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SUMMARY

1. Quantification of reproductive effort of Manila clam, Ruditapes
philippinarum from Seong San, east coast of Jeju, Korea by enzyme-linked

immunosorbent assay (ELISA)

1.1. The reproductive effort of Manila clam, Ruditapes philippinarum was
estimated by enzyme-linked immunosorbent assay (ELISA) along with
histology. The clams were collected from a natural habitat at Seong San, off
the east coast of Jeju, Korea during the active gametogenic period from June to
November 2006. A polyclonal antibody developed against Manila clam egg-
specific protein was used for the quantification of Manila clam egg protein by
indirect ELISA.

1.2. Chlorophyll-a level in the water column exhibited two peaks; first during early
July coinciding with the ripening of the clams and second timing mid August
when majority of the clams were engaged in spawning activities. The food
intake was considerably higher during ripe and spawning stages than rest of
the gametogenic phases as evidenced from the chlorophyll-a concentration in
the clam tissues.

1.3. The gonadosomatic index (GSI), a ratio of egg dry weight to tissue dry weight
varied from 0.9% (early June when most of the analyzed clams were in early
developing stage) to 19.7% (early August when most of the clam were ripe) by

mean. A declining inclination in GSI after early August confirmed the major



spawning period of the clams in this habitat which was consistent with the
histological observations. GSI dropped to 4.9+2.4% during late September
when clams were in spent phase as evidenced from histology.

1.4. The GSI peaked only once during early August when the mean value was
19.7% indicating that the clams underwent spawning when the gonad occupied
around 20% of the total tissue weight.

1.5. We assumed that the clams were ripe and ready for spawning when the gonad
occupied over 19.7% of the body weight and the potential fecundity was
estimated in those clams having individual GSI over 19.7%. The potential
fecundity, as obtained from ELISA data, ranged from 2.42 to 8.97 million,
averaging 4.97+1.08 million (n=28).

1.6. Spawning of this clam was delayed by two months and the mean GSI was
somewhat lower than those reported from Gomso Bay, west coast of Korea.
The remarkable difference in timing of spawning and quantity of reproductive
materials might be associated with difference in the availability of foods

between those two habitats.

2. Reproductive efforts in relation to annual gametogenic cycle of Manila clam,

Ruditapes philippinarum collected from Begmiri, west coast of Korea

2.1. The gametogenic stage-wise reproductive efforts of Manila clam, Ruditapes
philippinarum was quantified collected monthly during 2007 from a

commercial bed at Begmiri, west coast of Korea using combined histology and
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enzyme-linked immunosorbent assay (ELISA).

2.2. A thin slice (3 mm) was cut through the gonad of each soft clam by a special
knife for histological preparations to confirm the gametogenic stage and the
remaining part was lyophilized and used for the quantification of reproductive
effort by ELISA as well as for the quantification of proteins and carbohydrates.

2.3. Rabbit anti-clam egg IgG was developed in New Zealand white rabbit
following the standard immunization protocol. The immunized rabbit IgG was
purified from the blood using immunoadsorbent and 50% ammonium sulfate
treatment followed by dialysis. The antibody was highly specific to clam egg
protein and was sensitive enough to detect minute quantity of the egg protein
by ELISA.

2.4. The mean GSIs were 3.35+2.15% in early developing females, 10.82+6.49%
in late developing females, 24.92+8.21 in ripe females, 12.01£8.79% in
spawning females and 5.23+4.59% in case of spent females. This method
could successfully detect reproductive effort in late developing, ripe and
spawning clams however, the eggs could be detectable in most of the spent
clams and not sensitive enough to detect reproductive effort in most of the
early developing clams.

2.5. The potential fecundity was estimated only for ripe clams as confirmed from
histology. The potential fecundity varied from 2,544,553 to 13,839,542 with an
average of 7,140,354+2,881,586.

2.6. The new approach for the estimation of gametogenic-stage wise GSI and

potential fecundity of precisely selected ripe clams can be used successfully in

- xil -



quantitative study of reproduction in bivalves.
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BACKGROUND

The quantity of reproductive output and the time and duration of spawning
are crucial for understanding life history, population dynamics, as well as for
proper management of that particular species. Numerous techniques have been
used to assess the reproductive condition of marine mollusks (Deslous- Paoli and
Heral, 1988; Choi et al., 1993; Kanti et al., 1993; Chung et al., 2001; Park and
Choi, 2004). Histological methods have been the most widely and frequently used,
since histology provides visual information about gonadal tissues. The
gametogenic status can be graded based on the microscopic appearance of the
gonadal tissues from the histological preparations (Lango-Reynoso et al., 2000).
Histology is an indispensable technique for studying reproduction because it has
the ability to detect disease agents, pathological lesions and morphological features,
which can be used to provide important information to the overall condition of the
animal, in addition to reproductive status (Diggles et al., 2003). Some quantitative
methods have also been developed for the assessment of bivalve gonads by
coupling histology and image analysis. It involves enumeration of gametogenic
products either by percent gonad area or percent oocyte area (Eversole et al., 1980;
Heffernan and Walker, 1989; Kanti et al., 1993; Mann et al., 1994; Park and Choi,
2004; Royer et al., 2008), by gonadal weight and gonadosomatic index (Royer et
al., 2008), by mean egg number per field of view (Walker and Heffernan, 1994), or
by oocyte size/frequency distribution (Kanti et al., 1993; Mann et al., 1994; Walker

and Heffernan, 1994; Park and Choi, 2004). Though histology is widely used for



the study of bivalve reproductive biology but it does not provide precise
information on bivalve gonad biomass.

The accumulation of energy reserves and the allocation of reserves into
somatic growth and/or gametogenesis are directly linked with the sexual maturity
of the mollusk species and the availability of foods in that particular habitat (Sastry,
1979; Camacho et al., 2003). Seasonal changes in the biochemical composition of
bivalve mollusks have been extensively studied in bivalves (Marin et al., 2003;
Camacho et al., 2003; Kang et al., 2007). The gametogenic cycle of bivalves
involves the storage of energy reserves to support gametogenesis, the production
and accumulation of gametes by cell proliferation and differentiation, the release of
ripe gametes and the recovery or resting period (Giese and Pearse, 1974;
Thompson et al., 1996). For the explanation of above events, generally six stages
of reproductive maturity of bivalves including the indifferent stage have been used
by most authors for studying the reproductive biology using histology (Kanti et al.,
1993; Xie and Bumell, 1994; Park and Choi, 2004; Drummond et al., 2006).
Annual gametogenic cycle, and timing and duration of the spawning of marine
invertebrates are strongly influenced by exogenous factors (Sastry, 1979;
Meneghetti et al., 2004; Drummond et al., 2006). Temperature is influential for the
initiation of gametogenesis and spawning, whereas food availability determines the
extent and duration of gonadal development (Delgado and Camacho, 2007).
Numerous studies have reported that gonad development and subsequent spawning
of marine bivalves is synchronized with seasonal changes in available food in the

water column (Grant and Creese, 1995; Kang et al., 2000; Park and Choi, 2004).
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Reproductive output or fecundity of marine bivalves has been estimated by
measuring the difference in weight just prior to and after spawning (Deslous-Paoli
and Heral, 1988; Pouvreau et al., 2000), counting or weighing the gametes released
after inducing animals to spawn using various chemicals and thermal shock (Toba
and Miyama ,1991; Chung et al., 2001; Massapina et al., 1999), or estimating the
quantity of eggs from histological preparation of the gonad using steriology or
planimetry (Perdue and Erickson, 1984; Dinamani, 1987; Lango-Reynoso et al.,
2000). These methods often underestimate the true gonads, as reproduction is not
always complete and occurs at various intensities throughout the spawning period
(Lucas, 1982; Thompson et al., 1996). Immunological methods have been used
successfully for quantification of egg proteins of marine bivalves due to their high
speed, low cost and high sensitivity (Choi et al. 1993; 1994; Kang et al., 2003;
Park et al. 2003; Park and Choi, 2004; Park et al., 2005). However, the seasonal
changes in reproductive output were focused in the above reports, though inter-
individual variations in reproductive stages at any sampling date are often common
in bivalves as evidenced from the histology. Therefore, it is necessary to quantify
the dynamics of gametogenic materials in relation to reproductive cycle of the
bivalves independent of season.

Fecundity is the total number of eggs released per female in a year (Hunter
et al., 1992). Usually, the fecundity is determined either experimentally by
counting the eggs after spawning (actual fecundity), or by measuring the potential
fecundity in the pre-spawning gonad. Potential fecundity is defined as the total

number of matured oocytes per female in a year in the pre-spawning gonad at the
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time when no more oocytes are assumed to be recruited to the seasons maturing
stock, uncorrected for atretic losses (Macer, 1974; Kjesbu et al., 1991; Hunter et al.,
1992). As the spawning of Manila clam is often incomplete and occurs
continuously throughout the spawning season (Park and Choi, 2004), it makes
difficult to monitor the reproductive activity of mature individuals over an
extended period of time. Due to determinate fecundity, the standing stock of the
yolk oocytes of the Manila clam prior to the onset of spawning is considered to be
equivalent to the potential annual fecundity. Within a given species, fecundity may
vary as a result of different adaptations to environmental habitats (Witthames et al.,
1995).

