and assumnes a pear or
cven (ear-drop shape.  The chromatin becones
completely  cuclromatic and  the nucleolus s
enlarged further as its chromatin  arc  almost
completely uncoiled; this tmplies the active
lranscriptional as well as translational activitics.

Ocy is the stage where a thin jelly coat is
first detectable, and it is sandwiched jn-between the
cpe’s cell membrane and the surrounding layer of
follicular cells. Under LM the cytoplasm of Oc,
becomes increasingly cosinophilic and  appears
more reddish due to the staining of aumerous yolk
granulcs by cosin. While (he jelly coat is intensely
PAS positive, the yolk grunules are completely PAS
nepative. The contrusting feature implies that there
may be very little or no carbohydrate moicties in
the yoik granules, while these are the major
constituent of the jelly coat.  Under TEM the
cytoptasm of Oc, is filled with $Gy, SG; and yolk
pranules, which rcflect the near saturation of
synthetic activitics. 'The chromatin ol Ocy, like (hal
ol Ocy, 1s complelely i cuchromatic state and the
nucleoius is fully enlarped due to the complete
uncoiling of #s chromatin, and under LM it even
appears eosinophilic.  These indicate still high
tevels of both nuelcar and nueleolar transcriptional
activitics. Another remuarkable feature of Ocy under
LM is the appearance of a narrow bhiuish siripe in
the cytoplasm just underneath the cell nrembrane,
while the bluishness of the remaining mass of
cytoplasmn 1§ much decreased in comparison to Ocy
and Qcs. This could be due to the high
concentration of basophilic 5G, and SG; granules
whiclh arc translocated to (s area as observed
under TEM.  Some of the more electron SG,
pranules are also seen exocytosed to the cell’s
periphiery, and thus is believed 1w contribuice
material to the formastion ol the jelly coat.  In
coutrast, SG, containg more cfectron lucent material
than SG,. They may be the actual cortical granules
that are concentrated in the narrow cyloplasntic
zone underneath the plasma membrane, and thus
atc kept in reserve for cortical reaction upon
[ertilization of the cgg by the sperm.

Ocg is the stape where the jelly coal
becomes uniformly thick and deprived of
surrounding layer of {ollicular cells. Under TEM
the jelly coat is transformed from homogeneous in
Qc, to fibrous structure in Ocs. There is no division
of this cell coat into jelly and vitelline layers as
reported in other species (25). Thus Ocs appears
completely mature and is fully detached from the
trabeculae.  The absence of follicular cells might
allow the detachment of Ocs into space between
irabecudae and ready them for release [rom the
ovary. From this appearance it could be speculated
that the major roles of {ellicular cells are protective
and helping to maintain the adherence between
oocyles and trabeeuda connective tissue, while the
former are underpgoing maturation.  In addition,
follicular cells could be invoived o nutritive
function for oocytes, and their roles in syathesizing
the jelly coat could not yet be ruled out. Under LM
the cytoplasm of Ocs is laden with reddish yolk
granules. Based on the size of these yolk granules
there could be 2 subgroups of Ocs: one containing
small pgranules of uniform size while the other
conlains very large granules, both of which appecar
very clectron opaque under TEM. Tt is stil not
possible to confinn whether these are two separate
stages ol Qc;, or Lhat the laiter merely represent the
final stage in which smatl yolk granules are
coadesced to form larger ones. In any cases these
two subgroups of Ocs should represent fully matuse
cells. In comparison to the work of Martin ef af,
(23), Ocy could represented the early postsynthetic
cells and Ocs late postsynthetic cells; even though,
judging from uitrastructural features certain degree
of synthelic activitics must still be carried out in
these cells.

