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Horseshoe crabs as living fossils, have a unique immune system that is widely used in
enzyme research. However, the effect of serine protease catalysis and its inhibitor in
regulating coagulation under the induction of lipopolysaccharide is still unclear.
Therefore, the current study aims to determine the effect of divalent cation and pH of
buffer on the degree of gelation and proteolytic activity of trypsin-like serine protease
in wild and captive of horseshoe crab blood, to compare the profiling of the TAL
protein, to identify the target protein after protein profiling and to determine expression
levels of serine protease inhibitor (SERPIN) genes in horseshoe crab blood during
lipopolysaccharide (LPS) induction. In this study, the gel clotting method was used to
determine the degree of gelation of TAL, SDS-PAGE for protein profiling, Orbital
Nano LC-MS/MS for identifying target protein, and RT-PCR to determine expression
levels of SERPIN genes. The current study showed that wild horseshoe crab lysate
(June-1, July-1 and August-1) exhibited higher clotting levels in 1 EU/mL, 5 EU/mL,
and 10 EU/mL control standard endotoxin concentration, while for the captive lysate
(June-2, July-2, and August-2) showed low clotting levels in all endotoxin
concentration. Among 35 different combinations of divalent cation concentration, the
divalent cation of 0.15 M MgCl, + 0.15 M CacCl, had higher clotting levels for the wild
batch TAL (June-1, July-1 and August-1) compared to the captive batch of TAL. In
addition, the batch of TAL collected from wild horseshoe crab blood showed high
proteolytic activity, and the LC-MS data of the trypsin-digested sample showed seven
major proteins were detected in TAL. The expression level of SERPIN gene from July
batch blood reach 5.17-fold in relative SERPIN mRNA expression with LP primer and
significant increase five times compare with Jun batch which was 1 relative
expression. In conclusion, wild batches of TAL in different divalent cation
concentration values gave significant changes in the clotting process, which is
associated with higher protein levels indicating of effect the quality of TAL decrease
in captivity.
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Belangkas merupakan sejenis fosil hidup yang mempunyai sistem imun yang unik dan
digunakan secara meluas di dalam kajian enzim. Walau bagaimanapun, kesan katalisis
serine protease dan perencatnya dalam mengatur penggumpalan dibawah aruhan
lipopolisakarida masih belum difahami. Oleh itu, kajian ini adalah untuk menentukan
kesan divalen kation dan pH penampan kepada darjah pembentukan gel dan aktiviti
proteolitik tripsin serine protease daripada darah belangkas liar dan terkurung, untuk
membandingkan profil protein TAL, untuk pencirian protein sasaran selepas profil
protein, dan untuk menentukan aras pengekspresan gen aruhan serine protease
(SERPIN) dalam darah belangkas semasa aruhan lipopolisakarida (LPS). Dalam
kajian ini, kaedah penggumpalan gel digunakan untuk menentukan darjah
penggumpalan dalam TAL, SDS-PAGE pula digunakan untuk memprofil protein,
Orbitrap Nano LC-MS/MS digunakan untuk menentukan sasaran protein dan RT-PCR
digunakan untuk menentukan darjah ekspresi gen (SERPIN). Kajian ini telah
menunjukkan lisat belangkas liar (Jun-1, Julai-1 dan Ogos-1) mempunyai darjah
penggumpalan yang tinggi dalam aras kepekatan kawalan piawai endotoksin 1 EU/mL,
5 EU/mL dan 10 EU/mL, sementara itu, lisat belangkas terkurung (Jun-2, Julai-2 dan
Ogos-2) pula menunjukkan darjah penggumpalan yang rendah dalam semua kepekatan
lipopolysakarida. Sebanyak 35 kepekatan divalent kation, 0.15 M MgCl> +0.15 M
CaCl2 menunjukkan darjah penggumpalan yang tinggi bagi lisat belangkas liar (Jun-1,
Julai-1 dan Ogos-01) berbanding dengan belangkas di dalam kurungan. Bukan itu
sahaja, lisat daripada Jun-1, Julai-1 dan Ogos-1 menunjuk aktiviti protein yang tinggi
dan keputusan LC-MS/MS telah menunjukkan tujuh protein utama di dalam TAL.
Aras pengekspresian gen SERPIN bagi bulan Julai mencapai kadar 5.17 lebih tinggi
sebanyak lima kali ganda berbanding dengan aras ekspresi bulan Jun iaitu 1 kali relatif
dengan LP primer. Kesimpulannya, TAL dari belangkas liar dengan nilai kepekatan
divalen kation berbeza memberi perubahan yang jelas di dalam proses penggumpalan
yang berkaitan dengan aras protein tinggi. Ini menunjukkan kesan kurungan memberi
penurunan dari segi kualiti TAL.
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CHAPTER 1