The potential fecundity was estimated by ELISA in case of American
oyster, Crassostra virginica (Choi et al. 1993), Pacific oyster, C. gigas (Kang et al.
2003) and Manila clam, R. philippinarum (Park and Choi 2004). However, in the
above reports, the fecundity was estimated for all females when the GSI peaked
assuming that all the individuals were ripe and did not release any egg yet. In all
cases, they reported more than one peaks and accordingly they estimated fecundity
GSI peak-wise. As the spawning of Manila clam is often asynchronous, it is
difficult to capture all the mature clams in a specific sampling period. The precise
selection of ripe clams is most important in estimating potential fecundity as it is
the estimate of total number of ripe eggs in the pre-spawning gonad.

On the above context, the present study was undertaken with the following
specific objectives:

1) To determine the annual gametogenic cycle of Manila clam



iii)

collected from a natural habitat at Seong San, east coast of Jeju,
Korea

To quantify the reproductive efforts of female clams during
active gametogenic condition by an enzyme-linked
immunosorbent assay

To estimate the potential fecundity of this clam in this habitat

To develop a new approach for the quantification of
reproductive outputs of female Manila clams in relation to
gametogenic cycle collected from a commercial bed at Begmiri,
west coast of Korea

To estimate the potential fecundity of precisely ripe clams in

this habitat.



Partl

Quantification of reproductive output of Manila clam,
Ruditapes philippinarum from Seong San, east coast of Jeju,

Korea by enzyme-linked immunosorbent assay (ELISA)



ABSTRACT

The reproductive effort of Manila clam, Ruditapes philippinarum was
estimated by an enzyme-linked immunosorbent assay (ELISA) along with
histology. The clams were collected from Seong San off the east coast of Jeju,
Korea during the active gametogenic period. A polyclonal antibody developed
against Manila clam egg specific protein was used in the quantification of egg
protein using indirect ELISA. The mean gonadosomatic index (GSI) varied from
0.9% (early June) to 19.7% (early August). The mean GSI was 0.9+0.6% during
early June when the analyzed clams were principally in the early developing stage.
Mean GSI then increased rapidly, exhibiting only one peak during early August
(19.7£11.0%) when majority of the clams (48.3%) were ripe and ready for
spawning. A declining inclination in GSI after early August confirmed the major
spawning period of the clams in this habitat which was in consistent with the
histological observations. Chlorophyll-a concentration in the water column as well
as in the tissues of the clams was relatively higher during spawning period. GSI
dropped to 4.9+2.4 during late September when all the clams used for ELISA were
in spent phase as evidenced from histology. The potential fecundity, as converted
from ELISA data, ranged from 2.42 to 8.97 million, averaging 4.97+1.08 million
(N=28). The process of gonad development corresponded to an absolute increase
in total proteins and carbohydrates. After evacuation of gametes, carbohydrates

decreased to a quarter whereas, proteins declined to a half of their maximum



values at peak. In conclusion, the delayed spawning time and the lower mean peak
GSI values than those at west coast of Korea might be associated with the lower

food availability in this habitat.



1. INTRODUCTION

Studies on reproduction, including the assessment of size at maturity,
fecundity, duration of spawning season, daily spawning behavior and spawning
fraction, permit quantification of the reproductive capacity of individual female.
Establishment of extensive data bases on reproductive parameters with
corresponding data on abiotic factors enables the study of causal relationships
between reproductive potential and environmental variations (Murua et al., 2003).
In the previous study of the Manila clam on the east coast of Jeju, Korea, Kang et
al. (2004) reported that gametogenic activity was evident from late March with
over 50% of females ripe by late June and a single spawning peak in early August.
In contrast, gametogenesis of this clam commenced in February with 100% ripe
clams in May and major spawning occurred from June to August(Chung et al.,
2002; Park and Choi, 2004; Choi et al., 2005). Park and Choi (2004) reported three
spawning pulses of this clam timing after mid May, late July and late August off
the west coast of Korea.

Studies have shown that gametogenic cycle in marine invertebrates are
influenced by the exogenous factors of which water temperature (Xie and Burnell,
1994; Drummond et al., 2006), food availability (Soniat and Ray, 1985; Hofmann
et al., 1992; Park and Choi, 2004) and pollution are the most important. Previous
observations revealed that in bivalves, the number of spawning per year and the
duration of spawning increase with increasing temperatures and movement towards

the equator (Yap, 1977; Ponurovsky and Yakovlev, 1992; Chung et al., 1994;
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Drummond et al., 2006; Park and Choi, 2004). In spite of higher temperature and
shorter distance, the onset of gametogenesis and spawning of Manila clams are
delayed remarkably on the east coast of Jeju than those on the west coast of Korea.
The suitability of the methods for the estimation of reproductive output
principally related to the reproductive strategy of the species (Murua and Saborido-
Rey, 2003). Consequently, prior knowledge of the reproductive biology of the
species is essential. As gonads are an integral part of the visceral mass in Manila
clam like most other bivalves, its gonads can not be separated from the body
(Lucas, 1982; Thompson et al., 1996). Reproductive output or fecundity of marine
bivalves has often been estimated from the histological preparations using
stereology or planimetry (Perdue and Erickson, 1984; Dinamani, 1987; Lango-
Reynoso et al., 2000), though the major limitation remained due to irregular
structure of the gonad. The reproductive output or fecundity can also be estimated
by counting or weighing the number of gametes released after inducing animals to
spawn using various chemicals and thermal shock (Toba and Miyama, 1991;
Chung et al., 2001; Massapina et al., 1999). However, the estimate would be biased
if the female spawned ova prior to capture, if oocytes remained in the ovary after
spawning, or if some of the standing stock of the oocytes were lost because of
atresia (Laptikhovsky, 2000). The gonad mass can also be weighed by measuring
the difference in weight just prior to and after spawning (Deslous-Paoli and Heral,
1988; Pouvreau et al., 2000). The reproductive output is often underestimated by
the above methods, as reproduction is not always complete and occurs at various

intensities throughout the spawning period (Lucas, 1982; Thompson et al., 1996).
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The value of accurate and precise estimates of reproductive output has motivated a
search for alternative methods that are accurate, efficient, and economical.
Immunological methods have been used successfully to quantify egg
proteins of marine bivalves due to their high speed, low cost and high sensitivity
(Choi et al., 1993, 1994; Kang et al., 2003; Park et al., 2003; Park and Choi, 2004).
Park and Choi (2004) >developed an anti-Manila clam egg specific antibody and
quantified the reproduction of this clam from a commercial bed at Gomso Bay,
Korea. But no attempt has yet been made for the quantification of reproductive
output of this clam from natural habitat in Korean waters. Therefore, the present
study was designed to quantify the reproductive output of Manila clam from a
natural habitat at Seong San, on the east coast of Jeju, Korea by using ELISA along
with histology. The study also aimed to know the temporal variation in total
proteins and carbohydrates in relation to gametogenesis; and to ascertain if there
are differences in the availability of foods between this habitat and west coast of

Korea.
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2. MATERIALS AND METHODS

2.1. Sampling efforts

Manila clam, Ruditapes philippinarum samples were collected from Seong
San, on the east coast of Jeju, Korea during active gametogenic period from June
to November 2006 (Fig. 1). After arrival in laboratory, the shell length of the clams
was measured. The clams were then dissected and the weight of the soft body was
taken. The soft tissues of sixty clams were processed for histology. In case of the
rest of the dissected clams, sexes were identified by microscopic observation of the
smears taken from the gonadal portion. Twenty female clams were lyophilized at
each sampling date and kept at -70°C until use for ELISA. The shells of all the
dissected clams were allowed to dry for calculation of condition index and
condition index was calculated by dividing the wet tissue weight by dry shell
weight.

Surface seawater temperature and salinity were monitored during sampling
time. The availability of chlorophyll-a in the seawater at sampling site was also
monitored during sampling. For chlorophyll-a analysis, 2 liters of seawater was

filtered through a filter paper (GF/C, 0.47 pum mesh size). The filter paper along

with the filtrate was put onto the conical tube containing N,N-dimethylformamide
and incubated overnight. After centrifugation, the chlorophyll-a concentration was
measured from the optical density at 750, 664 and 647 nm wave length using the

N,N-dimethylformamide as control.

_12_
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2.2, Histology

The soft tissue of the clams was fixed in Davidson’s solution. After
fixation, a transverse section was cut in the middle of the body which contained
gonad, digestive gland, mantle and muscular foot tissue. The tissue was
subsequently dehydrated and embedded in paraffin. Paraffin blocks were sectioned
at 6 pm thickness and were stained with Harris’s haematoxylene and counter-
stained in eosin Y. After mounting, the histological preparations were examined
under a light microscope to determine sex and gametogenic stage of the clams. The
reproductive maturity of the gonads observed in the histological preparations was
categorized into six stages using the maturity scale described by Park and Choi
(2004). The stages are 1) early developing; 2) late developing; 3) ripe; 4)
spawning; 5) spent; and 6) indifferent. To follow the seasonal changes in egg size,
the egg diameter was measured from the histological preparations using an image

analyzer.

2.3. Quantification of clam eggs using ELISA

An indirect enzyme-linked immunosorbent assay (ELISA) was performed
to determine the quantity of Manila clam egg specific protein in the lyophilized
clams. For analysis, lyophilized whole clams were homogenized using a mortar
and a pestle. Around 25 mg clam homogenate was dissolved in 900 ul PBS and
further homogenized using a sonicator. The homogenate was diluted up to 2000
folds to get the optical density within the acceptable range of the standard curve. A

100 pl aliquot of standard (prepared from purified clam eggs), negative controls
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(PBS and male clam homogenate) and clam homogenate to be analyzed was added
to a polystyrene 96-well microplate and was incubated for 3 hours at room
temperature. After incubation, the plate was washed with PBS and blocked with
150 pl 1% bovine serum albumin. After 1 hour incubation and subsequent washing,
primary antibody previously developed and characterized by Park and Choi (2004)
was added in each well at a volume of 100 pul and incubated further 1 hour at room
temperature. Goat anti-rabbit IgG alkaline phosphatase conjugate (1:1000) was
then added as a 100 pl aliquot at each well, incubated for another 1 hour, and
washed. p-nitrophenylphosphate (p-NPP) substrate dissolved in 0.1M giycine
buffer was added as a coloring agent and the optical density of the end product was
measured at 405 nm using a 96-well micro-plate reader.

