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ABSTRACT

Libong Island is an important seagrass bed in Thailand, which has been
impacted by the environmental crisis. The environmental changes should have
negatively affected the health status of aquatic animals in the area, but few studies are
available on this topic. In this study, the health status of a sentinel species, the hooded
oyster Saccostrea cucullata, was addressed using organ development of field-collected
S. cucullata associated with their shell size distributions, the multi-organ
histopathology and apoptotic analysis along with the measurement of heavy metal
bioaccumulation. The water quality parameters were not significantly different between
the sampling areas except for the water temperature (p<0.05). S. cucullata from the
Stone Bridge site had smaller shell lengths and higher condition factors than those from
Dugong Tourism by Drones except for the size of the organ. Histologically, the highest
mean length of gill lamellae (192.1+3.92 at 2.1-3 cm). The thinnest of the mantle
epithelium (73.78+£3.08 um in 4.1-5 cm) of S. cucullata showed and statistically
significant difference between the sampled locations (Specific F value=0.1783 and
0.8605, p<0.01, p<0.0001). The density of mucous-secreting cells (Msc) was more
prominently distributed in the digestive gland than in other tissues. The 2.1-3 cm group
or bigger had mature gonads with protandric characteristics, showing rapid sexual
differentiation in the Stone Bridge site. Moreover, gills, digestive glands, gonads, and



mantles of S. cucullata were collected from different monitoring a reason this island
including the Stone Bridge site and the Dugong Tourism by Drones site. The highest
health assessment index HAI values were recorded in the gill, whereas the lowest values
were observed in the digestive glands. Histopathological alterations and heavy metal
bioaccumulation were found in samples from both sites, but most HAI values and the
density of apoptotic cells were significantly higher in samples from the Dugong
Tourism by Drones site than those from the Stone Bridge site p<0001. The highest
values of heavy metal concentrations were in the digestive gland: zinc 638.38+3.96
mg/kg! dry weight, copper 190.52+0.44 mg/kg* dry weight, lead 23.36+0.45 mg/kg*
dry weight, and cadmium 961+0.18 mg/kg* dry weight. The hazard quotient HQ values
were > 1, representing the moderately harmful levels for human consumption. The
current knowledge about the use of multi-organ histopathology with the heavy metal
bioaccumulation of S. cucullata might be noted in its undisturbed health and suggested
that this oyster can be used to monitor marine pollution in Thailand. Long-term
monitoring assessment and the environmental protection of Libong Island should be

focused on as a more accurate environmental risk assessment.



ACKNOWLEDGEMENTS

My most profound appreciation goes to Dr. Natthawut Charoenphon, and
Assistant Professor Sinlapachai Senarat, my Ph.D. advisors and mentors, for their time,
effort, and understanding in helping me succeed in my studies. Their vast wisdom and
wealth of experience have inspired me throughout my studies. In addition, 1 would like to
be especially thankful to Assistant Professor Ittipon Phoungpetchara for their technical
assistance throughout my research.

| would like to thank the NC-Patho laboratory junior student from Naresuan
University, Racho Khaochomnan and the Marine science junior student from the Faculty
of Science and Fisheries Technology, Rajamangala University of Technology Srivijaya,
Trang Campus for your kKind support on laboratory processing and sampling collection.

However, this research was supported by a scholarship to support the studies
undertaken by Honors Graduates in the Master's degree at the Faculty of Medical
Sciences, Naresuan University, and The King Prajadhipok and Queen Rambhai Barni
Memorial Foundation for the year 2022. The preparation of samples was completed in the
Marine Natural Product Laboratory of the Faculty of Science and Fisheries Technology,
Rajamangala University of Technology, Srivijaya Trang Campus. All further preparation
and analysis processes were completed in the Department of Anatomy, Faculty of Medical
Science, Naresuan University. The chemical analysis has been completed in the
Chemistry Laboratory at the Science Center, Faculty of Science and Technology,
Pibulsongkram Rajabhat University. The processes have been completed in the
Department of Anatomy, Faculty of Medical Science, Naresuan University.

Finally, | appreciate and thank my family, friends, and everyone who has been

there emotionally and intellectually as I’ve worked on my research.

Kitiya Kongthong



TABLE OF CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
CHAPTER I INTRODUCTION
Background
Statement of the Problem
Obijectives
Expected outcome
Scope of the Study
Key Words
CHAPTER Il LITERATURE REVIEW
1. Marine bivalves as sentinel species and biology of the hooded oyster
1.1 Marine bivalves as sentinel species
1.2 The biology of hooded oysters
1.3 Integrated biomarkers

Libong island and its marine environmental problems

Heavy metal pollution

3.1 Toxicity of heavy metals on aquatic organisms
3.1.1 Cadmium (Cd)

3.1.2 Lead (Pb)

3.1.3 Copper (Cu)

3.1.3 Zinc (Zn)

3.2 Effects of heavy metal toxicity on aquatic organisms




4. RISK SSESSIMENT ......cuviiiiitiitiiii ettt bbbt 11
4.1 RISK ASSESSIMENT. ......eevititiiteiiieieeiie ettt bbb 11
RISK ASSESSIMENT ...ttt 11
4.1.1 Hazard 1dentification ...........ccooeiiiiiiienc e 11
4.1.2 Hazard CharaCterization ..........ccccoveeerereniiesieeeeeee e 11
4.1.3 EXPOSUIE ASSESSIMENT.......cciiiiiiiiiiiieiieie et 11
4.1.4 Risk CharaCterization ............ccceoveiieiieieninisesee e 11
4.2 RISK MaANAGEMENT...cuviiitiiiiitiiii ittt 12
4.2.1 RiISK @VAIUBLION ...covviiii ittt 12
4.2.2 Development of risk management plan............ccooceveniiiiiniinnicie 12
4.2.3 Implementation of risk management plan ...........ccccooceieiininniicic 12
4.2.4 MONITOrING AN TEVIBW ....oviiiieeiiiieiesiesie sttt sie e sne et 12
4.3 RiSK COMMUNICALION .......oviiiiiiieiieiieieie et 12

CHAPTER Il METHODOLOGY ..ottt 13

1. Study areas and Saccostrea cucullata collection...........cccccevvvieiiierenin e 13

2. Morphometry and morphological examination ............cccceveiinenneniesieien 14

3. Histological eValUALIONS ...........cccooiiiiiiiecie e 15

4. In situ apoptosis detection using the TUNEL @SSaY .......ccccocererinerineneeiennnenns 22

5. Heavy metal analySIS. ...t 23

6. Human Health Risk AssessSment (HRA) ........occooeiiiiiiiiieie e 24

7. STatiStiCal @NAIYSIS .......oiiiiiiee e 26

CHAPTER IV RESULTS ...ttt 27

1. Water quality Parameters ........cccoiiiiiirieieiesie ettt 27

2. Shell size distribution in relation to histological development.............c.ccccoenee. 28

3. GONAd AEVEIOPMENT ...t 33

4. Distribution of mucous-secreting CellS ... 37

5. Histology and histopathological alteration of S. cucullata ..............cccceenenneen. 39
5.1 The digestive gland ..........ccccoiiiiiie i 39

5.2 G TAMBIIAG . eeeeeeeeeeereeeeeeeees 39



5.3 The mantle epithelium ..o 39

5.4 The gonadal 8CINT .......ccviiiiiiiieiee s 41

6. Heavy metal accumulations in relation to the density of apoptotic cells............ 44

7. Human health risk aSSESSMENT ..........coviiiieieiece e 46
CHAPTER V DISCUSSION AND CONCLUSION .....ccocoiiiiiieiiiiie e 47
[ 1oL T 5] o] o SRR UR TSP PPORRR 47
(070] 0 0d [11 o] o SO RRTRI 51
REFERENGES ...ttt te e e e e et e e e neeeanes 52

BIOGRAPHY .ttt 67



LIST OF TABLES

Table 1 The tissue processing protocol for S. cucullata samples

Table 2 Histological characteristics of S. cucullata observed in this study
Table 3 AAS instrument parameters

Table 4 Input parameters to calculate CDI

Table 5 The oral reference dose (RfD) for the four heavy metals tested in this study

HQ values and corresponding hazard risk levels

Table 7 The environmental factors between the sampling sites

Table 8 Morphometric measurement based on the different sizes of S. cucullata
between Stone Bridge and Dugong Tourism by Drones site

Table 9 The condition factor (g/cm3) of the sampled S. cucullata between Stone
Bridge and Dugong Tourism by Drones site

Table 10 Type of male gonad of the S. cucullata from Stone Bridge and Dugong
Tourism by Drones site

Table 11 The characteristics of spermatogenesis stage and oogenesis stage of the S.

cucullata

Table 12 Oocyte development in four stages of S. cucullata between two sites study

36

Table 14 Density of mucous-secreting cells in three tissue of the S. cucullata between
Stone Bridge and Dugong Tourism by Drones site

Table 15 Mean range and standard deviation of heavy metal toxicity concentration

(mg/kg! dry weight) in the four tissue of S. cucullata from sampling locations




Table 16 The chronic daily intake and the hazard quotient of the heavy metals of the
S. cucullata specimens between the Stone Bridge site and the Dugong Tourism by

DIONES SITR oot eee e et e e e e e e e ettt e e e e e e e et eeeeeeeeeaaeeeeaaeaaas 46



LIST OF FIGURES

Page

Figure 1 Three main steps when responding to risk are: Risk Assessment, Risk
Management, and Risk Communication (modified from Bekiari and Manoli, 2016). 12

Figure 2 The sampling sites at Libong Island, Thailand. (A-B) Overview of Libong
Island. (C-E) The two Saccostrea cucullata’s collection areas on this island include
the Stone Bridge site (Blue head arrow, D) and the Dugong Tourism by Drones site
(YEHOW NEAA @rTOW, E). .oeeiiieeeiie ettt ettt et e ettt e e s et e e s esabeeeessbaeeeeans 14
Figure 3 Morphometric measurement of the S. cucullata. Shell height (A), shell

length (B), and shell width (C) all in millimeters (Cardoso et al., 2021)

Figure 4 Hooded oyster, Saccosstrea cucullata. (A) Transverse sections were
collected (between the lines) by performing two plans with a Low-Profile Disposable
Microtome Blade. (B) Gross anatomy of S. cucullata

Figure 5 Schematic diagram for the entire experimental procedure. (A) Flowchart for
the all steps of the protocol. (B) Schematic diagram illustrating the procedure for
embedding large organs (take the macaque hemisphere as example, Kongthong et al.,
2022). ... BN NN ek o A 17

Figure 6 Schematic diagram for the entire experimental procedure showed
Hematoxylin & Eosin staining protocol for S. cucullata samples (Kongthong et al.,

Figure 7 Masson’s trichrome staining protocol for S. cucullata samples (Kongthong
et al., 2022)

Figure 8 Digital image analysis process from ImageJ for the S. cucullata

Figure 9 Histological observations of different tissues of S. cucullata. (A) The cross-
section of S. cucullata showed the position of the digestive gland, gills, and mantle
epithelium tissue. (B) Digestive gland histology showed the primary and secondary
ducts. (C) Gill filaments extended toward the side; the cilia were observed on their
surface. (D) The mantle layer in the vesicle mass with the connective tissue.
Abbreviations: Dg, Digestive gland; pd, primary ducts; sd, secondary ducts; G, Gills;
C, Cilia; M, Mantle; GO, GONAQ. .......coveiiiiieiieiie e 31