INTRODUCTION

1.1 Background of the study

Horseshoe crabs have many unique characteristics that had attracted researchers in
the biotechnology field. The horseshoe crab is an ancient creature that presents from
the upper Jurassic period and nearly unchanged for 200 million years (John et al.,
2018). Today, the horseshoe crab contains four exist species which are
Carcinoscorpius rotundicauda, Tachypleus gigas, and T. tridentatus which can be
found in Asia, and Limulus polyphemus located in North America. However, the
population of horseshoe crabs declined sharply when humans discovered the unique
characteristic of blood. Since horseshoe crabs have been integral to the safe production
of vaccines and injectable medication, the bleeding of live horseshoe crabs had led to
more than a thousand deaths in the population (Maloney et al., 2018; Krisfalusi-
Gannon et al., 2018). The covid-19 vaccine also increased the usage of the Limulus
amebocyte lysate (LAL) test for clinical surgery (Gorman, 2020). Other than
medication, several factors cause the horseshoe crab population to decline.
L.polyphemus was released after hemocyte extraction but another two Tachypleus
species were commonly used for chitin extraction, thus extraction caused deadly to
horseshoe crabs (Vestbo et al., 2018). In China, horseshoe crab was also one of the
foods in their meal. According to Fu et al. (2019), nearly half of northern Beibu Gulf,
the coastal area consumed 10 meals per year. The farmers and fishers had a highly
significant number of horseshoe crab meals.The pollution effect on seawater may affect
the general health status of the horseshoe crab. The heavy metal that contained in
pollutants will cause a significant negative correlation between amebocyte viability

and the ratio of granule cell concentration (Kwan et al., 2018). Climate change might



harm the horseshoe crab population. The rising sea level may cause breeding habitats
to decrease and be closer to the human infrastructure on the coast (Mat Zauki et al.,
2019). Lastly, trash piles on the riverbank and beach had caused the habitat no longer
suitable for survival and nesting (Meilana & Fang, 2020).

When the horseshoe crab was maintained in captivity its health rate was affected
by multifaceted threats. The horseshoe crab maintained in captivity was more easily
to being infected by disease when no water circulation in the captive (Sheikh et al.,
2019). The infection of microorganisms such as Gamma-proteobacteria,
Rhodobacteraceae, and Flavobacteraceae were increased the abundance on captive
horseshoe crab shell surface and gill (Friel et al., 2020). The maintenance of horseshoe
crabs in captivity will affect their health when without proper management.

The decline of the horseshoe crab population caused the Ecology Research &
Development Group and IUCN Horseshoe Crab Species Survival Commission active
in the conservation of horseshoe crab species (John et al., 2018). The restoration of the
beach has helped the resurgence of horseshoe crabs (Mat Zauki et al., 2019). On the
other hand, public awareness of conservation management must be increased to
conserve and preserve all endangered species not only for horseshoe crabs (Meilana &
Fang, 2020). Ecology niche modeling is a tool that helps a lot in conservation activities
by predicting the response function, contribution of the environment variable, and the
potential geographical range of the species (Hu et al., 2020).