Up to now most studies have nol
rigorously cateporize variots spermatogenic cells
of Haliotis, apart from suggesting broadly that tiere
are 4 stages, e, spermatogonia, spennatocyles,
spenmatids and spermatosoa (16, 18, 20). In the
present study, the male germ cells in /. asinina
could be classified into 13 specilic stages according
to the size, shape, appearance of chromatin and the
presence or ahsence of nucleolus. Spermatogersum
is the carliest cell whose nucleus contains ahnost al)
guchromatin which resulls in the nucleus being very
clear and nucleolus s prominent.  Spenmatoygonia
divided mitotically to pive rise to primasy
spurmatocytes, which pass thiough 5 stages as in
the tirst metotic division of vertebrates’ perm cells
{76). 'These prophase cells exhibit different forms
of chromatin condensation, beginning with small to
larper blocks of heterachromatin that are evenly
scaltered throughoul the nucleus in LSc and ZSc.
eterochromatin blocks transform o thread-like
patlern that are increasing in thickness and length,
and become more cntwined in PSc and DSc
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Finally in diakinetic and MSc stages chromatin
appeats as pairs of chromatids that are translocated
to the equatorial region.  Secondary speimatocyles
are quilc nunerous in comparison fo those in
vertebrales and they have heterochromatin that
exhibit checker-board or XY -figure pattern.

Four stages of spermatids could be
identitied in H. asining based on the nuclear size,
shape and chromatin condensation. Under LM the
first two stages exhibit finely granulated chromatin
that appears homogeneous and evenly stained
throughout the nuclei. Thus St, and St; could be
distinguished by the difference in size (St, about 6
um versus Sty about 4 pum}), and by the denser
nuclear material in St;.  The latter is due to the
reduction of nuclear volume which results in the
closer packing of chromatin fibers, even though
each tibers still maintain their width of 30 nm. In
the third stage (Sts) the chromatin fibers begins to
be tightly wound together into large dense blocks,
particularly along the nuclear envelope, leaving
clcar areas between the blocks. At this stage
individual f{iber increases in size to 40 nm.
Eventually, the decrcase in velume of nucleus and
its. more ellipsoid shape results in the total
condensation of chromatin mass in Sty, and
individual chromatin fiber is enlarged to 60 nun,

The two stages of spermatozoa are
distinguished by their ellipsoid nuclei. Sz, also
shows the initial formation of acrosuine as a clear
cap-like structure on one end of the nucleus, while
exhibiting only short tail. Under TEM, there is the
formation of axoncmal complexes from centriolar
pair that move to the neck acea just distal to the
nucleus. Later, three to five globular mitochondria
become localized around the centrioles. In Sz, the
nucleus is elongated further and chromalin appears
completely dense with the outfine of 60 nm fibers
{or granules) barely discernible. Sz exhibits a
completely formed tail that is long and point
outwards from each trabecula.

Reproductive Cycle

There have been a number of studies on
the course of reproductive eycle it varions abalone
species by many investigators. The two methods
that  are  frequently used  for determining  a
reproductive cycle of a population are: 1) the
measuring of the relative size of ponads with
respect to the size of conical organ which is termed
sonad indices (GI); and 2) the assessing of
histological changes in the gonads (17, 27, 28, 29,
30). Gl is not always a valid index for developiment
of the gonads because Gl only relates gonad arca to
constant parameters (e.g. the size of conical organ)
of the animal, and it docs not teke variation in
hepatopancreas size into account (18, 31). The
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more precise index that can define of reproductive
cycle better is the use of histological examination of
gonad sections, whicl can give considerable details
of cellular association and the time interval between
successive  phases  (17). Many investigators,
including Tomita (15, 16), Lee (32), Giorgi &
DeMartini (33),  Ault  (30), classified the
reproductive stages in various temperate species of
Haliotis into 5 10 6 distinct phases which are more
clearly defined in females. In the present study,
these various phases were also observed in A
asinina.  Histological examination of monthly
samplings of the brooding stocks cultured in the
land-based cullure system reveal 5 distinctive
poiadal paticrns during the year, i.c., proliferative,
premature, malure, spawning and spent phase.