Figure 10 Light microscope observation of the male gonad of S. cucullata. The
spermatogenesis was observed in the visceral mass. (A) The mature gonad in gonadal
acini (GA), (B) and spermatogonia (arrow). (C-D) The gonadal acinicontained

primary spermatocytes, secondary spermatocytes, Spermatids and spermatozoa.
Abbreviations: Sg, Spermatogonia; Psc, Primary spermatocytes; Ssc, Secondary
spermatocytes; St, Spermatids; Sz, SPErmMatozZoa. .........cccvevvereereriieriiereeie e 32

Figure 11 Light microscope showed the female gonad development of the S.

cucullata in follicle. (A) Oocytes in prematuration stage with immature oocytes that

stored connective tissue. (B) Mature oocytes can be found in the follicles. (C-D) The
mature stage contained many mature oocytes and absent the interstitial tissue. (E-F)

Mature oocytes in the spent stage and surrounded by follicular cells. Abbreviations:

SCT, Storage Connective Tissue; FC, Follicular Cells; O, oogonium; M, mature
00CYte; CNT, CONNECLIVE TISSUE. ..eeveerirarieiieeiteaniesieesteeseesseesseasessneesseensesseesseessessenssens 34

Figure 12 The light microscope of mucous-secreting cells of the S. cucullata.
Masson’s trichome staining. (A) Cross section of S. cucullata presented mucous-
secreting cells in four types. (B) Mucous cells in gill filament with cup-like and stick-
like shapes (arrow). (C) The secondary digestive tubules show mucous cells of oval
and cup shapes (arrow). (D) Mantle epithelium cells show large mucous cells.
Abbreviations: O, Oval or circle-like; C, cup-like; S, Stick-like; P, Pear-like............. 37

Figure 13 Histopathological alteration and the presence of apoptotic cell in the of the

S. cucullata tissue between the Stone Bridge and the Dugong Tourism by Drones site.
(A-B) Digestive tubules regression with the appearance of apoptotic cell in the
digestive epithelium (head arrows). (C-D) Gill lamellae fusion and hemocytic

infiltration as well as the presence of apoptotic cell (head arrows). (E-F) Lipid
vacuoles and mucocytes in the mantle epithelium throughout the visible of apoptotic

cell (head arrows). (G) TUNEL-positive control. Abbreviations: Dt = Digestive
tubule, tr = tubules regression; pd = primary ducts; sd = secondary ducts, L = Lumen,
G = Gill lamellae, If = lamellae fusion, M = Mantle epithelium, mc = mucous cells, Iv

= IPIA VACUOIE......ee ettt et e e e e e beeanee s 40



Figure 14 A photomicrograph of reproductive organ of the S. cucullata collected
from the Stone Bridge and Dugong Tourism by Drones. (A) The histopathological
lesion of the testicular showed the syncytium of spermatozoa and (B) TUNEL-
positive were also observed at high magnification (100x, arrow). (C) Ovarian
contained the oocytes with the vacuolar degeneration (\VVd) at higher magnification
and (D) black arrowheads was signifying the dark brown expression of TUNEL-

positive cells. Abbreviations: Tt = Testis, syt = syncytium of spermatozoa, Oo =

Oocytes, FC = Follicle Cells, vd = vacuolar degeneration .............c.ccoceevrvrenineinennenn 41

Figure 15 Histopathological assessment of (A) semi-quantitative scoring and (B) The
density of apoptotic cells in four tissue of the S. cucullata including digestive gland,
gill lamellae, mantle epithelium, testis and ovary from between sampling locations.
Values are represented as mean = SD (n=6). Significant differences between the Stone

Bridge site and the Dugong Tourism by Drones site (***p<0.001; **p<0.01)........... 43



CHAPTER |

INTRODUCTION

Background

Animal-based sentinel systems have been used to assess the impact of
environmental problems, warranting the need for environmental monitoring in many
locations (National Research Council, 1991; Aguirre-Rubi et al., 2018). The sentinel
species should meet several conditions: its biology is well-known; the species is
abundant in the environment and can be captured easily and its taxonomic features are
characteristic and easily identifiable (National Research Council, 1991). Oysters
commonly fulfill these requirements and have been widely used as a sentinel species in
environmental and ecotoxicological studies (Lu-Yan et al., 2021; Pakingking et al.,
2022; Jahan and Strezov, 2019). Jahan and Strezov (2019) used the Sydney rock oyster
Saccostrea glomerata as a sentinel species due to its sessile and filter-feeding nature
and abundance to assess the effect of trace elements in Australia. Luo et al. (2014) also
used the Hong Kong oyster Crassostrea hongkongensis, reporting the zinc
bioaccumulation. Indeed, bivalves including Ruditapes philippinarum, Paphia
undulata, and Crassostrea iredalei (Lu-Yan et al., 2021; Pakingking et al., 2022) are
generally good sentinel species that accumulate environmental contaminants more
efficiently than crustaceans and fishes (Rodney et al., 2007; Pham, 2020). The use of
oysters, however, could have an extra benefit since oysters are directly used for human
consumption, and the accumulation of environmental contaminants may cause a serious
health hazard (Sithole et al., 2022; Wang et al., 2022; Fang et al., 2001).

Histopathology is a popular tool for environmental assessment used in many
biomonitoring programs of heavy metal pollution (Lushchak, 2011; Chandurvelan et
al., 2013; Nguyen et al., 2018). It is also used for laboratory investigations, showing
that heavy metal toxicity causes cell damage and dysfunction in aquatic organisms
(Lushchak, 2011; Chandurvelan et al., 2013). In bivalves, haemocytic infiltration,
lamellar fusion, and necrosis of gill are typical histopathological alterations as reported
in Anodonta cygnea (Khan et al., 2018) and Ostrea edulis (Da Silva et al., 2006).



Chandurvelan et al. (2013) also reported increased hyalinocytes and apoptotic cells in
gills of green-lipped mussel Perna canaliculus experimentally exposed to cadmium
(Cd), suggesting immune responses and genotoxic damages.

The hooded oyster Saccostrea cucullata (Born, 1778), belonging to the family
Ostreidae (Ramadhaniaty et al., 2018), is an economically important bivalve and a
popular seafood, which is ubiquitously and abundantly distributed along the coast of
Libong Island, Thailand (Pradit et al., 2020; Stankovic et al., 2021). This area is highly
impacted by various environmental problems such as the occurrence of microplastics
(Pradit et al., 2020) and heavy metals (Kobkeatthawin et al., 2021) because of the
increased human and agricultural activities. These situations should also have impacted
aquatic animals in the Libong Island area, but the assessment of aquatic animal health
from this area is limited. In this study, we used S. cucullata as a sentinel species to
monitor the environmental health in the Libong Island with a special focus on heavy
metals. The integrated biomarkers include the multi-organ histopathology, apoptotic
analysis, and heavy metal bioaccumulation. The health assessment index (HAI) and
Human Health Risk Assessment (HHRA) index were calculated to quantitatively
analyze the results. This report would provide valuable baseline data for the continuous
monitoring for the environmental status of Libong Island and would also be important

to assess the risk of humans who consume the oyster.

Statement of the Problem

The hooded oyster, Saccostrea cucullata from the coast of Libong Island that
has been affected by human activities was unhealthy. High levels of heavy metal
contaminations were also found in the selective tissue of oysters, indicating that they

are unsafe for human consumption.

Objectives
The purpose of the study is to monitoring the health status of aquatic animals
living in contaminated habitats can be a vital tool for assessing the level of exposure to

heavy metals. Within the two objectives as following:



1. To investigate the morphological characteristics, structure, histopathological
alteration and analysis of apoptosis in the soft tissue of the hooded oyster, Saccostrea
cucullata from Libong Island, Thailand.

2. To evaluate the concentrations of four toxic heavy metals (Lead, Cadmium,
Zinc and Copper) in the soft tissue of the hooded oyster, Saccostrea cucullata from
Libong Island, Thailand.

Expected outcome
This study has the expected outcome as follows:
1. Get the safety of oyster consumption
2. Get the contaminate level of heavy metal toxicity in oyster

Scope of the Study

The hooded oysters, Saccostrea cucullata, were field collected in April 2022 at
two locations in Libong Island, Thailand, including Stone Bridge. At locations close to
the sand beach there was minor life-threatening human activity. The Dugong Tourism
by Drones site there was major life-threatening tourist activity and near the seagrass
beds. The physical and chemical parameters of water were also recorded. Integrated
data were investigated with various biomarkers including morphological
characteristics, histopathological lesions, and apoptotic cells throughout the heavy
metal accumulation in selective tissues. Analysis of the integrated biomarkers was used
to evaluate the health risks of oyster consumption and assess safety for consumers

Key Words
Apoptosis, Histological analysis, Heavy metal analysis, Risk environment
assessment, Hooded oyster, Saccostrea cucullata (Born, 1778)



CHAPTER Il

LITERATURE REVIEW

1. Marine bivalves as sentinel species and biology of the hooded oyster
1.1 Marine bivalves as sentinel species

Use of sentinel species is currently a common method to assess
environmental contamination. Ideally the animal sentinel species used should be
abundant, easy to sample, and respond rapidly to exposure to toxins in contaminated
environments by accumulating the toxic substance in their tissue or organs. (National
Research Council, 1991; Aguirre-Rubi et al., 2018; Amadi et al., 2020). Marine
bivalves are well suited for use as sentinel species. They are filter-feeders consuming
microalgae and suspended organic matter through filtration of water. The large
filtration capacity of marine bivalves allows them to efficiently accumulate and
concentrate within their soft tissues a variety of substances dissolved in the water (Lu
et al.,, 2017; Baralla et al., 2021). Vaezzadeh et al. (2017) reported that mangrove
oysters, Crassostrea belcheri, were collected from mangrove forests on the west coast
of the Malaysian Peninsula, near areas of industrialization and urbanization. They
investigated polycyclic aromatic hydrocarbons (PAHS) in the soft tissue of this species.
The results showed concentrations of PAHSs ranging from 309 to 2225 ng g (DW) in
the mangrove oysters. This high concentration of PAHs accumulated in the oysters
affected other species connected via food webs. Swaleh et al. (2016) investigated the
bioaccumulation of heavy metals in two mollusk species (Saccostrea chocolate and
Mytilus edulis) which were collected from Tudor Creek in Mombasa, Kenya in areas
affected by human activities such as fisheries, tourism, and urbanization. The results
indicated that Saccostrea cucullata accumulated higher levels of cadmium and lead
than did Mytilus edulis, and that the amount represented a health risk to humans if

consumed.



1.2 The biology of hooded oysters

The hooded oysters, Saccostrea cucullata are a filter feeder in the aquatic
invertebrate group. They push water through their gills in order to feed on microalgae
and phytoplankton. These oysters live on a solid surface such as mangrove roots, rocks,
or manmade structures. Their habitat is the intertidal zone (Vaezzadeh et al., 2017)
Taxonomic classification (World Register of Marine Species / WORMS, 2018)

Order Ostreoida
Family Ostraeidae
Genus Saccostrea
Species Saccostrea cucullate (Born, 1778)

The shell morphology and hinge structure are used for classification. It is
reported that there are three main species of economic importance for fisheries in
Thailand: Saccostrea cucullata (Born, 1778), Crassostrea belcheri (Sowerby, 1871)
and Crassostrea iredalei (Faustino, 1932).