The loss of a suitable living habitat had caused the horseshoe crab population to
survive harder. The health of horseshoe crabs will be affected when surviving most of
the time in bad environments. The biological activity in horseshoe crabs was low
during unhealthy condition (Botton et al., 2022). Thus, the coagulation in horseshoe
crab blood helps them to survive under pathogen infection.

The coagulation activity induced by coagulation factors in hemocytes were Factor
C, Factor B, clotting enzyme, and coagulin (Kobayashi et al., 2015). There weretwo types
of coagulation activation which are lipopolysaccharide (LPS) from bacteriaendotoxin
and beta-glucan from fungi. The different invaders had different activatedmechanisms.
For LPS, the activation of coagulation starts with Factor C after the detection of LPS
(Dolej§ & Vanousova, 2015). The presence of beta-glucan activates Factor G to start
the clotting effect in hemocytes. After the activation of Factor C or Factor G, the
clotting activity started, and more clotting-related enzyme was secreted by the

hemocyte to complete the clotting process (Das et al., 2015).



The clotting enzymes involved in coagulation activity in horseshoe crabs were
classified under serine protease (Yamashita et al., 2020). When the horseshoe crab had
an open wound, the serine protease such as Factor C and Factor B was secreted to form
clotting to prevent hemocyte loss. The secretion of the clotting-related enzyme was
caused by the expression of the immune response gene. Serine protease was important
in immune response, pro-phenoloxidase activation, antimicrobial peptides, and
coagulation in invertebrates (Wei et al., 2019). The expression of the serine protease
and serine protease inhibitor gene in invertebrates helps the organism to regulate
biological activity. After clotting was formed, the expression of serine protease
inhibitor for clotting related enzyme increased to inhibit coagulation. The pro-
phenoloxidase activation was used to activate the melanization of the pathogen and
damage body tissue (Jeyachandran et al., 2020). For antimicrobial peptides, the big
defensin, Tachyplesin and Tachycitin was released by hemocytes to help the regulation
of coagulation (Wang et al., 2022). The antimicrobial peptides will inhibit the growth
of bacteria in hemocyte.

Serine Protease Inhibitors (SERPIN) are needed to control the formation of
clotting. The SERPIN was secreted to inhibit clotting enzyme when clotting was
completely formed (Coban et al., 2022). In invertebrates, there were four different
types of serine protease inhibitors were found which are Kazal, Kunitz, alpha-
macroglobulin, and serpin family (Kanost, 1999; Ituarte et al., 2019). The regulation
of coagulation was important to maintain the normal life of horseshoe crabs. After the
digestion of the pathogen, more hemocyte was needed to replace the loss during
pathogen invasion. The more nutrient was consumed for hematopoietic and replaced
body tissue, then the secretion of serpin will back to normal.

In horseshoe crabs, lipopolysaccharide-induced exocytosis of granular hemocytes
is a key component of innate immunity. Coagulation activity was affected by several
factors. The enzyme involved in the coagulation effect was classified under serine
protease. Thus, the concentration of serine protease inhibitor might affect the clotting
activity. In this study, the expression level of the serine protease inhibitor gene before

and after lipopolysaccharide induction will be assessed.



1.2 Problem statement

The sensitivity Tachypleus Amebocyte lysate reduce in captivity without a proper
management especially when they are susceptible to microbial contamination. The
activity of serine proteases and their inhibitor different between in wild and captive
horseshoe crab blood. The clotting-related enzyme activity in captivity and wild
horseshoe crab blood in regulating coagulation was still unclear. The relationship
between horseshoe crab under captivity and wild collection for serine protease

inhibitor gene in regulating coagulation and its protein profiling are still unknown.

1.3 Significance of the study

Enzyme is biological catalysis that plays an important role in industrial production.
Many enzymes cannot be used in research and production due to time consumption,
low production yield and sensitivity. In the medical field, the high sensitivity of
enzymes may help a lot in the detection of endotoxin in a patient blood sample (Ma et
al., 2017). The disease that enhances by bacteria can be determine in alimited of time.
In this study, a wild horseshoe crab was maintained in captivity after first blood
extraction. After one month of captivity, the horseshoe crab was considered as captive.
This research was determined the expression level of SERPIN from wild and captive

horseshoe crabs and its protein profiling after LPS induction.