The quantity of the egg protein in the clam homogenate was estimated
from the standard regression curve constructed from the optical density and
concentration of the purified clam egg protein using the same plate. The quantity
of the eggs in an individual clam was then estimated by multiplying the quantity of
the egg protein measured by ELISA by 2.44, the ratio of the egg protein to total
egg weight. The reproductive output was expressed as gonadosomatic index (GSI),
a ratio of the estimated total dry weight of the eggs to total dry weight of the clam

tissues multiplied by 100.

2.4. Estimation of potential fecundity
The potential fecundity was estimated in case of matured clams. I assumed

that the clams were full with mature oocytes when the individual GSI exceeded the



mean peak GSI. Therefore, I estimated the potential fecundity in those clams
having GSI above the sample mean during peak irrespective to sampling period.
The potential fecundity was calculated by dividing the estimated total weight of
eggs using ELISA data by the weight of an individual egg. The mean dry weight of
a mature egg of Manila clam was 22 ng as reported in the previous study (Park and

Choi, 2004) was used in the present study.

2.5. Biochemical analysis

Protein content was determined using the method of Lowry et al. (1951)
after alkaline hydrolysis with 0.1M NaOH at 37°C for 2 hrs using bovine serum

albumen as standard. Carbohydrates were determined as glucose by the phenol-
sulfuric acid method (Dubois et al., 1956) using dextrose enhydrase as standard.
Chlorophyll-a was extracted by dissolving the dried clam tissues into the solvent
N,N-dimethylformamide (Moran and Porath, 1980). The concentration of
chlorophyll-a in the extracted solution was calculated from the optical density at

750, 664 and 647 nm.

2.6. Standard animal

To present the absolute value for protein, carbohydrate and chlorophyll-a,
the composition of a standard animal of 33.0 mm shell length was calculated for
each sampling date. The standard animal shell length was the mean shell length of
all the clams analyzed for the study. This was done because, a variation in weight

with no variation in size should correspond principally to the accumulation or loss
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of reproductive tissue. Allometric equations of log, dry tissue weight against log)o
shell length at each sampling date were determined by linear regression analysis.
Proteins and carbohydrates were then expressed in mg per standard animal and

total chlorophyll-a was also expressed in g per standard animal.

2.7. Statistical analysis
All the data were analyzed statistically and expressed as mean (xSD) using

SAS statistical package.
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3. RESULTS

3.1. Environmental parameters

Surface water temperature and salinity were monitored during sampling to
know their relationship with the annual reproductive cycle of the clams as shown
in Fig. 2. Over the study period, the surface water temperature ranged from 12.0 to
16.2°C with the maximum in August and the minimum in November. The salinity
of the water did not vary greatly fluctuating from 27.4 to 32.5 psu during the study
period. The lowest salinity was recorded in July during monsoon when freshwater
from land drainage considerably diluted the seawater due to heavy rainfall. In
contrast, the salinity was highest timing November owing to minimum rainfall at
that time. The concentration of chlorophyll-a varied considerably ranging from

0.52 to 2.54 ng/l of seawater (Fig. 3). Two distinct peaks in the concentration of

chlorophyll-a were evident, one in early July and the other during mid August. The
lowest level of chlorophyll-a was noted in early June and the highest concentration

was recorded in mid August.

3.2. Condition index (CI)

The inclination in CI was illustrated in Fig. 4 and Table 1. At the beginning
of the study during early June, CI was 0.369+0.075. The CI then increased rapidly,
peaked in mid August as 0.529+0.168. A sudden drop in the index from mid

August to early September indicated most clams spawned during this period. The
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lowest CI was noted in November (0.297+0.063) when most of the clams
terminated their spawning as reflected by the presence of spent and indifferent

clams in the histological preparations.

3.3. Gametogenesis of the clams

We attempted to cover the active gametogenic stages from early
developing to the spent condition of the clam using histology when the
reproductive effort can be quantifiable by ELISA. Fig. 5 shows the temporal
distribution of gametogenic stages of female R. philippinarum over the study
period. Here I used half of the number of indifferent clams as female during each
sampling date for the construction of the graph considering the male:female as 1:1.
At the beginning of the study during early June, most of the clams were in
indifferent stage (79.3%). By this time 17.2% clams were in early developing stage
and only 3.5% clams exhibited late developing stage. Late developing clams were
principally detected in July, and ripe clams dominated from late July to mid August.
Spawning commenced in late July at a small scale when only 10.5% clams were
detected in spawning condition. Majority of the clams spawned during early
August to mid September accounting 38 to 92% of the clams in spawning stage
during this time. Spent females first appeared in mid September with majority of
the clams in this stage timing late September, while only 13.3% clams were graded
as spent stage during October. The sexually indifferent clams were prominent from
late September (60%) to the end of the study during November when all the clams

were in this stage.

_23_



I.VNI

‘wnipurddiryd sadpjipny srewd) Jo sagels ouadolowes jo uonnquysip [erodwsay g “Sif

po11ad ujjduieg

0/
0
- 01
- 0C
L 0f
Jua13j51pu| m i op o
Surdoparap Ajavy & L .m
Sujdojaaap as - 0§ 8
1dogaaap agery [ ] i £
adry [} I A
09 @
Bujumedg [Jjj L <
juadg % - 0L
- 08
L
- 06
001



Fig. 6 shows the seasonal changes in egg diameter over the study period
when the eggs appeared in the histological preparations. The mean egg diameter
was 28.0+£8.18 pm at the beginning of the study during early June when most of
the female clams were in early developing stage. The egg size increased greatly
from early June to early July and the maximum proportion of eggs matured by
early August. The appearance of ripe eggs was confirmed by the presence of more
or less similar sized eggs till the end of the spawning activity. The matured eggs
dominated from early August to late September having a mean diameter from 57.7
to 61.5 pm. Only a few relict eggs were detected during late October in 3 clams out

of 60 and the mean egg diameter was 52.1+3.3 um.

3.4. Reproductive effort of clams measured by ELISA

The clam egg-specific antibody was sensitive enough to detect very small
amount of egg‘protein during the early stage of gametogenic development or even
when clams were in spent stage having some residual eggs. The reproductive
output of the clams measured by ELISA was expressed as the weight-based
gonadosomatic index (GSI) as shown in Fig. 7. The size of the analyzed clams
varied from 21.6 to 43.3 mm in shell length. Out of 20 female clams examined
collected during early June, the antibody successfully detected the egg specific
protein in only 6 clams having an average GSI of 0.9+0.6%. As we ran ELISA only
for female clams confirming by microscopic observation of the smears, majority of
the clams analyzed were in early developing stage. The GSI increased rapidly with

the progression of gametogenesis and reached 6.8+5.6 by early July when majority
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of the clams were either in early developing or late developing stage. The GSI
doubled within 15 days from 06-July to 21-July when most of the individuals
became matured. Only one peak was evident during early August when the GSI
was 19.7+11.0%. A drop in GSI was detected by mid August, indicating the
spawning event and 12% gametes were discharged from 04-August to 18-August
determined from the differences in mean GSI between the two sampling dates. A
further decline in GSI to 10.7+8.1% by early September from the preceding
sampling date implied that about 34% gametes were released by the clams during
this time interval. Twenty two percent ovulation was noted during the first-half of
September and only 6.6% eggs were released in the last-half of September. ELISA
was not performed after September as no more females was detected by
microscopic smears during this time. The high inter-individual variation in GSI
during each sampling date indicated that the spawning of this clam was
asynchronous and occurred over a long time from late July to late September
exhibiting different gametogenic condition over the entire spawning period.

We considered mean GSI during peak as the triggering point to initiate
spawning. The individual GSI was higher than 19.7% (mean GSI during peak) in
10 clams out of 20 clams analyzed during early August indicated that 50% clams
were ready for spawning by this time. Though the mean GSI was increasing from
early June to early August, but some clams exhibited individual GSI over 19.7% as
early as early July. Only 4.7% clams were ready for spawning during early July
and 26% of the clams prepared themselves for spawning by late July. Similarly,

some clams exhibited higher individual GSI than the mean value at peak after early
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August indicated that some clams delayed their spawning even until mid
September. About 44% clams were ready for spawning during 18 August, whereas,
14% and 6% clams prepared themselves for spawning timing early September and

mid September respectively.

3.5. Estimation of potential fecundity

The potential fecundity was estimated based on the mean peak GSI
(19.7%). 1 assumed that the clams did not release any egg and became ready for
spawning when the individual GSI exceeded 19.7% as the fecundity is the measure
of total number of ripe eggs produced by an individual female from the start of the
spawning period to the termination of the spawning season. I detected 28 clams
having GSI above mean GSI at peak, and I estimated the potential fecundity of
those clams as shown in Table 2. The fecundity ranged from 2,420,350 to

8,967,785 eggs having a mean of 4,955,706+1,075,854.