Hooded oyster reefs are usually found in coastal areas. The oysters’ shells
are composed mostly of calcium carbonate. There are two unsymmetrical halves of the
shell, which are referred to as the “valves” of the oyster. These valves (half shells) are
connected to one another at a hinge with a pair of adductor muscles, which control the
opening and closing of the valves. Within the hooded oyster, the mantle secretes the
valves. The ctenidia, commonly called the gills, are respiratory organs that siphon,
filter, and move suspended organic matter into the stomach. There is also a circulatory
system, albeit a simple one (Santhanam, 2018). Hooded oysters are hermaphrodite, with
most young individuals beginning life as male. Later on the sex ratio becomes
approximately equal as some become female, and in the end most individuals are

female.

1.3 Integrated biomarkers
Biomarkers in analytical chemistry and environmental science are
recognized as chemicals, metabolites, or changes in the body associated with an
organism's exposure to a chemical. Biomarkers have the potential to determine whether
exposure has occurred, the direction of exposure, the route of exposure, and the

consequence of the exposure. (Wikipedia, “Biomarkers of exposure assessment”). In



general, there are three types of biomarkers. One is biomarkers of exposure. These are
indicators of chemical exposure, in which biochemical and physiological changes are
observed in tissues exposed to toxins in contaminated environments. Thus biomarkers
of exposure are often used to assess the effects of toxic chemicals that may be harmful
to health. The second type is biomarkers of effect, which are indicators of organ
dysfunction after exposure to a toxic. Finally, there are biomarkers of susceptibility,
which are indicators of susceptibility in response to toxic exposure (Lionetto et al.,
2019).

In order to assess the health of the sentinel species, a bio-monitoring
program must be designed to study the effects of exposure on specimens living in
contaminated habitats. Histopathological alterations are a convenient method
/biomarker of effect which, through relatively simple procedures, can show the
presence of lesions in the target organs (Howard et al., 2004). For example, Hong et al.
(2017) conducted a marine environmental quality assessment near industrial areas in
Southern Malaysia state and East Malaysia. In that study, tropical oysters (Crassostrea
iredalei) were first examined for macroscopic symptoms and then processed for
histological analysis. The histopathology alterations including hypertrophy,
hyperplasia, and necrosis were found. Similarly, Os (2017) researched biomarker
responses of Crassostrea virginica to trace metals and water-quality parameters,
especially in terms of environmental stress, using histopathological observation
including gills, guts, gonads and interstitial tissues of the mollusk. Histopathological
lesions showed that those oysters are sensitive to environmental changes, which result
in atrophy of digestive diverticula and gill tissue.

Apoptosis is programmed cell death via extrinsic and intrinsic pathways that
can cause by infectious or effect of exposure to a contaminated environment, which
induced cell injury and cell death. Apoptotic cells were found both of aquatic
vertebrates and invertebrate including cnidarian, sea urchins and marine bivalves etc.
(Lasi etal., 2009; Galasso et al., 2019; Yavasoglu et al., 2016). Sunila and Banca (2003)
presented apoptotic cells in the oysters, Crassostrea virginica around Long Island
Sound in The United State. The oysters were infectious of Perkinsus marinus into
connective tissue such as gill, stomach and epithelium cells. The histopathological
lesion found the hemocytes. As well as the result of Yavasoglu et al. (2016) were



observed histological alterations in the hepatopancrease and gills including
degeneration in the digestive tubules, cellular swelling in the epithelial cells from the

Izmir coast at Turkey.

2. Libong island and its marine environmental problems

Libong Island is located in southern Thailand, where there are extensive
seagrass beds (more than 12,000 square meters). However, seagrass ecosystems are
currently being lost at the rate of 3.2% per year (Stankovic et al., 2021). Seagrass
ecosystems are endangered from various factors, both environmental factors and
anthropogenic activities such as trawl fishing, sedimentation, marine tourism,
construction at Kantang Port, coastal development with land reclamation, agricultural
wastewater runoff, industrialization, and urbanization. According to the Department of
Industrial Works (2021), Kantang District has a total of 49 industrial factories that
manufacture items such as food products, wood products, rubber products, auto parts,
and industrial manufacturing equipment. The wastewater discharged by many factories
into the Trang River does not meet established safety standards. A total of more than
2,570 cubic meters of treated wastewater are discharged every day, and these effluents
are often contaminated with toxic material, heavy metals, and organic material are
loaded into the river and accumulate in the sediment before being carried by tides out
into the sea. This causes environmental changes for aquatic organisms. However, there
have been no previous studies collecting integrated data assessing bivalve health in the

area.

3. Heavy metal pollution

Rapid industrialization, agriculture, and urbanization have caused increasing
pollution such as wastewater, garbage, and pesticide residues, all of which directly
affect the aquatic environment, especially at estuaries where there is a confluence of
rivers before they flow into the sea. Sediment and garbage often carry heavy metals and
other contaminants to an area. This can be seen in the results of an impact study on
dredging the seabed for Gladstone Harbour, a port near the Great Barrier Reef in
Australia. Dredging can also cause the direct death of seagrass beds and contamination
of aquatic organisms with copper, arsenic, zinc, PAHs, and TBT (Dennis et al., 2016).



Kantang Port is located at estuaries, and it is a busy center of boat construction,
including the painting of boats. Antifouling paint is used to coat boat hulls to protect
them from barnacles, and this practice is highly toxic to the aquatic environment (Bryan
et al., 1986). Particularly for marine bivalves, the high toxicity of antifouling paint can
cause abnormal valve morphology and also affect female growth in some species,
resulting in a decrease of the marine bivalve population (Landos et al., 2021).

Hooded oysters, Saccostrea cucullata are a popular seafood for tourists and a
commercially important export, but they usually have heavy metal contamination from
their habitat. Heavy metals are generally considered those with a specific density higher
than 5 g cm™, which makes them slow to decompose and enables them to accumulate
in the environment for a long time. Heavy metals vary in the intensity of their toxicity
to consumers. In particular, mercury, lead, cadmium, and copper are classified as heavy
metals with high toxicity to human health, damaging the nervous system, liver, kidneys,
and immune system, for example. Although in Thailand contamination of seafood by
heavy metals and toxins is not supposed to exceed the standards set out by Public Health
Ministry Order No. 414 in 2020, seafood is usually found to exceed those standards. In
response to such contamination issues, Wang et al. (2018) developed a method for
environmental monitoring of coastal pollution in China. They used the Hong Kong
oyster, Crassostrea hongkongensis, as a biomarker to assess coastal pollution, and the
results of that study as well as another showed that heavy metals such as lead, cadmium
and copper exceeded the standards set by China’s National Food Safety Standard for
Healthy Foods (Lu et al., 2017). Thus, monitoring the health status of aquatic animals
living in contaminated habitats can be a vital tool for assessing the level of exposure to
heavy metals. Data collected in this way can help improve and ensure the safety of

oysters consu med.

3.1 Toxicity of heavy metals on aquatic organisms
Heavy metals are environmental pollutants caused by human activities.
Common heavy metals found in aquatic environment were copper, zinc, lead, and
cadmium. Its can cause chronic and acute toxic poisoning and are usually found
contaminated in oysters. Therefore, many consumers believe that these metal elements

in oysters are harmful to human health. Metal elements are usually present in the aquatic



environment. Oysters absorb heavy metals from food and water flowing through their
gills. Heavy metal uptake is often food-chain dependent and can be increased by
bioaccumulation and subsequent biomagnification. These heavy metals and their

effects on humans and the environment are summarized below.

3.1.1 Cadmium (Cd)

Cadmium is a nonessential metal with no biological function in
aquatic animals (Rodney et al., 2007). Aside from chronic exposure, cadmium can
affect marine organisms' growth, reproduction, immune system, and development, and
behavior (Pham, 2020). In the environment, cadmium forms free cadmium ions (Cd?*).
These cadmium forms are the predominant mode of toxic responses in aquatic
organisms. Water quality contributes to the transformation of cadmium to a state that
is toxic to aquatic animals, such as pH, dissolved organic matter, and salinity. In marine
environments, dissolved cadmium is predominantly a chloride complex associated with
salinity. The toxicity of cadmium to aquatic organisms increases with decreasing
salinity (Sun et al., 2018). This data can be found in estuary conditions. For example,
in an oyster’s habitat in an estuary, the eastern oyster Crassostrea virginica was
exposed to cadmium in different concentrations in seawater for 96 h. The gills and
digestive glands of the oyster were also determined when exposed to Cd (Adeyemi and
Deaton, 2012).

Cadmium-contaminated water and food are absorbed in the stomach
when ingested. The biological cadmium uptake pathways are the gastrointestinal and
respiratory tracts. It has serious consequences in the blood by binding to high molecular
weight proteins. It is also reported to cause various changes in the ecology of organisms
because it accumulates mainly in the liver and has a half-life of 30 years (He et al.,
2023). Due to cadmium poisoning, chronic exposure to Cd may cause kidney disease
called "ltai-itai” (Nishijo et al., 2017). According to the United Nations Food and
Agriculture Organization (FAQO), the permitted level of cadmium in oysters is 0.2
mg/kg, which is the upper limit of consumption. Moreover, physical symptoms such as
headaches, colds, sore throats, and sore hands may appear after eating cadmium-
contaminated food. Long-term exposure to cadmium can lead to kidney disease and
weak bones (He et al., 2023).



3.1.2 Lead (Pb)

Lead distribution in the sea depends on its chemical form; water
quality such as acidity or alkalinity (pH), salinity, oxidation state, flow rate, suspended
solids, and minerals; and organics. In particular, pH is of paramount importance in
modulating the chemical properties of lead, such as solubility, precipitation, or organic
complexation. In the environment, lead is contaminated in the river and deposited into
the sediment, where its availability has adverse effects on aquatic organisms (Wang et
al., 2022). The bottom sediment, as a sink in rivers or seas, can stay for longer periods
and has limited mobility. Once absorbed in sediment, the lead compound reacts with
other chemical species and transforms into a water-insoluble form (Fukunaga et al.,
2011). Lead has a short half-life, adsorption, desorption, precipitation, and dissolution.
The level of concentration can be decreased in the sea.

Among marine invertebrates, oysters are powerful filter feeders that
absorb substances from water and food faster than losing these substances through
metabolism and excretion. For example, in the marine bivalve species, Crassostrea
rhizophorae, there is a detoxification mechanism that reduces lead toxicity by
collecting lead in granules in the digestive glands (Wanick et al., 2012). Similarly,
Fukunaga and Anderson (2011) reported that they found lead in low concentration in
Macomona liliana due to its strong binding affinity to sediments and suspended
particulate matter. However, we cannot exclude the possibility of high excretion rates
by these oysters, resulting in low bioaccumulation. For this reason, these affinities may
reduce organisms' absorption rate of this metal.