1.4 Objectives
The objectives of this study are:
1. To determine the effect of divalent cation and pH of buffer on degree of
gelation and proteolytic activity of trypsin-like serine protease of TAL.
2. To profile and identify TAL protein before and after LPS induction using SDS-
PAGE.
3. To determine the expression level of serine protease inhibitors genes in

amebocyte during multiple LPS induction.



CHAPTER 2

LITERATURE REVIEW

2.1 Horseshoe crab

The horseshoe crab is an organism that lives in marine and brackish water. The
horseshoe crab was classified under Merostomata and was more closely related to
Arachnidae than Crustacea (Figure 2.1). Today, four species of horseshoe crabs are
distributed geographically distinctive in the world. Limulus polyphemus is known as an
American horseshoe crab mainly found along the east coast of North America, USA
and the coastline of the Yucatdn Peninsula, Mexico (Smith et al., 2017).
Carcinoscropius rotundicauda, Tachypleus tridentatus, and T. gigas are mainly
distributed in Southeast Asia (Vestbo et al., 2018). The life cycle of the horseshoe crab
is short compared with the mammal. The horseshoe crab was able to breed after they
are 10 years old (Luo et al., 2020). Once horseshoe crabs reach breeding age, they will
come to shore to make nest in a huge group. Currently, the population of horseshoe
crabs is reported in declining by International Union for Conservation of Nature
(IUCN) (Kwan et al., 2016; Smith et al., 2017). The sharp decrease in the horseshoe
crab population is mainly caused by human activity and environmental factors.
According to Smith et al. (2017), the erosion of estuarine shorelines caused by human
activity resulted in a decline in the horseshoe crab population due to the sandy beach
becoming an enclave. The environmental factors such as coastal change, shoreline
erosion, and increasing sea level had caused the horseshoe crab to lose their suitable
habitat (Smith et al., 2017).The oxygen levels, salinity, temperature beach geochemistry,
and wave energy are the ecological disturbances that become more lethal to the
development success of horseshoe crab eggs and larvae and reduce adult horseshoe

crabs to spawn offshore (Funch et al., 2016).
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Figure 2.1: Horseshoe crab Tachypleus sp. CL: carapace length; IO: Intraocular
distance; PW: prosomal width; TEL: telson length; TL: total length (Manca et al.,
2017).

2.2 Bioactivity from horseshoe crab
The horseshoe crab was an organism that attracted researchers for bioactivity
study. There were some bioactivities that found from horseshoe crab which are

antimicrobial, anti-inflammatory, antitumor, and antioxidant.

2.2.1 Antimicrobial and antiviral activity

The antimicrobial activity that occurred in horseshoe crab was done by the
presence of different antimicrobial peptide. The new antimicrobial peptide
polyhemusin IIT was found from horseshoe crab L. polyphemus (Marggrafetal., 2018). The
polyphemusin III was classified as Beta-hairpin cationic antimicrobial peptide andcan
isolated from the hemocytes of horseshoe crab. Tachylesin 1 found in the small
granules of horseshoe crab hemocyte that can bind with bacteria endotoxin also
considered as antimicrobial peptide (Kushibiki et al., 2014). The presence of different
types of antimicrobial peptide helps the invertebrates to fight against the bacterial

infection. For antiviral activity, the tachyplesin-1 also involved in virus infection (Xie



et al., 2016). The infection of marine virus may be detected by antiviral peptide in

horseshoe crab.

2.2.2 Anti-inflammatory activity

The chitosan extracted from horseshoe crab was used to prepare non-steroidal
anti-inflammatory drug (Balde et al., 2020). The nonsteroidal anti-inflammatory drug
was widely used in medicinal drug to reduce inflammatory activity in patients. The
kynurenic acid that extracted from the horseshoe crab tail was reported to have anti-
inflammatory and antioxidative (Li et al., 2021). The alkaloid was a group of
compounds that can be obtained from natural product of invertebrate organisms had

showed anti-inflammatory activity (Senthilkumar & Kim, 2013).