3.6. Tissue weight of a standard animal

Fig. 8 illustrates the temporal variations in dry tissue weight for a standard
animal of 33.0 mm in shell length. There were remarkable seasonal variations in
the dry tissue weight of the clams and the trends were similar to those of condition
index. The absolute dry tissue weight of a standard animal closely followed the
gametogenic cycle, having an increasing inclination with the gametogenesis,

expressing its peak during mid August. A decreasing trend after mid August
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implied the major spawning period of this clam in this habitat by this time. The
lowest tissue dry weight was measured in November when all the clams were in

indifferent stage.

3.7. Variations in gross biochemical composition
3.7.1. Proteins

The variations in the absolute values of total proteins showed clear
seasonal trend as shown in Table 3 and Fig. 9. Total protein content in standard
clam increased from early July to mid August synchronizing with the condition
indices in direct relation with the gametogenesis. Protein content per standard
animal decreased after mid August coinciding with the gamete evacuation due to
spawning activity of the clams as evidenced from the histological preparations.
The available total protein in a standard animal decreased as late as November and
the values were almost half of that of the peak during mid August. However, the
percentage of protein in relation to total dry weight increased from early June to
late July and it then remained constant till early September. The proportion of
protein decreased rapidly by mid September when most of the clams were in spent
condition and then increased again with the onward of post spawning recovery

time.
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3.7.2. Carbohydrates

Total carbohydrate content in standard animal varied remarkably over the
study period as shown in Table 3 and Fig. 10. Similar to proteins, total
carbohydrate increased from late July, and the highest content reached in mid
August when the condition of the clams was the best. Gross carbohydrate content
declined after mid August and this trend was maintained till the remainder of the
study period. Total carbohydrate content per standard animal reduced to one-fourth
in November in comparison to the maximum value exhibited in mid August.
Expressing the biochemical composition as a percentage of dry weight, the
carbohydrate content decreased consistently from early June to end of the study

period during November.

3.7.3. Chlorophyll-a

The chlorophyll-a in the lyophilized tissues of standard clam varied
markedly during the study period as shown in Table 3 and Fig. 11. The
chlorophyll-a content per standard animal decreased sharply from early June to
early July and then increased rapidly, exhibiting its peak in late July. The values
remained high till mid August and then declined by early September. Chlorophyll-a
in the clam tissues remained more or less stable during the remainder of the study
period. It was remarkable that the spawning -activity of the clams well-matched
with the higher chlorophyll-a content in the clams. Chlorophyll-a was shown as a
measure of food intake and this parameter was monitored as an indicator of food

availability in the water-body indirectly.
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4. DISCUSSION

4.1. Gametogenic cycle

I employed histology to confirm the active gametogenic stages of the
clams during which eggs can be quantifiable by ELISA. Histology revealed that
gametogenesis initiated in early June and spawning commenced in small scale
during late July and terminated by mid September. The spawning of this clam was
reported to occur earlier timing from early July to August in the same habitat
(Kang et al., 2004). The little difference in spawning time between our study and
the previous report might be caused by inter-annual variation in gametogenesis,
caused by various exogenic factors such as temperature, salinity, and food
availability (Barber and Blake, 1991; Arellano-Martinez et al., 2004; Dukeman et
al., 2005). In contrast, the clams undergo spawning much earlier timing principally
during June-July in Gomso Bay off the west coast of Korea (Park and Choi, 2004;
Choi et al., 2005). Spawning of this clam occurs timing late spring to early summer
in temperate waters (Xie and Burnell, 1994; Chung et al., 2002; Park and Choi,
2004; Choi et al., 2005; Drummond et al., 2006) is broadly in agreement with the
present study. The gametogenesis and spawning of clams synchronized with the
seasonal fluctuations in food availability in the water column. The rapid increase in
the chlorophyll-a concentration in early July followed by the initiation of spawning
by late July and the major spawning pulse during mid August also matched the
relatively higher chlorophyll-a concentration, suggesting that the abundance of

food in the seawater is vital for reproduction and growth. Hofmann et al. (1992)
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reported that a few degrees change in temperature or a small (2 to 4 weeks) shift in
timing of the spring or fall bloom can considerably alter the duration of spawning
and the seasonal spawning patterns of American oyster, Crassostrea virginica.
Spawning of this clam started in late July in the present site whereas,
spawning of this species commenced as early as May (Choi et al., 2005) and June
(Park and Choi, 2004) on the west coast of Korea. In spite of close distance

(200~400 km), the considerable difference in timing of spawning might be due to

the difference in the availability of food in the water column. The chlorophyll-a
concentration in the water column reported from various locations in Korea are
summarized in Table 4. The mean chlorophyll-a concentration in the water column
was remarkably lower at the present site than that reported from the south and west
coasts of Korea. At present site, the chlorophyll-a peaked in mid August having the

value as 2.6 ng/ml whereas, the values peaked as 11.8 ug/ml in Gomso Bay, 8.5

ng/ml at Seonjaedo, west coast of Korea and 4.5 pg/ml at South coast of Korea.

The comparison clearly indicated that the delayed spawning time of the clams in
Seong San more likely to be associated with lower food availability in this habitat
than that in south and west coasts of Korea.

The gametogenic development was inferred by the remarkable increase in
egg diameter from early developing to ripe stage of the clams. The mean mature
egg diameter measured in the present study is almost similar with that reported in
clams collected from Gomso Bay, west coast of Korea (Chung et al., 2001; Park

and Choi, 2004) as shown in Table 4. The increment in egg diameter matched with
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the corresponding increase in GSIL

4.2. Condition index (CI)

Condition indices are generally regarded as useful measurements of
nutritive status of bivalves. These indices are often used for commercial quality of
bivalves as they provide a useful means of assessing the overall health status of a
population and hence its suitability for harvest (Crosby and Gale, 1990). Though
the CI is related to many factors, such as gametogenic cycle, food availability,
space, infections and diseases but its general inclination often matches with the
annual gametogenic cycle. The condition index was increasing from the beginning
of the study during early June coinciding with the gametogenic development of the
clams and peaked in mid August when 43% clams were in ripe stage. A major
spawning event was inferred by the massive drop in CI timing mid August to mid
September when its value decreased from 0.529 to 0.350 and this was consistent
with the histology. In previous study conducted by Ngo and Choi (2004), the CI of
the clams peaked in early August and accordingly the spawning period was earlier
than that of the present study as expected. The condition index was remarkably
higher and the values peaked much earlier in clams collected from Seonjaedo
Island, west coast of Korea as reported by Uddin et al. (unpublished) than those
obtained in the present study. They reported the peak Cls of the clams as
0.888+0.015 during May 2003 and 0.876+0.029 in May 2004. However, the mean

minimum values were almost similar between the two sites.

_41_



4.3. Reproductive effort

Quantification of reproductive effort is necessary to study life history and
population dynamics. The number of eggs and hatchlings produced by an
individual female in a calendar year is also a useful message for the management
of brood stock in a hatchery. Unlike most other marine invertebrates, clam gonads
are an integral part of the visceral organs which makes it difficult to isolate
completely from the somatic tissues. Owing to this difficulty, Park and Choi (2004)
developed a polyclonal antibody against purified clam egg protein in New Zealand
white rabbit. They successfully quantified the reproductive effort of Manila clam
collected from a commercial bed in Gomso Bay, west coast of Korea using the
antibody by an indirect ELISA. That was the first report on quantitative assessment
of clam egg using immunological method, carried out from this laboratory. In the
present study, the reproductive effort of Manila clam collected from a natural
habitat on Seong San, east coast of Jeju, Korea, was quantified using the remaining
antibody after reexamining the sensitivity of the antibody.

Very low level of egg protein was detected during early June when 14
female clams out of 20 remained undetectable by ELISA. The female clams
analyzed collected during this time were mostly in early developing stage as
evident from histology. The vitellin protein during this time remained very low or
undetectable because the early developing eggs were mostly pre-vitellogenic eggs
which probably contained no or low levels of yolk proteins as outlined by Park and
Choi (2004). A massive increase in mean GSI from early July (6.6%) to early

August (19.7%) coincided with the rapid increase in egg diameter resulting from
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the mobilization of the reserved substances into yolk granules.

ELISA indicated that the GSI peaked in early August with an average of
19.7%. This value was considered as the triggering point for spawning which
means that the clams were supposed to be ready for spawning when their egg mass
accounted for ~20% of the total tissue weight in this location. When the
accumulation of gametogenic material reaches certain percentage of the body, then
the animal undergoes for spawning. The American oyster Crassostrea virginica
initiate spawning when the egg mass accounts 20% of the body weight in
Galveston Bay (Choi et al. 1993), whereas the Pacific oyster Crassostrea gigas
undergoes spawning in Goseong Bay, south coast of Korea when the egg mass
becomes 40% of the total dry weight (Kang et al., 2003).

The frequency of spawning over an entire spawning season is in part
determined by the cumulative reproductive biomass (Powell et al., 1992). Park and
Choi (2004) detected three spawning pulses of Manila clam collected from the
Gomso Bay, west coast of Korea using an ELISA. They reported that the GSI of
this clam peaked in mid May (18.7%), late July (25.0%) and late August (17.8%)
in that habitat. In the present study, I detected only one peak in GSI (19.7%) timing
early August but a number of clams exhibited GSI values above the mean during
peak from early July to mid September. Therefore, more spawning pulses might be
evident in the current stock which I could not detect due to the remarkable
variation in individual GSI resulting from presence of different gametogenic stages

of the clams in each sampling date. Though the two locations have ~235 km

distance maintaining commercial clam culture bed in Gomso Bay and natural
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habitat in the present study site but the triggering point to initiate spawning is
almost similar, however, the mean maximum GSI was remarkably higher in
Gomso Bay (25.0%) than that in the present location (19.7%). This discrepancy
was at least partly contributed by the differences in food level between the two
sites as I reported in the present study. It was well documented that the abundance
of food in the water column is crucial for gametogenesis, reproduction, as well as

for growth (Soniat and Ray, 1985; Powell et al., 1995; Park and Choi, 2004).