Proliferalive phase.is characterized by the
regencration of gamete cells for the new cycle. The
gonads contain mostly early stage germ cells in
both sexes, such as Qg, Oc,, Oc; in the ovary, and
mainly Sg, PrSe without St and Sz in the testis.
Giorgi & DeMartini (33) and Ault (30), on studying
f. rufescens, found that the ovary contained
primarily smail oocytes usually lesser than 50 pun in
diameter; while Tomita {15), on studying H. discus
hannai, reported that there are mainly oogonia,
yolkless and oil drop ooeytes in this stage. Another
remarkable  features  during  this phase s the
reciprocal relationship between the sizes of the
ponads Lo the hepalopancreas, which is similar to
that found in other Haliotid (13, 17). That is the
hepatopancreas is relatively large when compared
to the tolal area of conical organ. Boolootian ef al.
(13} also reported that, in I cracherodii and H.
rufescens, the size of hepatopancreas exhibits an
inverse relationship to gonadal activity. During Lhis
phase, the hepatopancreas altains maximum size
while the genad activity is relatively quicscent. The
precipitous drop in the size of hepatopancreas wil
occur during the subsequently phase when there is a
rapid growth of the gonads. This implies that
licpatopancreas may act as a nutricnt storage that is
necessary lor pamete cells development; it becomes
relatively depleted when the protiferation of gonad
cells  start o surge. Another  remarkable
histological features observed during this phase is
the dilatation of the trabecular vessels which
contain large amount of granular materials.  This
may represent the wrgid state of the vessels that are
supplying nuirients to the rapidly preliferating and
growing pamete cells.

Prematurc phase is the period of rapid
increase in numbers and sizes of gamete cells. The
ovary conlains predominantly Qgp, Oc¢,, Oc¢; und
Ocy, which iy similar to those reported in the
premature stage of 11, discis hannai (13, 34); while
Sg, Sc and only few of St and Sz are evident in the
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testis during this phase. Ault (30), in studying {7,
rufesceny, also reported that there were numerous
developing carly gern cells in this stage. Hence the
major events of development in this phase involve
the rapid growth of the pgonads due to fast
proliferation of carly germ cells.

Mature phase is characterized by a notable
enlargement of the gonads which exhibit striking
differences of color between both sexes: greenish in
female and yellowish in male. The ovary conlains
mostly late stage germ cells, je., Ocs with widely
scaftered Oc,y; and the testis 15 mostly filled with St
and Sz. Belure spawning occurs, Ocs are detached
from trabeeuiae and released into the gonadal
lumen. During the rapid development of the testis,
each trabecula is surrounded successively by a few
rows of Sp, PrSc which are clesely bound to
trabecular connectives, and middle Se, St appear
further away, and Sz are completely detached from
trabeculae. In  comparison, during the
differentiation of O¢, to Ocs from Og, the cells
move alonpg the trabeculac [rom eapsular side
towards the hepatopancreas side, until Ocs become
detached from trabeculac.

Spawning phasc is the time when gravid
abalone start Lo release their ripened gametes. The
period of spawning is the most important criterion
for success of reproduction of various abalone
species reared in close aquaculture system (13, 14,
15,16, 17, 18, 19, 29, 33, 35, 36, 37). From many
previous studies, spawning periods have been found
to vary considerably among various species of
abalone, and from year to year according o
gcographical locations, and local environment, such
as food supply, temperature and the day length (17,
34, 38, 39, 40, 41). Thus, some investigators (13,
36) have classified various [alivtid spp. into 3
groups accocding to their spawning season: those
spawn during summer, those spawn during scasons
other than swmner, and these that exhibit year-
round spawning.  Barlier, Singhagraiwan & Do
(42) reported the spawning period of some wild
broodstocks of /. asinina to peak arcund Qctober,
while the pond-reared broodstacks could spawning,
hroughout the year with severil minor peaks
during March through September. I contrast, the
spawning period of H. asining kept i land-based
closed culture system in the presenl sludy cccurs
twice a year: around August te October and March
to April in femule, and around Auguost to October
and Februmry to March in male. While this is the
general pattern of spawning for most members of
the population, some individual may show irregular
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periodic spawning througbout the year, especially
in males animals.