2.2.3 Antitumor

The antitumor activity was induced by the antitumor peptide. An antitumor
peptide named CIGB-552 was an antitumor second-generation peptide that used in
cancer therapy (Oliva Arguelles et al., 2020). It was one of the proteins derived from
horseshoe crab L. polyphemus. On the other hand, tachyplesin-1 had a potential to
become an antitumor agent (Vernen et al., 2019). The backbone cyclized tachyplesin-

1 that synthesis from tachyplesin-1 showed more active in antitumor activity.

2.2.4 Antioxidant

The chitin was the second most abundant biopolymer in bio-industry. The
chitosan that extracted from the horseshoe crab had showed to have antioxidant
characteristic (Pati et al., 2020). The lipopolysaccharide had enhanced the antioxidant

activity in invertebrates (Liu et al., 2021).

2.3 Immune system of horseshoe crab

Horseshoe crab had survived more than 200 million years, thus researchers
called them living fossils. This ancient marine arthropod may survive for millions of
years and may benefit from its innate immune system (Zhou et al., 2020). When a
foreign body and pathogen infected horseshoe crab through an open wound, the
immune system of the horsehsoe crab activated and stimulated coagulation to stop the

activity of infection (Levin, 2019). This immune response is activated by a type of cell



called amebocyte or hemocyte that move freely in the hemolymph of the horseshoe
crab. Hemocyte or amebocyte can be defined as a single-type cell that consists of two

type of granular cell which are large and small (Figure 2.2) (Sheikh et al., 2015).

r am ~ 1 o

-

L

Figure 2.2: Hemocyte of invertebrate. LGC: large granular cells; SGC: small granular
cells; HC: hyaline cell; n: nucleus (Senthilkumar & Kim, 2013).

In granular detected bacteria endotoxin, the clotting factor will be released.
Factor B, Factor C, Factor G, and the pro-clotting enzyme are the coagulation factors
found in amebocytes (Sheikh et al., 2015). The mechanism of coagulation begins with
the binding of bacteria lipopolysaccharide and zymogen Factor C (Figure 2.3). For
fungi, the binding of B-1,3-D-glucan with Factor G activates the coagulation process.
Next, the active Factor C or Factor G will activate Factor B. Finally, blood coagulation
occurred after Factor B had converted the pro-clotting enzyme to a clotting enzyme.
Activation of coagulation-related protein initiates the proteolytic conversion of soluble
coagulate to insoluble coagulin. The clot is subsequently stabilized by
transglutaminase activity. These protein-protein cross-linking enzymes are critical
interactions between coagulation and the innate immune defense as these enzymes
immobilize bacteria on the clot surface. Nevertheless, the complement immune
response will activate by the complement factor contained in hemolymph when

microorganisms had invaded horseshoe crabs through the open wound (Sekiguchi &



Nonaka, 2015). Moreover, the prophenol oxidase in horseshoe crab blood will help in
reduce the activity of microorganisms and minimize the damage caused by the invader
(Weit et al., 2019). This coagulation characteristic had caused horseshoe crabblood

widely used in bacteria endotoxin tests (Leskeld et al., 2020).

Endotoxin (LPS) (1—3) - B-D-glucan (beta-glucan)
~@mee v Anti-LPS factor/LALF

~

Factor C Activated Factor C

A, r\ Factor G

Beta-glucan binding protein 11 s mip-

Factor B Activated Factor B Activated Factor G
Proclotting enzyme Clotting enzyme
Coagulogen Coagulin
(Boc-Leu-Gly-Arg-pNA) (Boc-Leu-Gly-Arg-OH+pNA)

Figure 2.3: Activation of coagulation immune response in horseshoe crab (Tamura,
Reich, & Nagaoka, 2016).

Horseshoe crabs have a unique immune system that helps them to survive. The
horseshoe crab blood will clot when the presence of lipopolysaccharide (LPS).
Lipopolysaccharide is the major component in the outer membrane of Gram-negative

bacteria composed of lipid A, O antigen, and core (Giordano et al., 2020).