4.4. Estimation of potential fecundity

Park and Choi (2004) developed an antibody against Manila clam egg and
they used the antibody for the quantification of reproductive effort of this clam.
Due to high speed, low cost and high sensitivity of the method, I estimated the
potential fecundity of the matured clams from the ELISA data just before the
spawning commenced. Park and Choi (2004) reported that the GSI peaked in mid
May, late July and late August in clams collected from Gomso Bay, west coast of
Korea and the fecundity was estimated for the corresponding three times. In the
present study, I confirmed that the GSI peaked only once during early August in
clams collected from Seong San, east coast of Jeju, Korea. Here I considered the
mean GSI (19.7%) during peak as the triggering point for spawning. I
hypothesized that all the clams analyzed collected during early August were not
ripe; at least some of the clams still maturing and some of the clams already
commenced spawning by this time. An inter-individual variation in gametogenic

condition at every sampling date was also evident from the histological
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preparations. Hence the fecundity was estimated in those clams exhibited GSI over
19.7% during the study period, not restricted on the early August. The presence of
gravid clams over a long time reflects that their spawning is asynchronous and they
may have more than one spawning peak in different time which might be
overlapped.

Table 5 shows the fecundity of R. philippinarum estimated using various
methods collected from different habitats. In the present study, the potential
fecundity of Manila clam ranged from 2.42 to 8.97 million (n=28) having an
average of 4.97+1.08 million collected from Seong San, east of Jeju, Korea. The
estimates of the present study is within the range of the potential fecundity reported
by Park and Choi (2004) where they reported that the fecundity of this clam varied
from 0.94 to 11.8 million in Gomso Bay, west coast of Korea. However, the
fecundity estimated in the present study is much higher than the number reported
by Toba and Miyama (1991) and Chung et al. (2001) as 0.24 to 1.35 million in
- Tokyo Bay and 0.20 to 1.79 million in Gomso Bay respectively by counting the
number of released eggs using inducing agent to spawn. As the spawning of marine
bivalves is often partial and occurs over a prolonged period, therefore counting of
released eggs using inducing agent must be a minimum estimate (Choi et al., 1993;

Chung et al., 2001; Kang et al., 2003).

4.5. Seasonal changes in biochemical composition
The accumulation of energy reserves and the allocation of reserves into

somatic growth and/or gametogenesis are directly linked with the sexual maturity
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of the mollusk species and the availability of foods in that particular habitat.
Seasonal changes in the biochemical composition of bivalve mollusks have been
extensively studied in species in their natural habitat (Marin et al., 2003; Camacho
et al., 2003; Kang et al., 2007). Camacho et al. (2003) showed a clear sexual
differentiation in the biochemical composition in R. decussatus. They reported that
during active gametogenic phases, males had consistently higher protein level than
in females; females had higher lipid level than in males; carbohydrates remained
similar in both sexes. They interpreted that the differentiation might be associated
with the gonadal development of the clams. To overcome the effect of sex on
biochemical composition, in the current study, sexes were determined by gonadal
smear under a microscope. Only female clams were analyzed except samples
collected in October and November when sexes were not identifiable in the smears.
The protein contents in a standard clam fluctuated consistently linked to the
gametogenic state. The total protein content per standard animal increased with
gonad maturation process. The increasing protein level during this period might be
contributed by the positive energy balance due to the higher food availability as
evidenced from the chlorophyll-a contents in the tissues. Conversely, the decrease
recorded after mid August may mostly be due to spawning. The positive and
negative energy balance have been reported in many bivalves, such as Myrillus
galloprovincialis from the Lagoon of Venice (Bressan and Marin, 1985), Ostrea
puelchana from the Argentinean coast (Fernandez Castro and de Vido Mattio,
1987), R. philippinarum from the Lagoon of Venice (Marin et al., 2003) and from

west coast of Korea (Kang et al., 2007), and R. decussatus (Camacho et al., 2003).
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I observed that total carbohydrates simultaneously increased with gametogenesis
which implied that carbohydrates may not be converted into egg lipid during
gametogenesis rather than they used as a source of energy during spawning and
post-spawning periods. However, to draw conclusion about the dynamic changes
of biochemical components, the gametogenic status of the analyzed clams needs to
be confirmed as the inter-individual variations in gametogenic condition is often
common at any sampling date. It was also evident from our findings as the total
carbohydrates in standard clam declined with the initiation of spawning and
reached about one-fourth of its mean maximum values during post-spawning
period. Camacho at al. (2003) reported that glycogen and other carbohydrates in R.
decussatus were rapidly consumed after the onset of spawning and reduced to
almost a quarter of just before spawning.

I measured the chlorophyll-a from the dried tissues as an index of food
intake in the form of phytoplankton. To our knowledge, this is the first instance to
measure the chlorophyll-a level from the clam tissues. The seasonal variations in
the chlorophyll-a level in tissues are most likely associated with the availability of
food in the sediment surface and the filtration rate of the clams. Hombach et al.
(1984) reported that seasonal filtration rates for adult clams peaked during periods
of greatest reproduction. The standing stock of phytoplankton biomass in the water
column often synchronizes with the gametogenesis and spawning of bivalves
(Soniat and Ray, 1985; Park and Choi, 2004). Our data clearly showed that the
chlorophyll-a was remarkably higher during the major spawning period than that of

other seasons, suggesting that this method could be used successfully as an index
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of food intake by clams.

In conclusion, I quantified the reproductive effort of female Manila clam
in terms of GSI and potential fecundity collected from a natural stock along the
east coast of Jeju, Korea using ELISA. Our data clearly showed that the clams
were ready for spawning when the gonad accounted for 20% of the total tissue
weight and the potential fecundity ranged from 2.42 to 8.97 million. Histology and
ELISA data indicated that the spawning period of this clam timing from late July to
mid September with major spawning activities during August to mid September in
this area. The positive correlation between total protein and total carbohydrates
(r=0.85) implied that in clams carbohydrates may not be used as a reserve for
gametogenesis rather than it is used as a source of energy during spawning and
post-spawning period. The observed difference in mean maximum GSI of the
clams between the present study and previous study conducted in Gomso Bay, west
coast of Korea might be associated with the difference in availability of foods in

the water column.
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Part 11

Reproductive efforts in relation to annual gametogenic cycle of
Manila clam, Ruditapes philippinarum collected from Begmiri, west

coast of Korea



ABSTRACT

The gametogenic stage-wise reproductive efforts of Manila clam,
Ruditapes philippinarum was quantified collected monthly during 2007 from a
commercial bed at Begmiri, west coast of Korea using combined histology and
enzyme-linked immunosorbent assay (ELISA). Forty clams were randomly
selected from monthly samples. After dissection, a thin slice of 3 mm was cut
through the gonad for histology and the remaining tissues were lyophilized for the
quantification of reproductive efforts and biochemical analysis. Manila clam egg-
specific antibody was raised in New Zealand white rabbit following standard
protocol. An indirect ELISA confirmed that the antibody raised can successfully
detect egg-specific protein during late developing, ripe and spawning condition.
The presence of egg protein was detectable in most of the spent females; however,
the egg protein in most of the early developing clams remained undetectable by
ELISA. The mean gonadosomatic index (GSI) was 3.35+2.15% in early
developing clams, 10.82+6.49% for late developing clams, 24.92+8.21% for ripe
clams, 12.01+8.79% for spawning individuals and 5.23+4.59% for spent clams.
The potential fecundity of the clams ranged from 2.54 to 13.84 million with a
mean of 7.14+2.88 million. Seasonal and gametogenic stage-wise variations in
proteins and carbohydrates were prominent and carbohydrates were more likely to
be utilized as major energy source or converted to lipid before the clam became

sexually mature. The new approach for gametogenic stage-wise reproductive effort



and estimation of potential fecundity of precisely ripe clams could be used

successfully in all bivalves.