Bivalves can accumulate large amounts of heavy metals, especially
lead, and their meat consumption can pose potential risks. Acute toxicity from ingestion
of contaminated food is rare, but chronic exposure may have undesirable toxic effects.
Lead is absorbed into the body and circulates through the circulatory system. It binds
with red blood cells instead of iron (Fe*?), an essential metal for red blood cell
formation, causing anemia. According to the Food and Agriculture Organization of the
United Nations (FAQ), oysters' maximum permissible lead concentration is 0.3 mg/kg.
Also, the U.S. Environmental Protection Agency has proposed that in 2021, 40 ug/dl of
lead per day is the upper limit for adults and 10 ug/dl of lead per day for children.



3.1.3 Copper (Cu)

In coastal environments, natural concentrations of copper (Cu?*) are
low, but they are increasing due to human industrialization. At high concentrations,
copper becomes toxic, affecting the metabolic processes of marine organisms. The toxic
free-ion concentration of copper (Cu?*) is predicted to increase by 115% in coastal
waters in the next 100 years due to reduced pH (Pascal et al., 2010). Increased
anthropogenic activities such as urbanization, industrialization, and agriculture can
cause wastewater discharge into rivers containing a toxic form of copper called copper
(1) sulfate (Cu2SO4). The increase in copper concentrations, which involves water
quality, happens if the pH decreases and temperature increases in the aquatic system
(Mesquita et al., 2019). The copper toxicity mechanism can explain these processes. In
toxic form, it can act to begin the redox cycle. Hydrogen peroxide is converted into a
hydroxyl free radical via a catalytic process and produces highly unstable reactive
oxygen species (ROS), such as O and HO". For this state of copper toxicity, the metal
can interact with functional groups, including carboxyl, hydroxyl, and sulfhydryl.
Several studies have shown that increased ROS production can affect many metabolic
pathways, such as glycolysis, protein, fatty acid, and amino acid metabolism. Moreover,
cadmium toxicity does not only increase cellular ROS levels but also causes changes in
lipid peroxidation and glutathione (GSH) levels in various cell types, suggesting that
Cu-induced apoptosis may be associated with oxidative stress. (Galaris & Evangelou,
2002; Ferreira-Cravo et al., 2009; Chiarelli & Roccheri, 2014). In toxic form, copper
(1) sulfate is very harmful to marine invertebrates such as crustaceans, cephalopods,
and bivalves. In some species of bivalves or some of their life stages, this metal is found
in the hemocyanin protein used for respiration, so the high concentrations of Cu
detected should be considered with caution (Ferreira-Cravo et al., 2009; Mesquita et
al., 2019). Moreover, high levels of copper are toxic to aquatic animals and may lead
to cellular damage, such as histopathological changes in exposed oyster gonads and
digestive glands (Osuna-Martinez et al., 2011).

Cu is often contaminated in oysters. In 2000, the Food and
Agriculture Organization/World Health Organization recommended limiting Cu levels
in oysters to 0.05 mg/kg. Also, ingestion of more than 1 g of copper sulfate could result



in chronic or long-term exposure to high levels of toxicity. Clinical symptoms of this

condition include diarrhea, headache, and in severe cases, could induce renal failure.

3.1.3 Zinc (Zn)

Zinc is widely distributed in the environment and is an essential
trace element for aquatic organisms and humans (Li et al., 2018). In nature, free Zn?*
ions are the predominant inorganic Zn species in most natural waters. Zn is already the
most abundant trace metal in most marine environments, with natural concentrations in
coastal waters ranging from about 0.1 to 20 micrograms per liter (Osuna-Martinez et
al., 2011). It’s often found in high concentrations in sediments (Li et al., 2018). It is
strongly bound to organic compounds in the blood of benthic animals, with a half-life
of about 21 days. (Wang et al, 2022).

Oysters are a high source of Zn. The Zn concentrations in oysters
can reach 1-5%o of dry tissue weights. The higher accumulated zinc contents without
apparent toxicity indicate that oysters may have evolved a unique and mechanism
intriguing zinc metabolic (Kong et al., 2020). Oysters absorb zinc from the water
column through their gills and body surface, as well as by ingesting particulate matter.
Also, oysters have the ability to regulate tissue zinc concentrations at very high levels.
From previous studies, the Hong Kong oyster, Crassostrea hongkongensis, was
obtained from sites contaminated in China, they found the oysters accumulated with
different concentrations of heavy metals including zinc, copper, manganese, and lead.
This investigation indicated that oysters respond to long-term heavy metal
contamination. It has a high concentration of approximately 3.0% of Zinc (Luo et al.,
2014). Moreover, Hietanen, Sunila, & Kristoffersson (1988) reported that the lethal
concentration (LCsp) of 20.8 mg Zn/l showed an acute inflammatory response in the
gills with dilated branchial veins, and the post lateral cells were swollen.

According to the National Institutes of Health, 40 mg of zinc per
day is the upper limit for adults. Zn toxicity is a medical condition involving an
overdose or toxic overexposure to Zn. Such levels of toxicity have been observed with
Zn ingestions above 50 mg. Clinical symptoms of adverse effects from high Zn intake

include nausea, vomiting, anorexia, abdominal cramps, diarrhea, and headache. These
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clinical symptoms are associated with chronic effects such as weakened immune
function (NRC, 1991).

3.2 Effects of heavy metal toxicity on aquatic organisms

Marine pollution with heavy metals becomes a severe situation for the aquatic
environment and the organisms when concentrations of heavy metals exceed safe limits
(Chiarelli and Roccheri, 2014). This impact caused by various anthropogenic activities
released into rivers and seas has induced poor water quality. This is the leading cause
of the increased hardness of heavy metals in the aquatic environment. Heavy metals are
stable compounds, non-biodegradable, tend to accumulate in sediments, and have long
half-life periods in the environment, making them hard to manage. Benthic animals take
up heavy metals in sediments in a process called bioaccumulation. In the aquatic
environment, phytoplankton is the primary product ingested by zooplankton, and then
larger animals feed on these contaminated organisms, absorbing toxins into their bodies
and increasing their concentrations in a process known as biomagnification. The metals
can cause severe toxicity in aquatic animals by producing reactive oxygen species
through oxidizing radical production and inducing the development of oxidative stress
is the underlying molecular mechanism of metal toxicity (Lushchak, 2011). This
process could result in physiological changes such as the immune system; causes
decreased phagocytic activity or tissue and organ damage, and an inflammatory
response such as program cell death, growth defects, and reduced reproductive ability.
(Cheng & Sullivan, 1984; Yavasoglu et al., 2016). However, physiological changes in
bivalves are a sign of alterations in the rates of filtration, feeding, growth, respiration,
and reproduction. Guzman-Garcia and team (2008) reported that they monitor metal
concentrations, including cadmium and lead in the Mandinga Lagoon in the Mexican
State, which is affected by increased industrialization. The histopathological alteration
in Crassostrea virginica, the digestive gland presented hyperplasia of epithelial cells in
the tubules, the presence of brown vesicles, and an increase in hemocytes and necrosis
correlated with environmental pollutants increased brown blood cell counts associated
with inflammatory responses along with blood cell at the site of inflammation. These

changes represent mechanisms of pollutants.
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4. Risk assessment
Three main steps when responding to risk: Risk Assessment, Risk Management,
and Risk Communication. These are shown in Figure 1.
4.1 Risk Assessment
Risk Assessment is the identification, analysis, and quantification of risk. This
assessment determines the level of risk associated with a hazard, and four levels are
commonly used: very high risk, high risk, medium risk, and low risk (Taylor, 2008).
The four steps within Risk Assessment are described below.
4.1.1 Hazard Identification
The process of familiarization with the risk of a heavy metal or other
hazard by researching its characteristics in previous literature.
4.1.2 Hazard Characterization
Describes dose-response assessment after human exposure. This is
assessed from the relationship between the toxin levels of exposure and adverse effects
on health.
4.1.3 Exposure Assessment
The process of carrying out quantitative and qualitative evaluations of
heavy metal exposure, for example the degrees of seriousness depending on different
exposures, and the residue levels that are harmful to health.
4.1.4 Risk Characterization
The last of the four steps of risk assessment. This integrates the data to

analyze and summarize the probable risks and potential risks to consumers.



12

4.2 Risk Management
The process of forming risk data into guidelines. These guidelines should
be practical and also very clear, in order to avoid misinterpretations. There are four
steps within evaluation, as follows:
4.2.1 Risk evaluation
4.2.2 Development of risk management plan
4.2.3 Implementation of risk management plan
4.2.4 Monitoring and review
4.3 Risk Communication
The dissemination of information to the public on health risks and
recommended actions. This enables people to make informed decisions for their safety

and reduce anxiety related to the relevant risks.

Risk Assessment Risk Management Risk

- Hazard Identification - Risk Evaluation Communication

- Hazard - Plan development - Sharing of
Characterization - Implementation information with the
- Exposure Assessment - Monitoring and community

- Risk Characterization review

Figure 1 Three main steps when responding to risk are: Risk Assessment, Risk
Management, and Risk Communication (modified from Bekiari and Manoli,
2016).



13

CHAPTER Il

METHODOLOGY

1. Study areas and Saccostrea cucullata collection

The hooded oyster Saccostrea cucullata was hand- collected from intertidal
regions at two sites in Libong Island, Thailand. The Stone Bridge site (7°16'17.9"N
99°22'38.3"E) is the sand and stone beach, whereas the Dugong Tourism by Drones
site (7°13'20.6" N 99°24'08.3"E) is close to the seagrass beds, as showed in Figure 2.
Thirty-six individuals per site were collected and transported alive in polyethylene bags
to the Histology Laboratory at the Medical Science Academic Service Centre under the
laboratory quality standard (Number 2-0100-0004-8), Faculty of Medical Science,
Naresuan University. All procedures were performed under the Naresuan University
Animal Care and Use Committee under process number NU-AQ650303. The following
water quality parameters were recorded using a portable water quality checker
(HORIBA, Japan): dissolved oxygen (DO), water temperature (WT), salinity (S), total
dissolved solids (TDS), and electrical conductivity (EC). The TDS and EC values were
used to calculate the K value.
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Trang

Figure 2 The sampling sites at Libong Island, Thailand. (A-B) Overview of
Libong Island. (C-E) The two Saccostrea cucullata’s collection areas on this
island include the Stone Bridge site (Blue head arrow, D) and the Dugong
Tourism by Drones site (Yellow head arrow, E).