2.4 Serine protease and serine protease inhibitor in amebocyte

Serine protease are enzymes that cleave peptide bonds in the protein serine
serves as nucleophilic amino acid at the active site and is found in both eukaryotic and
prokaryotic cells. Serine proteases play an important role in physiological activities
such as digestion, blood coagulation, fibrinolysis, and the immunity system (Veillard
et al., 2016). The activation of trypsin-like serine proteases begins with the proteolytic
activity of an inactive zymogen precursor. The activity of serine proteases depends on
several factors such as temperature substrate concentration, pH, divalent cation

concentration, and serine protease inhibitor (Silva et al., 2018). Serine protease
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https://en.wikipedia.org/wiki/Active_site

inhibitors regulated host serine protease cascade upon pathogen invasion or
mechanical injury. The enzymes involved in blood coagulation were classified under
the serine protease family (Maloney et al., 2018).

The expression of serine protease inhibitor (SERPIN) from SERPIN genes in
amebocyte cells helps the horseshoe crab to enhance the coagulation cascade in blood.
Compared to other arthropods, horseshoe carb had a large number of multi-domain
serine protease inhibitors such as Kazal type serine protease inhibitor, Kunitz serine
protease inhibitor, and a-macroglobulin (Blisnick et al., 2017). Three serine protease
inhibitors have been characterized in 7. tridentatus, in which Limulus Intracellular
Coagulation Inhibitors 1,2, and 3 (LICI-1, LICI-2, and LICI-3) function as inhibition
of the clotting enzymes (Gustchina Elenaand Williams, 2019). The different typesof
Limulus Intracellular Coagulation Inhibitors had different targets. For LICI-1, which
was sensitive to Factor C, LICI-2 inhibited most of the clotting enzymes, and LICI-3
for Factor G. a2 macroglobulin was released to stop the activity of prophenol oxidase
by secretory granules of amebocyte cells (Ponprateep et al., 2017). The serine protease
inhibitor affects immunosuppression and anticoagulation, which are valuable in
biotechnology development (Sheikh et al., 2021).

However, the clotting efficiency in horseshoe crab blood is affected by several
factors such as pH, a divalent cation, and temperature. The clotting efficiency of
horseshoe crab blood from captivity is different if compared to fresh horseshoe crab
blood. The enzyme that plays important role in blood clotting was affected by an
unknown reason for horseshoe crab that maintain in captivity. The concentration of
amebocyte in horseshoe crabs blood effect clotting efficiency toward endotoxin. The
amebocyte cell quality was located in different results in the wild and captivity in some

studies (Sheikh et al., 2021).

2.5 Factor affecting serine protease catalysis
The activity of serine protease was affected by several factors, such as

environmental pH, divalent cations, temperature, and inhibitors.

2.5.1 Environmental pH
The activity of serine protease like Limulus Factor C may affected by

surrounding pH value. The protease activity increase when reaching its optimum pH
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value. According to Salwan et al. (2020), 55 different types of isolated serine protease
had a rise its proteolytic activity up to pH10 at 5 °C. In pH 9 condition, the serine
protease will denature (Kim et al., 2018). The active site of serine protease changed

and the substrate could not bind thus low biological catalysis activity occurred.

2.5.2 Divalent cation

The divalent cation play an important role in biological catalysis. The
activation of serine protease by divalent cations had been proved by (Mukhtar, 2016).
The calcium and magnesium ion can activate serine protease especially for cation-
dependent serine protease. The conformation changes of enzymes occur when divalent
cations bind to the catalytic site (Scavenius et al., 2016). The binding of divalent
cations to an enzyme causes the enzyme activity to increase. On the other hand, the
divalent cations not only activated the serine protease but also inhibited the serine
protease. For some serine proteases, the proteolytic activity was inhibited by divalent
cation. As a calcium-dependent serine protease, anthrax protective antigen was
inhibited by the presence of zinc ions (Storm et al., 2018). Thus, different types of

serine protease will have different divalent cation binding sites.