1. INTRODUCTION

Qualitative and quantitative information on bivalve reproduction is
essential for understanding their life history, population dynamics and for the
development of aquaculture industry. The quantitative data on bivalve reproduction
is scarce due to the technical difficulties involved in its measurement (Choi et al.,
1993; Thompson et al., 1996; Park and Choi, 2004). In bivalves, the gonads are an
integral part of the visceral mass except scallops (Lucas, 1982; Thompson et al.,
1996) makes it difficult to quantify the actual gonad (Choi et al., 1993; Park and
Choi, 2004). Reproductive effort or fecundity of marine bivalves has been
estimated by measuring the difference in weight just prior to and after spawning
(Deslous-Paoli and Heral, 1988; Pouvreau et al., 2000), counting or weighing the
number of gametes released after inducing animals to spawn using various
chemicals and thermal shock (Toba and Miyama, 1991; Chung et al., 2001;
Massapina et al., 1999). Stereological methods coupling histology and image
analysis have also been widely used for the quantification of bivalve reproduction
by enumerating the gametogenic products (i.e., oocytes) either by staging a defined
number of oocytes (Robinson and Breese, 1982; Hadfield and Anderson, 1988), by
estimating the total number of oocytes per individual (Brousseau, 1978), by the
percentage of the lumen filled with oocytes (planimetry, Eversole et al., 1980;
Perdue and Erickson, 1984; Dinamani, 1987; Lango-Reynoso et al., 2000), or by

oocyte size/frequency (Keck et al., 1975; Grant and Tyler, 1983; Heffernan et al.,
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1989; Kanti et al., 1993). These methods often underestimate the true gonads, as
reproduction is not always complete and occurs at various intensities throughout
the spawning period (Lucas, 1982; Choi et. al., 1993; Thompson et al., 1996).
Immunological methods have been used successfully for the quantification
of egg proteins of marine bivalves due to its high speed, low cost and high
sensitivity (Choi et al., 1993, 1994; Kang et al., 2003; Park et al., 2003; Park and
Choi, 2004; Park et al., 2005). In the above studies, the temporal variations in
reproductive efforts were quantified, but most importantly, the inter-individual
variations in gametogenic condition at every sampling date were overlooked. It is
obvious that the spawning of Manila clam is asynchronous and the individuals are
often composed of different gametogenic stages in each sampling date as
evidenced from the histological data (Kang et al., 2003; Park et al., 2003; Park and
Choi, 2004). Another limitation of the existing methods was that the potential
fecundity was estimated in all females when the mean GSI peaked using ELISA
assuming that all the individuals were ripe and not spawned yet by that time (Kang
et al.,, 2003; Park et al., 2003; Park and Choi, 2004). The ripe clams need to be
ascertained to estimate the potential fecundity as it is the total number of mature
oocytes in the pre-spawning gonad. Therefore, the present study was undertaken
with the following objectives: (1) to quantify the dynamic changes in the
reproductive effort of Manila clam, Ruditapes philippinarum with its reproductive
cycle; (2) to estimate the potential fecundity of this clam in this habitat and (3) To
quantify the seasonal and gametogenic stage-wise changes in proteins and

carbohydrates using standard animal model.
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2. MATERIALS AND METHODS

2.1. Sampling efforts

Clams were obtained monthly from a commercial bed at Begmiri, west
coast of Korea during 2007 (Fig. 12). Forty adult clams (shell length >27 mm)
were randomly selected from the monthly samples. The schematic diagram of
sample treatments is outlined in Fig. 13. The shell length of ‘the clams was
measured and the clams were dissected. After weighing the soft body, the gills
were isolated for the quantification of Perkinsus olseni by fluid thioglycollate
medium (FTM) assay. A thin slice (3 mm) was cut through the gonad for
histological preparations and the remaining tissues were lyophilized for
quantification of gonadosomatic index (GSI) and other biochemical analysis. The
lyophilized clams were homogenized using mortar and pestle and were kept in the
refrigerator at -70 °C until use. Shells of the clams were dried and weighed. The
condition index as a measure of general health status of the clams was calculated

by dividing the tissue wet weight by shell dry weight.

2.2. Histology

The thin slices were fixed in Davidson’s solution and dehydrated in graded
series of alcohol. The tissue slice was subsequently embedded in paraffin. Paraffin
blocks were sectioned to 6 pm, stained with Harris’s haematoxylene and counter-
stained with eosin Y. Gametogenic condition was categorized based on the visual

examination of the histological preparations under microscope. The reproductive
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maturity of the gonads observed in the histological preparations was categorized
into six stages using the maturity scale described by Park and Choi (2004),
including 1) early developing; 2) late developing; 3) ripe; 4) spawning; 5) spent;

and 6) sexually indifferent.

2.3. Development of Manila clam egg-specific antibody

A New Zealand white rabbit was selected for the development of Manila
clam egg protein-specific antibody. The rabbit anti-Manila clam egg protein-
specific antibody was raised following the protocol outlined by Park and Choi
(2004). The antibody developed in the present study was highly specific to clam
egg protein though some cross reactivity was recognizable with somatic tissue
proteins. The cross reacting antibody was eliminated using immunoadsorbent
according to Fuchs and Sela (1973). In brief, clam somatic tissue proteins were
polymerized with glutaric dialdehyde to form the immunoadsorbent. The somatic
protein-specific antibodies were bound to the immunoadsorbent whereas, egg
protein-specific antibodies remained unbound due to the absence of egg protein in
the immunoadsorbent. After centrifugation, the supernatant containing clam egg
protein-specific antibody was isolated and precipitated using 50% saturated
ammonium sulfate. The rabbit anti-clam egg protein-specific IgG was purified by
dialysis and the sensitivity was tested by ELISA. No further cross reactivity was

evident by the purified IgG with somatic tissues.



2.4. Quantification of gonadosomatic index (GSI)

An indirect enzyme-linked immunosorbent assay was used for
quantification of egg-specific protein as well as for testing the specificity of the
IgG. Only female clams were analyzed for this purpose. For analysis, around 20
mg clam homogenate was dissolved in 900 pl PBS and further homogenized using
a sonicator The homogenate was diluted up to 2000 folds to get the optical density
within the acceptable range of the standard curve. Here I used purified clam eggs
as positive control and clam somatic tissues and PBS as negative control.

A 100 pl aliquot of clam homogenate to be analyzed and controls were

added to the well and incubated at 4°C overnight or at 37°C for 3 hrs. After

incubation, the plate was washed with PBS containing 0.05% Triton X-100 (PBST-
100) and 150 pl of 1% bovine serum albumin was added as blocking buffer. The
plate was incubated again for 1 hr at room temperature and washed with PBST-100.
Primary antibody diluted in blocking buffer (1:2000 dilution; 9.4 pg protein/ml)
was added in each well at a volume of 100 pl and incubated further 1 hour at room
temperature. Goat anti-rabbit IgG alkaline phosphatase conjugate (1:1000) diluted
in blocking buffer was then added as a 100 pl aliquot at each well, incubated for

another 1 hour, and washed. Finally, 100 pl of p-nitrophenylphosphate (p-NPP)

substrate dissolved in 0.1M glycine buffer (1 mg/ml) was added as a coloring agent
and the optical density of the end product was measured at 405 nm using a 96-well
micro-plate reader. A standard regression curve was constructed from the optical

density and the standard prepared from the clam egg protein included in the plate.
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The concentration of egg protein in the clam homogenate was estimated from the
regression curve and dilution factor. The quantity of the eggs in an individual clam
was then estimated by multiplying the quantity of the egg protein measured by
ELISA by 2.44, the ratio of the egg protein to total egg weight. The reproductive
effort was expressed as gonadosomatic index (GSI), a ratio of the estimated total

dry weight of the eggs to total dry weight of the clam tissues in percentage.

2.5. Estimation of potential fecundity

I selected the ripe clams as evidenced from the histological observations
for the estimation of potential fecundity. The potential fecundity of the ripe clams
was calculated by dividing the estimated total dry weight of eggs measured by
ELISA, by the dry weight of an individual egg. The mean dry weight of a mature
egg of this clam collected from the west coast of Korea was 22 ng as reported in
the previous study carried out from this laboratory by Park and Choi (2004) was

used for calculation in the present study.

2.6. Measurement of total proteins and carbohydrates

Total proteins and carbohydrates were assessed from the dried clam tissues
of the females to express their seasonal changes in connection with gametogeneic
activity. Total proteins were determined by colorimetric method of Lowry et al.
(1951) after extraction with 0.1M NaOH using bovine serum albumen as standard.
Total carbohydrates were analyzed using phenol-sulfuric acid method as described

by Dubois et al. (1956) using dextrose enhydrase as standard.
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2.7. Standard animal

Total proteins and carbohydrates of a standard animal of 36.6 mm shell
length were calculated for each sampling date. The standard animal length was
found out by averaging the shell length of all the analyzed clams. This was done to
eliminate the effect of size and to express the total quantity of proteins and
carbohydrates in absolute values as their seasonal changes often related with the
gametogenic cycle in bivalves. Allometric equations of log;o dry tissue weight
against log;o shell length for each population at each sampling date was determined
by linear regression analysis. All regressions were statistically highly significant (P
< 0.001). This technique was used for the clam, Tapes decussatus (Beninger and
Lucas, 1984), T. philippinarum (Beninger and Lucas, 1984; Kang et al., 2007) and

for the oyster, Cressostrea gigas (Ruiz et al., 1992; Kang et al., 2000).

2.8. Statistical analysis

All the data were analyzed statistically and expressed as mean (+SD) using

SAS statistical package.
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3. RESULTS

3.1. Biometry and condition index

The biometric measurements of the analyzed clams are shown in Table 6.
The individual shell length of the clams ranged from 27.7 to 42.8 mm and the
mean shell length over the sampling period was 36.6 mm. Mean wet and dry tissue
weight showed a clear seasonality with two peaks, during May and July. Mean wet
tissue weight and dry tissue weight varied consistently in relation to gametogenic
stages having an increasing tendency with the progression of gametogenesis,
peaking in ripe stage and then declining abruptly during spawning stage, exhibiting
the lowest values during spent condition.

The seasonal variations in CI are very clear as shown in Table 6. Cls
increased rapidly after February with two maxima as such in tissue weight, one in
May and the other during July. A slight decrease was noted in June but an abrupt
decline was observed between July and August. The values remained constant
from October to December. However, the gametogenic stage-wise changes in Cls
of females were more distinct having an increasing tendency from early developing
(0.499+0.068) to late developing clams (0.569+0.082). The indices reached
maximum during ripe stage (0.640+0.083). A sudden drop was identified in
spawning clams when the indices remarkably declined to 0.472+0.111, while the

lowest CI was noted in spent stage of the clams (0.390+0.099).