Spent phuse is characterized by the lacking
of gamete cclls and the breakdown of connective
tissuc in the ponads, which s similar to that
previously finding in H. rifescens (33). According
to Shepherd & Laws (36), spent phase is expressed
when there is a complete discharge of gamete cells
following spawning. Gicse (28) defined spent
phase in marine inverlebrates as a poslspawning
quiescent stage which is indistinguishable between
male and female. In present study, it was observed
(hat during the spent phase the gonads of A asinina
are greatly reduced in size and become ercamy in
color, and the sexes of animals cannol be
distinguished. In contrast, hepatopancreas is
relatively increased in size which may be filled up
with food reserve. It was revealed that spent phase
of H asinina are observed usually around
Scptember to October and April to fune in both
SCXES.

From the data cotlected during one year
period, it could be concluded that the spawning of
[l asinina vearcd in the closcd culture sysicm can
oceur at least twice yearly providing that the
culturing condition and food supply arc optimal.
And that each reproductive cycle, consisting of 5
phases ol development needs at least 5 to 6 months
to complete itsell.

Development of Gonads

In  previous  studies  of  the  gonadal
developnient in /1 asinina, fecundity was observed
in females with the shell length of at least 48 mimn
for the wild broodstock, and 44 mm of the
hatchery-reared broodstock, which was about nine
months old (43, 44). On the other hand, the mature
ponad of males beeome obvious in animals with the
shiell length of at feast 31 mm, which was about
seven and a half months old (42, 43, 44). The dala
cvollected in the present study indicate he same
trend.  Furthermore, detailed histelogical study
indicated that defimtive gonads become clearly
separaled from the hepatopancreas at 4 mondle,
‘Testis and ovary ceuld be distinguished by the
present of their dnittal stapes ol germ cells as carly
as 5 menth. Testis tends 1o reach maturity quicker
than ovary at 6 Lo 7 menths, the time al which St
and Sz oare Tound to be ubondant. Owvary fends to
mature later at 10 to 11 months when it starts Lo
contain mature oocytes (Oc, and Ocs). By 111012
month both sexes of f{ asinina assumc  their
continuous reproductive cycles.

e e e e e i
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Summary

Several homologous cDNAs encoding known antigenic proteins of
Fasciola hepatica were cloned by RT-PCR f{rom Fasciola gigantica.
Analyses were done to determine DNA/amino acid sequences and to
study the expression at the RNA level by Northern and RNA in situ
hybridization. Southern hybridization was used to analyze the number of
gene copies present in the genome for each of the studied genes. Here,
we present preliminary sequence data obtained for fatty acid binding
protein, glutathione S-transferasc and cathcpsin L. The nucleotide se-
quences were sabmitted to Genbank (AF112560, AF112567, AFL12568)

Introduction

Fasciola gigantica 1s a common parasite of cattle in Thailand. It
causes severe diseasc and important economic losses itn animal hus-
bandry (SRIHAKIM and PILIOLPARK, 1991). Therefore, this molecular
study was done as a starting project for future work on diagnosis and
vaccination of fascioliasis in cattle in Thatland. Three proteins under
investigation for their diagnostic and protective propertics in Fasciola
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werc choosen for this study. These proteins are cathepsin L (Catl), fatty
acid binding protein (FABP) and glutathione S-transferase (GST)
(ESTUNINGSIH ¢t al., 1997, SPITHILL ¢f al., 1997). GSTs are a major
class of detoxification enzymes (MANNERVIK, 1985). CatL. belongs to
the group of cysteine proteases. I, hepatica Catl, was shown to prevent
the adherence of eosinophils to newly excysted Juveniles by its ability to
cleave host immunoglobulin. Therefore, this protease may have an im-
portant biological function in immune evasion in Fasciola (CARMONA
et al., 1993; SMITH er al., 1993, 1994). FABPs are cssential molecules
in platyhelminthes, as these paruasites are unable to synthesize most of
their own lipids (MCMANUS and BRYANT, 1986).