2.5.3 Temperature

The enzyme will denature when expose to extreme temperatures. The serine
protease will unfold at high temperatures and lose its function. The unfolding of serine
protease from psychrophilic marine bacteria Vibrio sp. was tested in high temperatures
such as 37 °C, 100 °C, 200 °C and 300 °C by using a molecular dynamic simulator
(Du et al., 2017). The serine protease unfolded faster at high temperatures compared
to low temperatures. The stability of serine protease was depends on the interaction
between amino acids such as hydrogen bonds, covalent bonding, ionic bonding, and
hydrophobic interaction (Silva et al., 2018). The stability of enzymes was a big
question in the biological industry. To maintain the stability of enzymes some methods
have been discovered such as nanoparticle-encapsulation, polymer stabilization,

crosslinking, phosphorylation, and glycosylation (Zdarta et al., 2018).

2.5.4 Anticoagulant
The coagulation activity stimulated by amebocyte may inhibit by an

anticoagulant. N-ethylmaleimide and phenylmethylsulfonyl are the reagents that are
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mostly used by reaserchers to study the anticoagulant effect on Limulus amebocyte
(Romadhon et al., 2018). The anticoagulant will inhibit the activity of fibrin and reduce
the coagulation effect. Some microorganism that has an anticoagulant as invade
mechanism will inhibit the coagulant immune response (Strobel & Johswich, 2018).
The presence of an anticoagulant in the LAL test will affect the sensitivity of

amebocytes toward endotoxin.

2.5.5 Seasonal and sex different

The hemocyanin level in horseshoe crab blood was different between males
and females (Owings et al., 2020). The hemocyanin level in male horseshoe crab was
higher than female horseshoe crab. According to Owings et al. (2020), the hemocyanin
level showed lowestin the spring season and early summer but showed highest in late
summer and fall. During the summer season, the seawater temperature increase caused
a decrease in oxygen affinity. The metabolism process of horseshoe crabs increases by
surrounding temperature and leads to low hemocyanin concentration. From May to
October, the hemocyanin level in female horseshoe crab decrease because of egg
laying (Tinker-Kulberg et al., 2020). The egg-laying consumed large energy and nutrient,

thus less hemocyanin was produced.

2.5.6 Heavy metal concentrations

The increased concentration of heavy metals will decrease the hemolymph
composition pattern. The present of heavy metal will decrease the biological activity
of horseshoe crab and caused death (Burger, 2023). The amebocyte viability and ratio
of granular-spherical to granular-flattened and degranulated dendritic-like
morphological states of amebocytesshow negative results in nitrite and lead heavy
metal concentration (Maloney et al., 2018). The food that feeds horseshoe crabs also
may affect the concentration of heavy metal in horseshoe crab blood. Different food

and water quality will affect the qualityof amebocytes (Tinker-Kulberg et al., 2020).

2.6 Gene expression on immune response
In invertebrate, horseshoe crabs had a particular gene that take part in immune
response activity. The lack of adaptive immune system in invertebrates, the immune

response of invertebrates mostly in the form of peptide and some serine protein. The
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immune response related protein such as serine proteases and its inhibitor,
antimicrobial peptide, and endotoxin binding protein were expressed regarding to
immune related gene (Nair et al., 2005). The expresses of serine protein for immune
response such as clotting factor was important for horseshoe crab to protect itself from
bacterial infection.

The serine protease and serine protease inhibitors play an important role in
regulating coagulation. In horseshoe crab, there were three different serine protease
inhibitor gene that help in regulating coagulation which were Limulus Intracellular
Coagulation Inhibitor 1, 2 and 3 (LICI-1, LICI-2 and LICI-3) (Lemaite, 1997). Each
inhibitors had different target, LICI-1 inhibited clotting factor C, LICI-2 for clotting
enzyme and LICI-3 inhibited clotting factor G. Thus, the expression level of the serine
protease gene and serine protease inhibitor gene may affect the clotting level in

horseshoe crab blood.
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CHAPTER 3

METHODOLOGY

3.1 Experimental design

The experimental design of the study on the effect of serine protease catalysis and

expression level of serine protease inhibitor genes as shown in Figure 3.1.