2. Morphometry and morphological examination

Morphometric measurements and gross anatomy examination of the S.
cucullata were performed according to the standard methods of the OIE Diagnostic
Manual for Diseases of Aquatic Animals (OIE, 2021). Species identification was based
on major morphological characteristics of the oyster shell according to Cardoso et al.
(2021). The shell length was measured from the longest axis of the shell to determine
the size distribution using a vernier caliper to measure the shell height, shell length, and
shell width to the nearest 0.01 mm, as showed in Figure 3. The soft tissue weight was
also recorded using a digital scale to an accuracy of 0.01 g to assess the growth of this
oyster. The condition factor (CF) was calculated to assess the general health condition
and growth (Lim et al., 2020) using the following equation: CF = 100W/L3, where W
is the weight (g) and L is the total length (cm).
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Figure 3 Morphometric measurement of the S. cucullata. Shell height (A), shell
length (B), and shell width (C) all in millimeters (Cardoso et al., 2021)

3. Histological evaluations

The sampled S. cucullata were euthanized by a rapidly cooling shock and were
separated into two groups for the histopathological analysis (n = 6 individuals per site)
and measurement of heavy metal bioaccumulation (n=30 individuals per site; stored at
-20 C). The samples in the first group were opened with an oyster knife by cutting the
adductor muscle following the standard method (OIE, 2021). The samples were then
dissected with a microtome blade, firstly at the gill-palp junction and secondly at 4 mm
posterior to the first cut (Fig 4A-4B), followed by fixation in 10% neutral-buffered
formalin fixative for 24 hr at room temperature. The fixed cross-sections were subjected
to the decalcifying agent (Surgipath Decalcifier 1) for 3 hr at room temperature and
were processed by the standard histological technique (Fig 5A-5B, Table 1, Howard et
al., 2004; Kongthong et al., 2022). The paraffin blocks were sectioned at 4 um thickness
with a rotary microtome and stained with Masson's trichrome staining (MT, Fig 7) to
observe histopathological alterations. The details of the histological slides were
subjected to visual examination in Table 2. The multi-organ histopathological
assessment (gills, digestive gland, gonads and mantle) was performed by visual
examination using a light microscope and a PANNORAMIC Digital Slide Scanners
(3DHISTECH) and histomorphometric evaluation using imageJ analysis (Fig 8). We
also calculated the health assessment index (HAI) to assess the oyster health condition

in the field using a modified protocol of Adams et al. (2010).
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Figure 4 Hooded oyster, Saccosstrea cucullata. (A) Transverse sections were
collected (between the lines) by performing two plans with a Low-Profile
Disposable Microtome Blade. (B) Gross anatomy of S. cucullata.
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Figure 5 Schematic diagram for the entire experimental procedure. (A)
Flowchart for the all steps of the protocol. (B) Schematic diagram illustrating the
procedure for embedding large organs (take the macaque hemisphere as

example, Kongthong et al., 2022).
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Figure 6 Schematic diagram for the entire experimental procedure showed
Hematoxylin & Eosin staining protocol for S. cucullata samples (Kongthong et
al., 2022)
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Figure 7 Masson’s trichrome staining protocol for S. cucullata samples
(Kongthong et al., 2022)



Table 1 The tissue processing protocol for S. cucullata samples

No. Process Time (min)
1 70% Alcohol 30
2 80% Alcohol 30
3 90% Alcohol 30
4 95% Alcohol I 90
5 95% Alcohol Il 120
6 100% Alcohol I 120
7 100% Alcohol Il 120
8 100% Alcohol Il 120
9 Xylenel 90
10 Xylene Il 120
11  Xylene : Paraplast (1:1) 60
12 Paraplast | 90

Source: Kongthong et al. (2022)

20
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Table 2 Histological characteristics of S. cucullata observed in this study

Organs/Cells Morphometric descriptions

Gill filament The length of the gill lamellae from base to apex (n = 50

per individual sample of size distribution)

The mantle epithelium (n=50 per individual sample of size

Mantle epithelium o
distribution)

o The diameter of primary ducts ( n=50 per individual
Digestive tubule S
sample of size distribution)

Mucous-secreting Types of mucous-secreting cells: oval, cup-shaped, pear-
cell (Msc) shaped, stick-shaped

Types of germ cells: male, female, hermaphrodites, or

Gametogenic cell and asexual reproductive patterns

tissue Gametogenesis and gonadal maturation

Oogenic differentiation

Source: Yonge (1926); Di et al. (2012); Zhang et al. (2019); Garcia-Corona et al.
(2018); Castilho-Westphal et al. (2013)



22

mage)
Fie Edt Tw Process Anshze Pugns Window Help Fle Et Wmage Process Anahze Plugins Window Help Fie [N nage Process Anyze Plgins Window Help
|- DAV ARIENT NI, [ (P 4KV - "

] undo Cut

2. Set scale 3. Clear outlines

— =
Fie ot [N Process Aeshze Pigns Window Hep Fle Edt Imoge Process Anayze Phgins Window Help

[=lfelfe] - PAPALENVNFIEL I (P AR AP

5. Converts to 8-bit grayscale

Process Anshaze Pugns Window Help

Alolald o /)8~

Pugns_ Wedow Hep

fol I (P ANV

Fie Edt image Proces

oolglo

TS e s
S R

8. Analysis particles 9. Outline of result 10. Results

Figure 8 Digital image analysis process from ImageJ for the S. cucullata

4. In situ apoptosis detection using the TUNEL assay

The remaining unstained sections from the previous step were subjected to the
TUNEL assay using an in situ TUNEL detection kit (Abcam, UK., Cat No: ab206386)
according to the manufacturer’s protocol. Briefly, the samples were deparaffinized in
xylene, rehydrated in an ordered series of ethanol, rinsed with 1x Tris Buffered Saline
(TBS) (pH 7.6), and then permeabilized by the proteinase K solution at room
temperature for 20 min. All sections were submerged in 30% H.O, at room temperature
for 5 min for inactivation of endogenous peroxidases and rinsed with TBS. The samples
were equilibrated with the TdT Equilibration Buffer at room temperature for 30 min
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and incubated with TdT Enzyme in below 22 °C for 1.5 h in a humidified chamber,
followed by termination of the enzymatic reaction using blocking buffer (10 min). The
samples were incubated with horseradish peroxidase solution (HRP) for 30 min at room
temperature. Finally, the slides were stained with the diaminobenzidine system (DAB)
and counterstained with methyl green for 1-3 min. After counterstaining, the tissue
sections were dehydrated in a graded series of ethanol, cleared in xylene, and mounted
with permount media. The TUNEL-positive cells from the stained sections were
analyzed using a light microscope and scanned with a PANORAMIC Digital Slide
Scanner (3DHISTECH). The density of apoptotic cells was calculated by counting them
at 40x magnification in specific areas. Apoptotic cells were subjected at 40x
magnification and calculated area of the selective organ including gill lamellae (n=10
per individuals), digestive tubule (n = 50 tubules per individual), mantle (n=5 area per
individuals), testis (n = 10 follicles per individuals) and ovary (n = 10 follicles per
individuals) using ImageJ software. The percentage of TUNEL-positive cell density
was then calculated based on the number of positive cells/the total number of cells
(positive + negative) and the multiplication of the ratios by 100 (Ceylan & Kaptaner,
2019).

5. Heavy metal analysis

The selected organs of S. cucullata including gonads, digestive gland, gills, and
mantle (n = 30 individual samples per area) were dissected and separated from the
ventral side located the gills and mantles and inside is the digestive gland and gonadal
organ. It is conducted according to to the standard method from AOAC (2005). About
20 g of each organ were oven-dried at 105 °C for 48 h or until a constant weight. The
resulting powdered organs of about 0.5 g of dry weight with three replicates (so total
number of samples n = 3 per treatment) were ached at 450 °C for 8 hr using a furnace
(Carbolite RWF 11, US), for this process the sample was white/grey color. The digested
samples were done by using 10 mL of di-acid mixture solution having a 1:1 ratio of
concentrated HCI" and HNOgz, evaporated on the hot plate between 120-150 °C for 30
min — 1 h. The final volume was adjusted as 50 mL in a volumetric flask, and the
solution was filtered using a filter paper and transferred to a plastic bottle. The
concentration of heavy metals including cadmium (Cd), Copper (Cu), Lead (Pb), and
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Zinc (Zn) were analyzed using an atomic absorption spectrophotometry (AAS, Model
PinAAcle 900 F, PerkinElmer, USA). The specific parameters used for each element
are shown in Table 3. The standard recovery percentage of heavy metals ranged from
98.50-99.10%. All tests were displayed as Mean + Standard error (X £ SE).

Table 3 AAS instrument parameters

Parameters Zn Cu Cd Pb
Wavelength (nm) 213.9 324.7 228.8 283.3
Detection limit (mg/l) >0.7 >0.2 0.175 0.53

Source: Bekiari and Manoli (2016)

6. Human Health Risk Assessment (HRA)

We assessed the potential impact of the hooded oyster from Libong Island on
human health using the human health risk assessment (HRA, Wuana et al., 2020). The
hazard quotient (HQ), which first required determining the Chronic Daily Intake (CDI).
The CDI was the daily dose of heavy metals (mg/kg-day) to which consumers might be
exposed, and it was calculated with the following equation, using the input parameters
defined in Table 4:

_ CSx EFXEDx IR
= AT x BW
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Table 4 Input parameters to calculate CDI

Factor/parameter Symbol Unit

Concentration of heavy

metal in oyster CS Mg/kg
Exposure frequency EF 360 days / years
Exposure duration ED 30 days / years
Ingestion rate IR 0.082 kg/day/person
Averaging time AT 365 days / year*ED
Body Weight BW 50 kg

Source: Denil et al. (2017), USEPA (2002)

Once the CDI was calculated, the hazard quotient (HQ) used following

equation:

CDI
Rfd

HQ =
Where: Rfd was the Reference Dose for Chronic Oral Exposure (mg / kg-day).
The oral toxicity reference dose (RfD) values for the four heavy metals tested in this

study are shown in Table 5.

Table 5 The oral reference dose (RfD) for the four heavy metals tested in this

study
Heavy metal Rfd (mg / kg per day)
Cadmium, Cd 0.001
Lead, Pb 0.0035
Copper, Cu 0.040
Zinc, Zn 0.3

Source: USEPA, 2011
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The hazard quotient (HQ) is used to define 4 hazard risk levels, as showed in
Table 6.

Table 6 HQ values and corresponding hazard risk levels

Index values Degree of hazard
HQ<0.1 Represents acceptable level
0.1>HQ<1.0 Low
1.1>HQ <10 Moderate
HQ > 10 Severe

7. Statistical analysis

7.1 The water quality parameters, morphometric observations, condition factors,
the mucous-secreting cell (Msc) density, and gametogenic histology data that were
represented as mean£SE. The unpaired t-test was used to compare these values between
locations. The Msc and gametogenic histology data were subjected to Two- way
ANOVA to determine statistical differences at p<0.05.

7.2 The histopathological scores, the number of apoptotic cells, and the heavy metal
concentrations were expressed as mean = SD. The histopathological score, density of
apoptotic cells, and heavy metal concentrations were subjected to two-way ANOVA to
detect significant effects of sampling sites and organs The Bonferroni test and Welch’s
t-test were used as the post-hoc test. (GraphPad Prism for Windows version, R ver.
4.3.1).
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CHAPTER IV

RESULTS

1. Water quality parameters
The water quality parameters including DO, pH, salinity, turbidity, TDS and
EC were not significantly different between locations (Table 7), except for water
temperature. The water temperature at the Dugong Tourism by Drones site was
significantly higher than at Stone Bridge. The K values calculated from TDS and EC
were 0.61 at both sites.