Materials and Methods

Total RNA from adult Fasciola gigantica was extracted by the TRIZOL
method. following instructions given in the manual (Life Technologics).
One microgram each of total RNA was reverse transcribed by Super-
script JI RT (Life Technologies) using gene-specific reverse primers
(CatL-R: 5°-TCA CGG AAA TCG TGC CAC C-3°, FABP-R: 5-ACG
CTT TGA GCA GAG TGG TC-3', GST-R: 5-TCA AGC CGG TGC
AGC GTC TC-3). The RT-products were used to amplify coding gene
fragments by a standard Tag-based PCR setup (30 cycles at 55°C, 72"C,
92°C, one min each step). Beside the indicated reverse primers. three
gene-specific forward primers were used (Catl: 5°-ATG CGA TTG TTC
ATA TTA GC-3°, FABP-F: 5-ATG GCT GAC TTT GTG GGT TC-3',
GST-F: 5-ATG CCA GCC AAA CTC GGA TA-3"). The RT-PCR prod-
ucts were size-separated 1n agarose gels. cut and purified from the gel
(Gel Extraction Kit, QIAGEN) and subcloned into cither the T-Easy
plasnnd vector (Promega) or the T-extended EcoR V site of the pBluescript
SK plasmid vector (Stratagene). Plasmid DNA was prepared using a
plasmid miniprep kit (QIAGEN). For DNA sequencing, the services of
NSTDA Bioservice Unit, Thailand and MWG AG Biotech, Germany
were used.

Results

The RT-PCR resulted in the generation of one prominent DNA frag-
ment in each amplification experiment. Sequence analysis of the 981 bp
Call. RT-PCR product showed this DNA fragment to be a closely re-
lated homolog of frasciola sp. Catl. 70380 (YAMASAKI and AOKI,
1993). At the DNA level identity 1s 98.7% (10 nusimatches, one deletion
of a three base pair scgmient). The deduced amino acid sequences are
08.5% identical (5 mismatches/326 residues, Figure 1 A). The FABP RT-
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Fg C: MRLFILAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDEHRRNIWEENVKHIQEHNLRHDL 60
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Fg C: TELKDOGNCGSCWAF STTGTMEGQYMKNERTS I SFSEQQLVDC SGPWGNMGCSGGLMENA 180
FS Cr iVttt taaisaseasaasacsconassnsssasanoacnasnnnasnsns Y..M...non- 180

Fg C: YEYLKQFGLETESSYPYTAVEGQCRYNRQLGVAKVTDYYTVHSGSEVELKNLVGAEGPAA 240
I = S LR 240
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Fg C: IRMVRNRGNMCGIASLASLPMVARFP 326
FS €l tiinenirerranncnrnnssasnnn 325
B

Fg F: MADFVGSWKYGDSENMEAYLKKLGISSDMVDKILNAKPEFTFTLEGNQOMTIKMVSSLKTK 60
Fh F: (inviivanns Hooooovoann e Keioemiiaaass 60

Fg F: ITTFIFGEEFKEETADGKTAMITVIKDSESKMTQVITGPEYTTHVVREVVGDKMIATWIV 120

Fh F: ....ce.a.. E...P...KV.. K. IK. . .CT.E.ueevieienrcenan 120
Fg F: GDVKAVTTLLKA - 132
Fh F: -....eeoans 132
C

Fg G: MPAKLGYWKIRGLQQPVRLLLEYLDEEYEEHLYGRDDREKWLGDKFNMGLDLPNLPYYID 60
Fh G ..eii it iiiieieaaanns Gt eni et i iaeren Fovrrieiieeaa i 60

Fg G: DEKCELTQSVAIMRYIADRHGMLGSTPEERARVSMIEGAAMDLRMGFVRVCYNPNFEEVKG 120
Fh G tiveniineiriirneacnsnen Teeennon. I i i Kiooaa 120

Fg G: DYLKELPKTLKMWSDFLGDROYLTGSSVSHVDFMVYEALDCIRYLAPQCLNDFPKLKEFK 180

Fh G: ....... Tevunnn N..... H..... Pt cc it it st ineesaas E......... 180
Fg G: SRIEDLPKIKAYMESEKFIKWPLNSWIASFGGGDAAPR 218
Fh G: . ieiiiir i it i sinaannn Torinnannn 218

Figure 1: Alignments of the deduced Catl. (A), FABP (B) and GST (C) amino acid
sequences of F. gigantica (Fg), F. hepatica (Fi) and Fasciola sp. (Fs).