_62_



lﬂ@l

a[qejoajepu I 950°0F9ZE0  9SO'0FELED  SLTOFOLS'I TTFEOE OF 3oqu2a(
9[qE1293opu () i TSOOFLPEO0  0LO'OF8TE0  OPEOTFR89'I 0TFTLE OF IaquidAoN
08'€F8S'P 6 170 0FEE'0 180°0F80€0  L6EOFVISI €'TFS0E OF  1990PQ

ISPF8Y'S Sl 6L0°0FSIFO0  980°0FI9C0  TLEOFTIS] 8 1FC'9¢ OF 1equaydag

78°6700'v1 81 0L0"0FCSY 0 EI0FSTFO0 984 0FSHO'T 0'TFE9¢ (114 jsndny
ST'01F€9°0C 1T LPI'OFSIO0  660°0F9€9°0  609°0F989°C 1'7¥6°9¢ o Ang
SO'EIFTYLI 0  vEI'0FEIS'0  TSI'0FILSO  0190F999°C T¥9°9¢€ o sunf
61'8FLL9I vZ  Y60'0FL8S0  PYIOFPEQD €8S OF8SLT 9TFLOE o AeN
86 1FLTY I €0L'0F8IS0  ¥9I'0F68S0  PLSOFSIST I'TFI'LE o [udy

9[qEI9912pU( €l $90°0F60S'0  690°0F69€0:  €9C0F99L'1 0 I1FI'¥E o Yore
9[qEalepuN v 6SO0FIEF'0  680°0FEEP'0  9TH0F650°T v TF6'9¢ oF  Arenigaq
- 0  €80°0F65F'0  9II'OFH6E0  OSHOFLO8T  L'E€SFOPY Oy  Arenuer

ISD  (se[ewd)) N 1D ILMdL LMML 18 N YJUo

"S3[BWRJ 10J AJUO PAJBWINSI SeM [SD "BIIOY JO ISBOD )Som

‘LiwSag woyy pajda|jod wnivurddijyd sadvipny Jo (1SO) a8ejusdiad ul xapul snewosopeuos pue (D) Xdpul UOTIPUOD

(Imal) 3 ut ySrem AIp onssn (LMML) 8 ul ySom jom anssy ‘(18) ww ur Y3u] joys (QSF) uedw A[YUOW ‘9 S|qeL



3.2. Gametogenic cycle

Temporal variations in the percentage of female animals in each reproductive
stage are shown in Fig. 14. In case of indifferent clams, I considered 50% animals
supposed to be female for the convenience of the description and subsequent
interpretation. All the individuals collected in January were composed of sexually
indifferent clams. Gametogenesis commenced in February and the early
developing clams occupied the major proportion during March and April. Late
developing clams appeared in April and May while the majority of the clams
(50.0%) were ripe by May. Spawning commenced in May when only one clam out
24 females analyzed were in spawning. Ripe clams dominated from May to July
and spawning clams were evident from May to September. Spent clams appeared
mainly from August to October and the sexually indifferent clams occupied
principally from November to the end of the study in December. Some unusual
indifferent clams were identified all through the study period and most of them

were heavily infected by trematodes.

3.3. Quantitative measurement of GSI

The seasonal changes in reproductive effort of the female clams measured
by ELISA were expressed as weight-normalized GSI as shown in Table 6 and Fig.
15. The reproductive effort was undetectable from February to March when the
analyzed clams were in early developing stage. The eggs were quantifiable in
clams collected during April when five clams out of 13 females were successfully

detected by indirect ELISA having a mean GSI of 4.27£1.98%. The GSI increased
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rapidly by May during which the reproductive efforts increased by four times in
comparison to that obtained in April. The GSI remained almost same between May

(16.7718.19%) and June (17.62+13.05%) when some of the females already

commenced spawning as evidenced from the histology. The high standard
deviation in GSI during this time reflected the presence of clams in several
reproductive categories during June. An increase in GSI during July
(20.63+10.15%) indicated the major spawning pulse of the clams in this habitat. A
massive drop in GSI during July to August, confirmed the major spawning activity
of the clams during this time. Most of the clams continued their spawning event till
September (5.48+4.52%) and the reproductive effort was detectable till October.
The egg proteins could not be detected by ELISA in clams collected during
November and December when the 2 analyzed females were in spent condition,
one in either month.

In the present study I used the same clam for histology as well as for the
quantification of reproductive effort. The new technique allowed me to quantify
the gametogenic stage-wise GSI as shown in Table 7 and Fig. 16. The quantity of
eggs remained very low during early developing stage when the GSI of three clams
out of 27 females were detected by ELISA performed in the current study. The
mean GSI of the detected early developing clams was 3.35+2.15%. The GSI
increased at a faster rate from early developing to late developing stage during
which it increased by three-folds by mean. The reproductive effort of all the female
clams analyzed was detectable at this stage. The GSI increased with the

proliferation of eggs exhibiting a mean GSI of 24.92+8.21% for ripe females. The
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GSI of all the ripe clams were successfully detected by ELISA and the individual
GSI varied from 9.09 to 43.20%. The mean increment was almost two-folds from
late developing to ripe stage. Spawning clams showed a mean GSI of 12.01+8.79%
ranging from 1.90 to 35.11%. Out of 37 spawning females analyzed, the egg
protein was undetectable in only one clam. The GSI remained 5.23+4.59% in spent
clams when the eggs considered being unviable by histological observations due to
the presence of haemocytes with deformed eggs. Among the spent females, the

reproductive effort was efficiently detected in 22 clams out of 28 by ELISA.

3.4. Potential fecundity estimated from ELISA data

I used only the ripe clams ascertained from the histological observations
for the estimation of potential fecundity as it is the total number of mature eggs in
the pre-spawning gonad. Among the analyzed clams, 33 individuals were ripe,
obtained during May, June and July. High inter-individual variations in GSI of the
ripe clams were noted. The potential fecundity varied from 2,544,553 to

13,839,542 with an average of 7,140,354+2,881,586 (Table 7).

3.5. Tissue weight of a standard animal

The seasonal variations in tissue dry weight for a standard animal of 36.6
mm shell length are shown in Fig. 17A. A remarkable seasonal variation in tissue
dry weight of the clams was evident and the trend was similar with that of the
condition index. The standard animal dry weight increased slowly from January,

rapidly from March with the first peak in May and the second peak in July seemed
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to track the condition index of the clams. The lowest tissue dry weight of the
standard animal was noted in November. The tissue dry weight of a standard
animal matched with the reproductive cycle of the clams. The weight clearly
increased from early developing to late developing stage, exhibiting its highest
value in case of ripe clams. Tissue dry weight decreased markedly in spawning

stage while the lowest value was noted in spent clams (Table 7).

3.6. Total proteins and carbohydrates

Seasonal variations in total proteins and carbohydrates are shown in Table
8. No clear seasonality was evident in the percentage of proteins in dry tissues and
the mean values ranged from 32.1% in November to 42.2% in September.
However, the percentage of carbohydrates varied consistently in analyzed females
collected in different months. The proportion of carbohydrate increased from
January, exhibiting its peak during May. The percentage of carbohydrates declined
from June and reached less than one-sixth of its peak during October. The ratio of
carbohydrates then increased from November to December.

Seasonal changes in the absolute values of proteins and carbohydrates for
a standard animal, calculated from the percentage composition and the dry tissue
weight are presented in Table 8. Both components reflected a clear seasonal
changes tracking with the gametogenic pattern of the clams as illustrated in Figs.
18B and 18C. The quantity of total proteins in standard animal increased from
January and peaked in May. A second peak was noted in July while the quantity

decreased rapidly after July sowing the lowest value in December. About 50%
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protein was used during spawning as gametes and energy. Total carbohydrates
showed the similar trend as in proteins but the rate of utilization was much higher
than proteins, leaving only one-ninth of its maximum quantity during reproduction.

The gametogenic stage-wise protein percentage remained more or less
stable however, total carbohydrate percentage varied markedly as shown in Table 7.
Total carbohydrates increased from indifferent to early developing stage and
peaked in late developing stage. Interestingly, the proportion of carbohydrates
decreased from late developing to ripe stage and this trend was maintained till the
termination of spawning. The gametogenic stage-wise absolute quantity of proteins
increased from early developing to late developing stage and reached its peak in
ripe stage. Total proteins dropped suddenly during spawning and exhibited its
lowest quantity in spent stage. The absolute values of carbohydrates increased
from indifferent to early developing stage, having its peak during late developing
stage. Total carbohydrates then decreased in ripe stage and consistently declined

till spent condition of the clams.
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4. DISCUSSION

4.1. Gametogenic cycle

The reproductive maturity was categorized into six stages that have been
used by most authors for studying the reproductive biology of Manila clam (Kanti
et al.,, 1993; Xie and Burnell, 1994; Park and Choi, 2004; Drummond et al., 2006).
The study broadly agrees the observations of Park and Choi (2004) on the
gametogenic cycle of Manila clam in the west coast of Korea, with the initiation of
gametogenesis in February. However, an early spawning was evident in the present
site than that reported from other locations on the west coast of Korea. The
continual large scale spawning from June to September was somewhat longer than
that reported from June to August by Park and Choi (2004) for this clam on the
west coast of Korea. This discrepancy might be due to the difference in sampling
frequency as they did not sample during September. However a delayed spawning
period was reported by Chung et al. (1994, 2001) timing from July to October on
the west coast of Korea. The differences in timing and duration of spawning are
more likely due to the inter-annual variation in gametogenesis, as the exogenous
factors controlling gametogenesis typically vary from year to year, such as water
temperature, salinity, and food availability (Barber and Blake, 1991; Arellano-

Martinez et al., 2004; Dukeman et al., 2005).