Table 7 The environmental factors between the sampling sites

g Dugong Tourism
Stone Bridge

Environment factors by Drones Standard Range
mean+SE mean+SE

Dissolved Oxygen (m/L) 6.46+0.49 6.35+0.42 >5 mg/L
Water temperature (°C) 31.71+0.07* 33.73+0.90%* 25-30 °C
pH 8.26+0.37 8.85+0.24 6.5-9.0
Salinity (ppt) 31.13+0.15 31.47+0.07 20-30 ppt
Turbidity (NTU) 0.00 22.67+4.52 40 NTU
Depth (m) 0.88+0.09 0.78+0.12 -
Total Dissolved Solids: TDS (g/L) 29.17£0.12 29.47 £ 0.07 -
Electrical Conductivity: EC (ms/cm)  47.83+0.20 48.30 £ 0.10 -
K ratio between TDS and EC 0.61 0.61 >0.7

Note: Values are represented as mean+SE (n=3). Significant differences between two

locations (*p<0.05). SE, Standard Error; ppt, part per thousand; NTU,

Nephelometric Turbidity Unit.
Source of the standard range: Howard et al. (2004); Rusydi (2018)
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2. Shell size distribution in relation to histological development

The shell size distribution of S. cucullata was classified into five groups based
on the shell length: 1-2, 2.1-3, 3.1-4, 4.1-5 and 5.1-6 cm (Table 8). The oysters from
the Stone Bridge area were generally smaller than those from Dugong Tourism by
Drones (Table 8). The highest and lowest mean condition factors (CF) were found in
the size group of 1-2 cm (6.31+1.67) and 5.1-6 cm (0.95+0.48) from Dugong Tourism
by Drones, respectively (Table 9). In the size groups of 2.1-3 to 4.1-5 cm, the mean
condition factors were higher in individuals from the Stone Bridge than those from
Dugong Tourism by Drones. Under panoramic figures, several organizations including
the digestive gland, gills, and mantle epithelium tissue were histologically identified
(Fig. 8A).

The digestive gland (or hepatopancreatic tissue) was composed of several
blind-ended tubules, each of which could be divided into the primary and secondary
ducts (Fig. 8B). The primary ducts were connected to the stomach wall (Fig. 8B). The
smallest and largest primary ducts were 105.4+3.03 pm in the 1-2 cm size group and
139.9£3.63 pm in the 5.1-6 cm size group, respectively, both of which were observed
in S. cucullata from the Dugong Tourism by Drones. However, there were no
significant differences in the average diameter of the primary and secondary ducts
between S. cucullata from the two locations.

The gills structure of S. cucullata was made of V-shaped demi- branches,
which were clearly separated by the central axis (Fig. 8C). Each short gill filament
extended toward either side of the axis, and the cilia observed on their surfaces were
expected to produce the respiratory current (Fig. 8C). The gill filaments were divided
into two rows and three zones, including the frontal, intermediate, and abfrontal zones
(Fig. 8C). The anterior surface of the gill filament was covered with the cilia (Fig. 8C).
The longest gill lamellae was observed in S. cucullata from the Dugong Tourism by
Drones (280.2+7.90 um in the 5.1-6 cm size group), whereas the shortest was recorded
in the 3.1-4 cm group from the Stone Bridge (127.8+3.29 um, Table 2). It was
interesting that the mean lengths were significantly different between locations ( Table
8).

The mantle of S. cucullata was covered with the vesicle mass, which

histologically consisted of two epithelium layers including outer epithelium and inner
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epithelium separated by haemolymph sinuses and connective tissues (Fig. 8D). Both
the thickest (31.24+3.03 um in the 1-2 cm group) and thinnest (73.78+3.08 um in the
4.1-5 cm group mantle epithelia were found in S. cucullata from Dugong Tourism by
Drones (Table 8). The lengths of mantle epithelium were significantly different
between the 4.1-5 cm size groups from the two locations ( Specific F value= 0.8605,
p<0.0001).

Table 8 Morphometric measurement based on the different sizes of S. cucullata

between Stone Bridge and Dugong Tourism by Drones site

Stone Bridge Dugong Tourism by Drones
. Diameter of . Length of Diameter of . Length of
Size digestive Length of gills mantle digestive Length of gills mantle
tubules (um) (Hm) epithelium tubules (um) (um) epithelium
(m) (m)
1-2cm - 105.4+3.03  152.345.46 31.24+3.03
2.1-3cm 120.9+3.18 127.843.29%** 45.27+3.18 121.9+3.81 192.14£3.92%** 43.62+3.81
3.1-4cm 126.9+2.66 145.744.33%* 4551+2.66 112.8+2.98  157+3.21%** 45.05+2.98
4.1-5cm 129.3+2.93 181.2+8.45 60.72+2.93*** 133+3.08 172.2+5.62 73.78+3.08%**
5.1-6cm - - - 139.9+3.63  280.2+7.90 67.07+3.63

Note: Values are represented as mean+SE (n=6). Significant differences between
Stone Bridge and Dugong Tourism by Drones (**p<0.01; ***p<0.0001).
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Table 9 The condition factor (g/cm?3) of the sampled S. cucullata between Stone

Bridge and Dugong Tourism by Drones site

Stone Bridge Dugong Tourism by Drones

Size Number of
distribution individuals meanSE meanzSE
1-2 cm 10 - 6.31+1.67
2.1-3cm 10 4.25+2.18 2.01+0.82
3.1-4 ¢m 10 3.93+1.41 2.16+0.68
4.1-5cm 10 2.01+0.46 1.27+0.45
5.1-6 cm 10 - 0.95+0.48

Note: Values are represented as mean£SE (n =10). SE, Standard Error.
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Figure 9 Histological observations of different tissues of S. cucullata. (A) The
cross-section of S. cucullata showed the position of the digestive gland, gills, and
mantle epithelium tissue. (B) Digestive gland histology showed the primary and

secondary ducts. (C) Gill filaments extended toward the side; the cilia were

observed on their surface. (D) The mantle layer in the vesicle mass with the

connective tissue. Abbreviations: Dg, Digestive gland; pd, primary ducts; sd,
secondary ducts; G, Gills; c, cilia; M, Mantle; Go, Gonad.
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The gonadal follicles contained reproductive cells and developed in the vesicle
mass (Fig. 9A). The gonads of S. cucullata revealed to be protandric from the 1-2 cm
size group (Table 10). The male gonads were firstly formed with the blind-end testicular
follicles containing spermatogonia (46.0+£24.54 cells of 2.1-3 cm at Stone Bridge)(Fig.
9B, Table 10). Primary spermatocytes, secondary spermatocytes, spermatids, and
spermatozoa were also identified in the 1-2 cm size group from Stone Bridge (Figs 9C-
9D, Table 10), and there was a tendency that male reproductive cells were more
differentiated in larger size groups (Table 10). No significant differences in the number
of spermatogenic cells were found between S. cucullata from Stone Bridge and Dugong

Tourism by Drones site.

Figure 10 Light microscope observation of the male gonad of S. cucullata. The
spermatogenesis was observed in the visceral mass. (A) The mature gonad in
gonadal acini (GA), (B) and spermatogonia (arrow). (C-D) The gonadal
acinicontained primary spermatocytes, secondary spermatocytes, Spermatids
and spermatozoa. Abbreviations: Sg, Spermatogonia; Psc, Primary
spermatocytes; Ssc, Secondary spermatocytes; St, Spermatids; Sz, Spermatozoa.
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Table 10 Type of male gonad of the S. cucullata from Stone Bridge and Dugong

Tourism by Drones site

Spermatogenesis stage

Locations Size Number of
distribution individuals . Primary Secondary .
Spermatogonia Spermatids Spermatozoa
(cells) spermatocytes spermatocytes (cells) (cells)
(cells) (cells)
2.1-3cm 6 46.0+24.54 434.67+82.96 272.0£161.7 632.0+378.60 524.7+412.6
s:?dngee 3.1-4cm 6 6.67+4.18 103.3+59.83 230.3+£126.0 216.7+18.98 506.7+45.08
4.1-5¢cm 6 9.67+3.76 479.3+88.37 602.0£192.3 559.7+126.4 1306.0 + 295.4
1-2cm 6 12.67+5.24 49.33£3.67 49.67+6.69 40.33+9.94 15.33+5.04
Dugong
Tourism by 2.1-3cm 6 19.67+0.67 133.7+29.36 145.7+43.35 292.3+72.26 143.7+23.84
Drones
3.1-4cm 6 9.67+5.21 177.7+45.04 301.7£179.0 345.0£183.0 201.0+£54.67

Note: Values are represented as mean+SE (n=6). No significant difference between

Stone Bridge and Dugong Tourism by Drone areas (p >0.05).

3. Gonad development

Undeveloped female gonads were observed in the 1-2 cm size groups. The
ovary was histologically surrounded by a thin acini wall and contained developing
oocytes (Figs 10A-10B), which were classified into oogonia, immature oocytes,
maturing oocytes, and mature oocytes (Table 11). Oogonia was prominently observed
in the 2.1-3 cm size group (6.67£2.40 cells) from Dugong Tourism by Drones ( Fig.
10B, Table 12). Immature oocytes had a polyhedral-shaped nucleolus at the peripheral
area (9.67+2.33 cells of 4.1-5 cm at Stone Bridge) (Table 12). The mature oocytes had
a polyhedral- shaped voluminous nucleus surrounded by the basophilic cytoplasm
(9.0£0.58 cells of 4.1-5 cm at Stone Bridge) (Figs 10C-10D, Table 12) and completed
in the spent stage. The development of mature oocytes was still seen, but the stromal
compartment as well as the loose connective tissue was also increased (Figs 10E-10F,
Table 12). However, no statistically significant differences in the ovarian activity were
found between S. cucullata from Stone Bridge and Dugong Tourism by Drones site.
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Figure 11 Light microscope showed the female gonad development of the S.
cucullata in follicle. (A) Oocytes in prematuration stage with immature oocytes
that stored connective tissue. (B) Mature oocytes can be found in the follicles. (C-
D) The mature stage contained many mature oocytes and absent the interstitial
tissue. (E-F) Mature oocytes in the spent stage and surrounded by follicular cells.
Abbreviations: SCT, Storage Connective Tissue; FC, Follicular Cells; O,
oogonium; M, mature oocyte; CNT, Connective Tissue.
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Table 11 The characteristics of spermatogenesis stage and oogenesis stage of the

S. cucullata

Stage Cells Description

Spermatogenesis stage

1 Spermatogonia Large nucleus with distributed chromatin inside the cell

2 Spermatocytes The nucleus condenses in the primary phase and through cell
division in the secondary phase

3 Spermatids Occurs from meiosis division in half of the genetic material of
the previous cell, resulting in a reduced cell size and more
compacted nuclei

4 Spermatozoa Characterised by long flagella

Oogenesis stage

1 Oogonia The cytoplasm is reduced to the size of the nucleus of the
basophil cell.
2 Immature Basophils usually have a peripheral polyhedral-shaped
oocytes nucleolus

3 Maturing oocytes  Lightly eosinophilic, polyhedral-shaped voluminous nucleus
4 Mature oocytes Eosinophilic, voluminous nucleus, located near the follicle

lumen
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Table 12 Oocyte development in four stages of S. cucullata between two sites

study
Stone Bridge Dugong Tourism by Drones
Number
. of . Immature  Maturing Mature . Immature Maturing Mature
Size P Oogonia Oogonia
individua oocyte oocytes oocyte oocyte oocytes oocyte
Is
(cells) (cells) (cells) (cells) (cells) (cells) (cells) (cells)
1-2cm 6
2.1-3cm 6 5.33+£1.76 5.0£1.0 5.67+1.20  7.667+1.20  6.67+2.40  1.33+0.33 0 0
3.1-4cm 6 3.33+0.88 6.0£1.73 6.33+2.91 1.67+1.20 5.33+3.33 9.0+1.73 5.0+0.58 6.0+1.16
4.1-5cm 6 2.0£1.16 9.67+2.33 9.0+£0.58 10.67+1.76 ~ 1.33+0.33  2.67+0.88 2.67+0.88 4.67+0.88
5.1-6 cm 6 - - - - 2.33+0.33  3.33+0.88 5.33+2.02 7.67+1.76

Note: Values are represented as mean+SE (n=6). No significant difference between

Stone Bridge and Dugong Tourism by Drones areas (p>0.05).