PCR product is 397 bp in length. Identity with the homologous gene of
F.ohepatica M92291 15 94.5% (20 mismatches, (HILLYER, [995)). The
deduced amuno acid sequcnces are 89.4% identical (14 mismatches /132
residues, Figure IB). The GST RT-PCR product is 657 bp in length. The
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ctosest match in the Genbank is M77682, cncoding a 26 kDa GST from
. hepatica (PANACCIO et al., 1993). Identity of the DNA sequences
15 97.3% with 18 mismatches in 657 bp. The deduced amino acid se-
guences are 95% 1dentical (11 nismatches/207 residues, Figure 1C).

Conclusions

The obtained results show that the analyzed genes in Fasciola gigantica
are closely related to the homologous genes of Fusciola hepatica. De-
tatled sequence analysis and additional molecular data on these genes,
obtained by Southern, Northern and RNA in situ analysis will be pub-
lished elsewhere.
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Summary

Major antigens of adult F. gigantica have been identified by immuno-
blotting at molecular weights 66, 58, 54, 28.5 and 27-26 k. Monoclonal
antibodies (MoAb) against antigens at 66, 28.5, 27-26 kD have been
produced; and MoAb against 66 and 28.5 kD showed more specificities
while MoAb against 27-26 kD tended to have higher cross reactions
with antigens from other trematode parasites. The tissue sources of these
antigens have been studied by microscopic immunolocalization: 66, 58,
54 and 28.5 kD were associated with the surfuce membrane, tegument
and tegument cells, while 27-26 kD were associated with the caecal
epithelium.

Introduction

In tropical region, including Thailand, fasciolosis is one of the major
animal diseases due to infecuon by Fasciola gigantica. Infected animals
exhibit decreased mcat, wool production, growth rate, fecundity, and
increased mortality tn highly infected cases. There is a wide spread of
fasciolosis in Thailand with the highest prevalent rate in the north-east
and north, and the lowest in the south (24-4%)." * The disease can also
cross-infect human, and the incidents have becn reported in many parts
of the world, with an estimation that as many as 17 million people are
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infected worldwide. Chemotherapy and vector control have been used to
control the infection. However, there have been reports on the emer-
gence of drug-resistant parasites: and despite these control measures
there is always a certain level of persistent endemic infection. Hence,
there is much need for sensitive and specific methods of immunodiagnosis
for monitoring the infection. Moreover, preventive measure through the
development of vaccines that can confer long term protection for the
animals may be the best solution. In the present report we have identified
and localized candidate antigens of tegumental and caecal origins which
may have immunodiagnostic and vaccine potentials.

Materials and Methods

Major antigens in surface-tegument (ST) and excretory-secretory (ES)
antigens of adult F. gigantica were characterized by immunoblotting
using cow-infected serurn (CIS) as probe®. Monoclonal antibodies (MoAbs)
against these antigens were produced by hybridoma technology‘, and
their specificities tested by immunoblotting against ST and ES antigens.
These MoAbs were used to localize corresponding antigens in parasite’s
tissues by immunofluorescence. Cross reactions of these MoAbs againstl
antigens from other trematode parasites (5. spindale, S. mansoni, S. mekongi
and Paramphistomum spp.) were measured by ELISA.

Results
ldentification of antigen molecules and specificities of MoAbs

The result of immunoblotting between ST and ES antigens with CIS
indicated the presence of seven major immunogenic bands at molecular
weights 97, 66, 58, 54, 28.5 and 27-26 kD, respectively (Figure la).

MoAbs reacting against surface-tegument (ST) antigens

Three stable clones of hybridomas were obtained, namely, 1C12, 2C3
and 1H7, which were IgM class; and all rcacted with 66 kD band from
ST-antigens as shown by immunoblotting (Figure? 1b). These MoAbs
were tested for cross reactivities by ELISA, and it was found that all
three cross-reacted to varying degrees with the panel of antigens from
four trematode species as alrcady mentioned. However, significant re-
ductions of their cross-reactivities were observed when these MoAbs

were dijuted to 1:100 and 1:400 (Figure 2a).