4.2. Gonadosomatic index

The combined histology and ELISA using the same clam enabled me to
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quantify the gametogenic stage-wise reproductive effort. It is obvious that the
dynamics of gametogenic materials follows the reproductive cycle of bivalves but
no gravimetric method has yet been developed for bivalves to investigate it.
However, some quantitative staging methods were developed using histological
preparations which involves enumeration of gametogenic products either by
staging a defined number of oocytes (Robinson and Breese, 1982; Hadfield and
Anderson, 1988), by estimating the total number of oocytes per individual
(Brousseau, 1978), by percentage of the lumen filled with oocytes i.e., planimetry
(Eversole et al., 1980; Park and Choi, 2004), or by oocyte size/frequency (Keck et
al., 1975; Grant and Tyler, 1983; Heffernan et al., 1989; Kanti et al., 1993). But all
of the above methods lack the weight based gonadosomatic index though it is
crucial for the quantification of reproduction in any animal. Several methods have
also been applied for the quantification of reproductive effort of bivalves,
including weight loss before and after spawning (Kautsky, 1982; Pouvreau et al.,
2000), weighing or counting the released gametes after spawning using inducing
agent (Chung et al., 2001). The estimate of the above methods is often lower than
the actual values as spawning is not always complete and occurs over a prolonged
spawning period (Park and Choi, 2004).

The immunological method developed by Choi et al. (1993) opened a new
dimension for the quantification of GSI of American oyster, Crassostrea virginica
due to its high speed and sensitivity. The method subsequently used for the
quantification of reproductive effort in Pacific oyster, C. gigas (Kang et al., 2003),

in butter clam, Saxidomus purpuratus (Park et al., 2003) and in Manila clam, R.
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philippinarum (Park and Choi, 2004). However, in the above studies, the temporal
variation in reproductive effort of the aforesaid bivalves was emphasized. In
addition to ELISA, they used histology which revealed that the spawning of
bivalves is often asynchronous and the inter-individual variations in gametogenic
stages are common in almost every sampling date. In the present study, I observed
three or more gametogenic staged clams at every month when the gametigenic
activity was more prominent (April to September). The new approach for the
quantification of gametogenic stage-wise GSI could be useful for better
understanding the gametogenic cycle in Manila clams as well as in other bivalves.
I prepared the standards using somatic tissue solutions as solvent. I used same
dilutions for eggs as well as somatic tissues having exactly similar dry tissue
weight as I used for the unknown clam samples. The egg solution of known protein
concentration was then diluted by somatic tissue solutions to use as the standards.
The modification allowed me to eliminate the effect of dilution by keeping a
constant dilution for the standards as well as samples. The mixture of eggs and
somatic tissues as standards was also comparable with those present in unknown
clam samples.

The study confirms the observations of the previous study on the
seasonality of reproductive efforts of Manila clam on the west coast of Korea. The
egg proteins remained undetectable by ELISA till March though some early
developing clams were present as indicated by histology. ELISA detected no or
very low level of egg protein in April. The clams collected from February to April

were predominantly composed of pre-vitellogenic eggs, which contained no or
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very low level of vitellin as outlined by Park and Choi (2004). As the antibody was
raised against ripe eggs which were thought to be composed of vitellin, it did not
react with vitellogenin, the precursor of vitellin, mostly present in the early
developing eggs. The egg protein of some early developing clams was detected in
April might be due to the conversion of some vitellogenin into vitellin. The mean
GSI increased rapidly from April (4.27%) to May (16.77%) and this was in
agreement with the findings of Park and Choi (2004). The major peak in GSI was
noted in July (20.63%) and the timing was in consistent with the previous -study
conducted on the west coast of Korea (Park and Choi, 2004). The major spawning
pulse broadly agrees the previous study timing from June to September. However,
the mean peak GSI was markedly lower in the present study than the previous
study which might be associated with the food availability and perkinsosis, an
epidemic in this coast.

The gametogenic stage-wise GSI from the histology and ELISA data
introduced a new approach for the better explanation of quantitative reproductive
cycle of this clam. The seasonal changes in the reproductive effort of some
bivalves have been reported by Choi et al. (1993), Kang et al. (2003), Park et al.
(2003) and Park and Choi (2004). It is obvious that the quantity of gametogenic
materials changes with the gametogenic status of the clams which is not always a
seasonal phenomenon. This is because, spawning of most of the bivalves is
asynchronous and inter-individual variation in gametogenic condition is often
common in any sampling date as reported in the previous studies. This method

could successfully detect reproductive effort in late developing, ripe and spawning

_78_



clams however, the eggs could be detectable in most of the spent clams and not
sensitive enough to detect reproductive effort in most of the early developing
clams. The gametogenic stage-wise GSI revealed the quantitative gametogenic
cycle with approximate mean viable egg weight per female of the stock by
deducting the mean egg weight during spent stage from the mean egg weight
during ripe stage. I considered that the gametes observed during spent stage were
resorbed into the gonad. This was suggested by the presence of haemocytes, and
broken appearance of the follicles leads the process of atresia mediated by
apoptosis as evidenced from the histology. The presence of haemocytes in spent
clams is common to resorb the residual eggs (Drummond et al., 2006). As I
obtained the mean GSI of spent clams of 5.23%, I considered that these eggs were
not released and supposedly resorbed by the clams. Therefore, this method can be

used for the quantification of atretia in bivalves.

4.3. Estimation of potential fecundity

The potential fecundity was estimated in case of ripe clams as confirmed
by histology. The precise selection of ripe clams is an important tasks in estimation
of potential fecundity as it the total number of ripe eggs in the pre-spawning gonad.
In the previous methods, the fecundity was estimated in all case of all females
during mean peak GSI assuming that all the individuals were ripe and ready for
spawning during that time (Kang et al., 2003; Park et al., 2003; Park and Choi
(2004). However, histological preparations indicated that the individuals are often

composed of different gametogenic stages during each sampling period. Therefore,
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the current estimate is more accurate and remarkably higher than that reported by

Park and Choi (2004).

4.4. Seasonal changes in proteins and carbohydrates

The seasonal changes in dry tissue weight of standard animal tracked the
gametogenic cycle as the gametogenesis and evacuation of gametes often related
with the changes in weight with constant seize of the bivalves. Although there was
a clear tendency that the seasonal changes in proteins and carbohydrates paralleled
with those of dry tissue weight. Proteins fluctuated with non regular seasonal trend
perhaps due to transformation of somatic tissue proteins to egg proteins during the
proliferation of the gametes as outlined by Adachi (1979) and Marin et al. (2003).
However, the seasonal changes in absolute values of proteins in standard animal
distinctly related to the progressive gametogenesis are in agreement with the
findings of Kang et al. (2007) for this species collected from Korean coast. A slight
decrease in absolute values of proteins in June and August might be associated
with spawning activity of the clams by this time. The abrupt decline in proteins due
to spawning was also reported in many bivalves, such as Mytillus galloprovincialis
from the Lagoon of Venice (Bressan and Marin, 1985), Ostrea puelchana from the
Argentinean coast (Fernandez Castro and de Vido Mattio, 1987), R. philippinarum
from the Lagoon of Venice (Marin et al., 2003) and from west coast of Korea
(Kang et al., 2007), and R. decussatus (Camacho et al., 2003).

Carbohydrates mainly in the form of glycogen are the main energy reserve

in adult bivalves, being used during gametogenesis and in conditions of nutritional
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stress (Marin et al., 2003). Manila clam is an opportunistic species, whose
gametogenesis occurs when there is an abundance of food in the environment, and
sexual maturing parallels the accumulation of nutrients (Drummond, 2006).
Marked seasonal fluctuation in the percentage of carbohydrates in dry tissues
occurred indicated the importance of carbohydrates in reproductive cycle of this
clam. An increasing trend of carbohydrates with the intensity of gamete
proliferation and then decreasing suddenly with the decreasing CI was reported by
Marin et al., (2003) as I observed in the present study.

The gametogenic-stage wise proportion of proteins remained more or less
constant but carbohydrates increased from indifferent to late developing stage and
then decreased consistently until the termination of spawning. This indicated that
carbohydrates may be transformed into lipid for the gamete formation or it was
utilized more for energy production than the other biochemical components. Marin
et al. (2003) reported that glycogen can be converted to lipids during
gametogenesis of Tapes decussatus. Unfortunately 1 couldn’t quantify the seasonal

changes of lipids for this species in the present study.
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5. CONCLUSIONS

I quantified the reproductive efforts of Manila clam using combined
histology and ELISA. Temporal variation in GSI indicated a distinct peak during
July when the mean value was 20.63% however, spawning commenced as early as
May. Major spawning event occurred from June to September. The present
technique allowed me to quantify gametogenic stage-wise GSI showing the
intensity of mobilization of gametogenic materials during annual reproductive
cycle. The GSI of most of the early developing clams remained undetectable. The
mean GSI of late developing, ripe, spawning and spent clams were 10.82%,
24.92%, 12.01% and 5.23% respectively. The potential fecundity was estimated
precisely for ripe clams having a mean value of 7.14 million ranging from 2.54 to
13.84 million. The temporal changes in proteins and carbohydrates per standard
animal showed similar trend but the gametogenic stage-wise carbohydrates peaked
in late developing stage while the proteins peaked in ripe stage. The combined
histology and immunological method can be used successfully for the
quantification of reproductive efforts in terms of gametogenic stages of the Manila

clam and other bivalves.
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