Overall, S. cucullata individuals were primarily asexual in the smallest size
group of 1-2 cm. The protandric characteristic appeared in the 2.1-3 cm and 3.1-4 cm
size groups with observed sexes of female, male, and hermaphrodites. All of S.
cucullata individuals in the 4.1-5 cm size group from Dugong Tourism by Drones site
were female (Table 13).

Table 13 Percentage of sex difference of the S. cucullata between two locations

Nu?fber Stone Bridge Dugong Tourism by Drones
Size R - -
individual ~ Femal Male Hermapodrit  Asexua  Femal Male Hermapodrit  Asexua
S e e | e e |
16.67
1-2cm 6 - - - - - % - 83%
213 6 50% 50% - - 50% 330'33 - 16.67%
cm %
3.1-4 6 50% 16.67 33.33% - 50% 3333 16.67% -
cm % o,
415 66.67  16.67 ) )
om 6 % % 16.67% - 100% - - -
51-6 6 - - - - 100% - - -

cm




37

4. Distribution of mucous-secreting cells
The mucous- secreting cells (Msc) of S. cucullata had various shapes
including oval, cup-like, stick-like, and pear-like shapes (Fig. 11A). In gill lamellae,
Msc of the stick and cup shapes were observed (Fig. 11B); the digestive ducts contained
those of oval and cup-like shapes (Fig. 11C); and mantle epithelium contained Msc of
oval and pear shapes (Fig. 11D). Cup-like and oval-shaped cells were predominant

(Fig. 11C) especially in the 3.1-4 cm size group from Stone Bridge (65.0+44 cells).

Figure 12 The light microscope of mucous-secreting cells of the S. cucullata.
Masson’s trichome staining. (A) Cross section of S. cucullata presented mucous-
secreting cells in four types. (B) Mucous cells in gill filament with cup-like and
stick-like shapes (arrow). (C) The secondary digestive tubules show mucous cells
of oval and cup shapes (arrow). (D) Mantle epithelium cells show large mucous
cells. Abbreviations: O, Oval or circle-like; C, cup-like; S, Stick-like; P, Pear-
like.

Our investigation showed that increases in Msc were usually attributed to those
in the gill lamellae having the oval, cup-like, and pear-like shapes (Fig. 11B). The
density of Msc was lower in S. cucullata from Stone Bridge in the 4.1-5 cm size group
(13.75%9. 20 cells) than the same size group from Dugong Tourism by Drones
(37.50£34.18 cells). For this study, we observed in the size group of 3.1-4 cm for S.
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cucullata that its highest density of Msc from Stone Bridge (65.0£44.75 cells) was

observed in the digestive gland; however, it showed in the mantle epithelium

(24.25£11.32 cells) from Dugong Tourism by Drones. The smallest and largest Msc

were recorded in the 4.1-5 cm size group from both locations (Table 14). Overall, our

observation showed that the features of Msc were not significantly different between

two locations (Table 14).

Table 14 Density of mucous-secreting cells in three tissue of the S. cucullata

between Stone Bridge and Dugong Tourism by Drones site

Size

Stone Bridge

Dugong Tourism by Drones

Digestive . Mantle Digestive p Mantle
Gills S Gills o
gland (cells) epithelium (cells) epithelium
(cells) (cells) (cells)
1-2cm - - - 37.0+£20.88 26.0+17.87 9.75+5.53
2.1-3cm 325042452 15.75+11.81 9.00+4.56 23.2548.34 35.75+28.24 17.0049.55
31-4cm  65.0+44.75  20.75+12.29  6.25+3.71 = 25.25+13.46 20.2549.39 18.00+8.85
41-5cm  27.25+13.15  13.75#9.20  5.75+2.75  39.75+27.93  37.50+34.18 24.25+11.32
5.1-6 cm - - - 19.0+10.66 36.50+21.64 7.75+4.51

Note: Values are represented as mean+SE (n=6). No significant difference in between

Stone Bridge and Dugong Tourism by Drones areas (p>0.05).
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5. Histology and histopathological alteration of S. cucullata

The structure and histopathology of the digestive tubules, gill lamellae, mantle
epithelium, testis, and ovary of S. cucullata were observed in samples from both sites
(Fig. 12).

5.1 The digestive gland or hepatopancreatic tissue was composed of several
blind ducts ( Fig. 12A), each of which was connected to the stomach. Various
histopathological alterations were observed in this organ, including the tubule
regression, epithelium atrophy, and necrosis (Fig. 12A). Apoptotic cells were also
found in the epidermal duct (Fig. 12B).

5.2 Gill lamellae was characterized by the V-shaped demi-branches, and each
branch was lined by the stratified epithelium (Fig. 12C). Lamellae fusion and hemocytic
infiltration were seen throughout the gill (Fig. 2C). In the gill epithelium, apoptotic
cells were clearly observed with strong positive staining (Fig. 12D).

5.3 The mantle epithelium of S. cucullata was composed of two major
structures including outer epithelium and inner epithelium. The lipid vacuole and the
nuclear degeneration were identified in the inner epithelium (Fig. 12E). The positive
reaction was observed in the TUNEL assay in the nuclei of epithelium, indicating the

apoptosis (Fig. 12F).
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Figure 13 Histopathological alteration and the presence of apoptotic cell in the
of the S. cucullata tissue between the Stone Bridge and the Dugong Tourism by
Drones site. (A-B) Digestive tubules regression with the appearance of apoptotic
cell in the digestive epithelium (head arrows). (C-D) Gill lamellae fusion and
hemocytic infiltration as well as the presence of apoptotic cell (head arrows). (E-
F) Lipid vacuoles and mucocytes in the mantle epithelium throughout the visible
of apoptotic cell (head arrows). (G) TUNEL-positive control. Abbreviations: Dt =
Digestive tubule, tr = tubules regression; pd = primary ducts; sd = secondary
ducts, L = Lumen, G = Gill lamellae, If = lamellae fusion, M = Mantle epithelium,
mc = mucous cells, Iv = lipid vacuole
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5.4 The gonadal acini having the reproductive cells were observed in the
reproductive parenchyma. Several reproductive follicles were identified in the testis
and ovary ( Representative Fig. 13A-13D). The testicular parenchyma produced
spermatozoa, and spermatids and spermatocytes were localized close to the follicular
membrane (Fig. 13A). The syncytium of spermatozoa (Fig. 13A) and the vacuolar
degeneration of previtellogenic oocyte were observed (Fig. 131). Several TUNEL-

positive reactions were found as shown in Fig. 13B and 13D.

MT staining TUNEL assay

it Yt > 1

Figure 14 A photomicrograph of reproductive organ of the S. cucullata collected
from the Stone Bridge and Dugong Tourism by Drones. (A) The
histopathological lesion of the testicular showed the syncytium of spermatozoa
and (B) TUNEL- positive were also observed at high magnification (100x,
arrow). (C) Ovarian contained the oocytes with the vacuolar degeneration (\VVd)
at higher magnification and (D) black arrowheads was signifying the dark brown
expression of TUNEL-positive cells. Abbreviations: Tt = Testis, syt = syncytium
of spermatozoa, Oo = Oocytes, FC = Follicle Cells, vd = vacuolar degeneration
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The HAI and the percentage of apoptotic cells were compared between
the two sampling sites (Fig. 14A). Samples from the Dugong Tourism by Drones site
generally had higher HAI. Significant differences between the two sites were found in
the epithelial atrophy and tubular regression of the digestive gland as well as hemolytic
infiltration and the presence of mucous cells in the gill lamellae (Fig. 13A). The density
of apoptotic cells was statistically analyzed by two-way ANOVA for the effect of
organs and sampling sites in the gill, digestive gland, and mantle epithelium. The effect
of organs was statistically significant (df = 3, F = 46.2, p < 0.0001). The effect of
sampling sites was not significant (df = 1, F = 0.002, p = 0.97), but there was a strong
interaction between the two factors (p < 0.0001) that indicates the different responses
of each organ to environmental stress. Specifically, gill showed a markedly higher
percentage of apoptotic cells, which was significantly higher in S. cucullata from the
Dugong Tourism by Drones compared to those from the Stone Bridge site (Fig. 14B).
Significant differences were also detected in digestive tubules and gonads, for which

samples from the Stone Bridge site showed higher values.
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Figure 15 Histopathological assessment of (A) semi-quantitative scoring and (B)
The density of apoptotic cells in four tissue of the S. cucullata including digestive
gland, gill lamellae, mantle epithelium, testis and ovary from between sampling
locations. Values are represented as mean + SD (n=6). Significant differences
between the Stone Bridge site and the Dugong Tourism by Drones site
(***p<0.001; **p<0.01).
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6. Heavy metal accumulations in relation to the density of apoptotic cells

The concentration of four heavy metals including Zn, Pb, Cu, and Cd was
measured in the same organs of S. cucullata from the two sampling sites (Table 15). In
general, Zn, Cu, and Cd levels were higher in samples from the Dugong Tourism by
Drones site, whereas Pb showed the opposite tendency. Regarding the organs, the
digestive gland generally showed the highest levels of heavy metals except for the Zn
concentration in the mantle at the Dugong Tourism by Drones site (706.00 £ 7.99
mg/kg! dry weight).