MoAbs reacting against excretory-secretory (ES) antigens

MoAb against ES antigens were characterized by immunoblotting to
react with 58, 54, 28.5 and 27-26 kD antigens (Fig. lc, d). Of these the
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Figures 1) [mmunoblotting patterns of adulr ¥. gigantica ES and ST antigens as
detected by cow infected serum (CIS) (a), MoAbs against 66 kD (b), 28.5 kDD (c), and
27-26 kD (d). 2) Cross reactivities of MoAb 1CI2 (a) and 2D9/I (b) with antigens
Sfrom F. gigantica ES and ST fractions, Paramphistomum spp. (RF), S. spindale (5.sp),
S. mansoni (S.man} and S. mekongi (S.mek). 3) Immuno- fluorescence localization of
28.5 kD antigen in adult F. gigantica tegument (Te), tegument cells (tc) and their
processes by MoAb 2D9/2. 4) Localization of 27-26 kD antigens in the caecal epi-
thelium (Ep) and lumen (Ca-arrow) by MoAb 2DS/1.
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most reactive are MoAb against bands at 28.5 (clone 2129/2) and 27-26
kD (clone 2D9/1 and 4F5). When the cross reactions with other trematodes’
antigens were tested, MoAb against 27-26 k1D show rather high cross
reactivities at the dilution of 1:100 and 1:400 when compared to MoAb
against 66 and 28.5 kD (Fig. 2b). MoAb against antigens at 58 and 54
k1D were comparatively weak, hence they had not been studied further.

Localization of antigens by monoclonal antibodies

Tegumental antigens at 66, 28.5 kD

In adult and juvenile parasites, the immunostainings, using MoAbs
against 66 and 28.5 kI antigens as probes, were detected in the tegument,
especially at its outer rim, while spines were not stained. The intense
staining also appeared in the tegumental cells lying beneath the subtegumental
muscle layers, and their numerous processes running between muscle
cells towards the tegument (Fig. 3). In addition, epithelia lining various
parts of the digestive tract, such as, oral sucker, buccal tube, pharynx,
esophagus, parts of the digestive tract proximal to caecal bifurcation
were also intensely stained. In contrast, distal parts of the digestive tract
lined by the caecal-type epithelium, muscle, and parenchyma cells were
not stained. Furthermore, these monoclonal antibodies gave strong stainings
of tegumental epithelium lining both male and female genital canals of
the reproductive system.

In metacercariae, the two groups of MoAbs gave similar staining
patterns. The main sites for immunostainings were the narrow tegument
that lay underneath the inner cyst wall, and the finely granular cytoplasm
of tegumental cells. The epithelium lining of oral and ventral suckers,
which were the continuation of the tegument, were also intensely stained.

Caecal antigens at 27-26 kD

MoAb 4F5 and 2DD9/1, which reacted specifically with the ES anti-
gens at 27-26 kD, showed staining in the epithelium lining of the adult
and juvenile’s caeca distal to the caecal bifurcation. The cytoplasm of
these cells were moderately but evenly stained, while the nuclei were
not. Intense staining was also observed in the caecal lumen, where food
malterials were mixed with the sccreted enzymes (Fig. 4). These monoclonal
antibodies did not stain corresponding tissues of metacercariae.

Conclusions

MoAbs against ST and ES antigens of F. gigantica at 66, 28.5 and
27-26 kD were produced. From immunolocalization studics, 66 and 28.5
kD antigens were assoclated with the tegument, tegument cells, and
surface membrane of all stages of the parasites, while 27-26 kDD antigens
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were associated with caecal epithelium of adult and late juvenile para-
sites only. When tested against antigens from other trematodes (Param-
phistomum spp., S. spindale, S. mansoni, S. mekongi) MoADb against 60,
28.5 kD showed less cross reactivities than 27-26 kD antigens. Hence
these antigens have potential for immunodiagnosis.
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