Two-way ANOVA showed that Cd concentration was significantly affected by
monitoring sites (df = 1, F= 1792, p < 0.001) and organs (df =3, F=55.14, p < 0.01).
Similarly, monitoring sites and organs exerted significant offects on the concentration
of Pb (df = 1, F =236, p < 0.01; df =3, F=50.22, p < 0.01), Cu (df = 1, F = 1130, p <
0.01; df =3, F=205.8, p<0.01), and Zn (df = 1, F = 9661, p < 0.01; df = 3, F = 1810,
p <0.01). Most heavy metals concentrations were significantly different between the

samples from the two sampling locations in the post-hoc t-test.
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Table 15 Mean range and standard deviation of heavy metal toxicity

concentration (mg/kg! dry weight) in the four tissue of S. cucullata

from sampling locations

Heavy metal concentration (mg/kg* dry weight)

Sites  Organ cd Pb cu Zn
mean+SD mean+SD mean+SD meanxSD
Mantle  2.86+0.38°  16.31+0.93° 112.58+3.04  355.49+3.29
Gills 1.3840.22""  15.08+1.52  121.89+1.07° 256.25+5.60"
Stone
Bridge ~ GOnad  2.49:0.09"  20.99:0.01° 103.01+2.61°  161.16+1.96"
Digestive o - o
5.24+0.26 23.36+0.45  155.9545.25  534.40+3.07
gland
Mantle  8.25+0.20 6.48+0.61 188.93+1.82  706.00+7.99
Dugong g
_ Gills 9.10+0.50 10.95+2.57  187.02+42.28  580.94+3.94
Tourism
by Gonad  7.00%0.27 9.31+0.50 135.94+4.87  478.64+9.92
Drones  Digestive
9.61+0.18 15.5240.62  190.52+0.44  638.38+3.96
gland
Standard limitation
0.2 2 10 150

(mg/kg* dry weight)

Noted: *, ** Significantly different from corresponding values from Dugong Tourism
by Drones samples, *p<0.05, **p<0.01. SD = Standard Deviation, Pb = Lead,

Cd = Cadmium, Cu = Copper, Zn = Zinc
Source of the standard limitation: USEPA (2002)
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7. Human health risk assessment

The chronic daily intake (CDI) and the hazard quotient (HQ) of S. cucullata
from the two sampling sites were compared (Table 16). The Dugong Tourism by
Drones site showed higher CDI for Cd, Cu, and Zn with the hightst value in Zn (0.972
mg/kg per day), whereas the CDI of Pb was higher in the samples from the Stone Bridge
site. The HQ values showed the same tendency with the highest value in Cd of S.
cucullata from the Dugong Tourism by Drones site (13.73), whereas the lowest in Zn
recorded in S. cucullata from the Stone Bridge site (1.76).

Table 16 The chronic daily intake and the hazard quotient of the heavy metals
of the S. cucullata specimens between the Stone Bridge site and the

Dugong Tourism by Drones site

Heavy metal 2 Dugong Tourism by
Stone Bridge Reference dose
parameters Drones
Pb 0.031 0.016 0.0035
The chronic daily
) Cd 0.005 0.014 0.001
intake (CDI, mg / kg
Cu 0.200 0.284 0.04
per day).
Zn 0.529 0.972 0.3
Pb 8.75 4.67 HQ < 0.1 Represents
Cd 5.24 13.73 acceptable level
The hazard quotient Cu 4.99 71 0.1>HQ <1.0 Low
(HQ) 1.1>HQ<10
Zn 1.76 3.24 Moderate

HQ > 10 Severe

Note: Pb = Lead, Cd = Cadmium, Cu = Copper, Zn = Zinc

Source of the reference doses: Khan et al. (2008)
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CHAPTER V

DISCUSSION AND CONCLUSION

Discussion

Two sampling locations including the Stone Bridge and Dugong Tourism by
Drones sites, only water temperature was significantly different in this study. This
might be related to the fact that the sampling sites were in the intertidal zone, which is
extremely different in water temperatures depending on the season. The temperature is
high in summer, and the seasonal effect must be bigger in the shallow areas (Hoa and
Wang 2015, Rybovich et al. 2016). We suggest that this difference in water temperature
might be responsible for the observed differences in condition factors and reproductive
activity of the oysters (Latchere et al. 2018). Indeed, Rajapandian et al. (1990) showed
that the water temperature correlated with the CF in Crassostrea madrasensis with the
highest CF in April. These results were consistent with other previous observations in
Pinctada margaritifera (Latchere et al. 2018) and Crassostrea gigas (Kim and Lozhkin
2021). Additionally, aquatic environment provides the habitat of aquatic animals
(Lushchak, 2011; Chandurvelan et al., 2013; Nguyen et al., 2018). The rapid alteration
of physical and chemical parameters of the water column hence causes the deterioration
of the aquatic animals’s habitats and health (Chapman et al., 1996; Jamdade and
Gawande, 2017). In the present study, however, the water parameters were considered
to be within the standard range (Howard et al., 2004; Rusydi, 2018), representing the
optimum condition for the oyster. The only exception was the water temperature, which
was slightly higher than the standard range and was significantly different between the
two sites. The high temperature may account for the histopathological alterations
observed in this study, although the heavy metals are more likely to be responsible
because their concentrations were far above the standard limitation. It would be useful
in future studies to have the seasonal sampling to accurately examine the effect of water
temperature on the oyster

It was clear from the morphometric characteristics that S. cucullata from the

Stone Bridge area was smaller than those from Dugong Tourism by Drones. Since the
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tested parameters such as CF are closely related to the available food in oysters
(Pouvreau et al. 2000, Lim et al. 2020), Dugong Tourism by Drones might represent a
favorable environment for S. cucullata compared to Stone Bridge. The high growth and
CF have been associated with the feeding activity in Hemifusus ternatanus under
artificial conditions (Yang et al. 2020) and Pinctada margaritifera var erythraensis
collected from Dongonab Bay, Red Sea, Sudan (Elamin and Eldin 2015).

The structure of digestive gland, gills, gonads and mantle of S. cucullata was
similar to those in other bivalves including Pecten maximus, Mytilus edulis, and
Crassostrea gigas (Beninger et al. 1994, Cannuel et al. 2009, Dutertre et al. 2017).
Interestingly, the length of gill lamellae and mantle of this oyster showed significant
differences between the two sampling locations. This might be related to the different
rate of development since these organs are involved in respiration and feeding (Zhang
etal. 2021). It was reported in Cannuel and Beninger (2006), gill development in
Crassostrea gigas juveniles was a rapid development to increase food-feeding
efficiency.

This study also showed that S. cucullata has the protandric characteristics with
no statistically significant differences in the gonadal development between the two
locations. The male gonad began to develop in the 1-2 cm size group, whereas the
female gonad did in the 2.1-3 cm size group, which corresponds to the juvenile stage.
This indicated the current oysters start life as male and changed permanently into
female after about a year or increased size. Similar gonadal maturation patterns were
found in other bivalves including Crassostrea glomerata (Dinamani 1974), Crassostrea
corteziensis (Rodriguez-Jaramillo et al. 2008), Haliotis discus hannai (Awaji and
Hamano 2004). The beginning of the adult stage was considered to be adult at 4.1-5
cm similar to other bivalves such as Crassostrea gigas (Mizuta et al. 2012) and
Crassostrea iredalei (Chueachat et al. 2018).

The Msc of S. cucullata had oval, cup-shaped, and pear-shaped, which.is similar
to the findings in Haliotis diversicolor (Di et al. 2012), Solen grandis Dunker (Xiuzhen
et al. 2003), Chaetopleura angulata and Acanthochitona fascicularis (Lobo-Da-Cunha
et al. 2022). Msc is essential to marine mollusks in producing various functional
substances together with glands in the epithelium that procedure exudate. The highest
densities of Msc was observed in the digestive gland, suggesting that it is the main
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organ for mucus production. This was similar to the findings of Yonge (1926), and the
mucus in the digestive organs has various roles including food locomotion and the
immune activity (Allam et al. 2013). The maximum density of S. cucullata Msc was
observed in the 3.1-4 cm size group, and dramatic decrease in Msc was observed in the
4.1-5 cm size groups. This might be related to the environmental situation, but requires
further investigations.

Gills exert multiple functions including the respiration, osmoregulation, and
excretion through the direct contact with the external environment (Khan et al., 2018;
Da Silva et al., 2006). This organ is considered as the main target of contaminants
(Khan et al., 2018; Da Silva et al., 2006; Chandurvelan et al., 2013) as similarly
observed in our data. Integrated biomarkers of histopathology, apoptosis, and HAI
valve consistently showed the highest damage in the gill lamellae of S. cucullata
compared to other organs, especially in samples from the Dugong Tourism by Drones
site. These findings are in accordance with observation in the Pacific oyster Magallana
gigas with the occurrence of gill histological alterations (Otegui et al., 2023). Al-
Hashem ( 2017) similarly found the gill abnormality including the complete
degeneration of gill filaments of the pearl oyster, Pinctada radiate, after exposure to
the toxic pollutants from the coast of Kuwait, which is also in agreement with Cengiz
(2006). These results indicate that the oysters from the Dugong Tourism by Drones site
may be strongly impacted by the environmental stressors. Since the necrotic and
degenerative alterations of gill lamellae can disturb its respiratory and osmoregulatory
functions (Cengiz, 2006), S. cucullata in Libong Island may also experience oxygen
deficiency as reported in previous observations (Abdel-Moneim et al., 2018; Otegui et
al. 2023).

Bivalves are capable of accumulating environmental heavy metals in their
tissues (Mok et al., 2015; De Mora et al., 20), which was similarly observed in S.
cucullata in the present study. Concentrations of the four selected heavy metals
including Zn, Pb, Cu, and Cd were mostly higher in S. cucullata from the Dugong
Tourism by Drones site. Similarly, Kobkeatthawin et al. (2021) reported that Fe, Cu,
Co, Pb, Mn, and Ni were accumulated in the soft tissue of Strombus canarium from
Libong Island. Very little is known about the original sources of these heavy metals in

Libong Island, but previous investigators suggested the relation to anthropogenic
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activities and agriculture ( Kobkeatthawin et al., 2021) from the observation of many
marine wastes, microplastics, and batteries from the communities (Pradit et al., 2020).

The concentrations of heavy metals, especially those of Cu and Zn in the
digestive gland and gill of S. cucullata, were significantly differed between the sites
with high values in the Dugong Tourism by Drones site. The association between the
heavy metal concentrations and integrative biomarkers suggests the causal role of these
heavy metals in the observed alterations, although the used biomarkers can also be
observed in tissues under normal conditions (Bryan, 1971; Barile, 2008), especially in
the sensitive organs such as the digestive gland and gill ( Lu- Yan et al., 2021;
Pakingking et al., 2022; Rodney et al., 2007; Pham, 2020; Luo et al., 2014; Samsi and
Karim, 2019). Osuna-Martinez et al. (2011) and Ochoa et al. (2013) reported the high
accumulation of heavy metals in the digestive gland of oyster.

The heavy metal levels determined in this study all exceeded the maximum
ranges according to standards limitation (USEPA, 2002) together with the chronic daily
intake (CDI) and the hazard quotient (HQ) to assess the Human Health Risk Assessment
(HHRI). Especially HQ > 0.1 indicates the hazard to human consumption that may
cause a serious problem for the health of people feeding on the oyster. This is the first
report of heavy metal concentrations and risk assessment of S. cucullata from the
Libong Island, which should be immediately disseminated. However, the limitation of
this study was controlled by the sample size collected from sampling locations.
Therefore, the study required a large sample for investigation. Accumulation of heavy

metals in human should also be investigated in further studies.
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Conclusion

The histological observations of S. cucullata from Libong Island identified their
juvenile (<4 cm) and adult (>4 cm) stages with the size of their organs, including the
digestive gland, gills, and mantle. The present observation also revealed the size at
sexual maturation, at which gametogenesis begins, although it is influenced by
environmental conditions and nutrients. An identified histopathological alterations and
apoptotic cells in S. cucullata, which could be related to the heavy metal
bioaccumulation. The integrated biomarkers and environmental parameters showed
that the Dugong Tourism by Drones site has severe environmental problems. This
information will be communicated to local community leaders to concern about the
environmental situation and ensure the safety of oyster consumption. A monitoring
program for the heavy metals should be established in Libong Island using this oyster

as a sentinel species.
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