Sample Collections

|

TAL preparation Extl:fé:ion
| = | |
Quantification of Proteolvtic activity of Protein .
LPS l‘Ot :;p)sli;ci?.CTlXL" 0 Quantification Gel Electrophoresis
Divalent cation MgCl, & CaCl, — SDS-PAGE |— RT-PCR
and pH 7 to 10 Treatment
Overnight
| | | InGel
CSE Treatmentin 10,5 & 1 Digestion
EU/mL
| | LC-MS
Gel Clot Orbitrap
Analysis

Figure 3.1: Experimental design of the study
The effect of serine protease catalysis and the expression level of serine protease
inhibitor genes will be determined through a series of analysis.
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3.2 Sample collection

Sample of horseshoe crabs T. gigas (Figure 2.1) were collected at Kuala
Kemaman, Terengganu, Malaysia, which is located at 4°14° N 103°26’ E. The samples
of adult 7. gigas were collected in three different batches of months, which are June,
July and August 2020. We have designed the experiment whereby every batch will
have at least 30 individuals per batch. The following months will be 30 individuals
plus 30 from previous months. The frozen cockles were given hand-fed every two days
and the water was replaced once per week to ensure the horseshoe crab had the same
living environment. The quality of water was controlled in a suitable condition such as
watertemperature, salinity, ammonium, nitrite, nitrate level, and pH value. The blood
of horseshoe crabs was collected once a month. The horseshoe crabs were maintained
in captivity after blood extraction. After one month of captivity, the horseshoe crabs
per batch were considered as captive. The horseshoe crabs were maintained in

captivity according to batch.

3.3 Blood extraction

The blood was extracted individually from the horseshoe crabs according to
their body weight. The volume of blood for extraction was in the form of mL per gram.
Upon collection of hemolymphs, the horseshoe crabs first were sterilized by wiping
them with a piece of cotton swab in 70% ethanol. Less than 10 % body weight of
horseshoe crab blood was extracted and kept in a 50 mL falcon tube. For TAL
preparation, the blood was extracted following the patent described by (Noraznawati
et al., 2014). The blood samples extracted from horseshoe crab were centrifuged at
750 rpm under 4 °C for 15 minutes. The centrifugation was using Centrifuge 5804 R
cooler. The supernatant, the blue color solution which is plasma was transferred into a
sterilized empty bottle without disturbing the pellet for future use. Next, the pellet
lysate was washed by using sterilized 3 % NaCl three times with 1:3 ratios to the lysate
(lysate: 3% NaCl). After that, the lysate was centrifuged at 1500 rpm for 15 minutes
under 4 °C, and the supernatant was removed carefully without disturbing the pellet.
Then, Pyrogen-Free water (PFW) (Associates of Cape Cod., USA) was used to wash
the lysate two times.The lysate was pooled together in one flacon tube and crushed
into small pieces by using a sterilized spatula. PFW was added with the ratio of 3:1 of

the lysate (PFW: lysate) to dissolve the cell pellet. Next, the lysate was sonicated at
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high speed at 4 °C for 15 minutes. The sonicated mixtures were incubated under 4 °C
for overnight for the cell to lysis. After lysed, the lysate was centrifuged at 3000 rpm
for 15 minutes at 4 °C. The supernatant was filtered by using a syringe filter and pipetted
into a sterilizedvial with a rubber cap. The lysate was kept at -80 °C for overnight before
being freeze-dried purpose by using a tabletop freeze dryer (Labconco, USA) under

vacuum conditions.

3.4 Determination the effect of the divalent cation and pH of buffer on the degree
of gelation and proteolytic activity of trypsin-like serine protease in Tachypleus
amebocyte lysate

The determination the effect of divalent cations and pH of buffer on Tachypleus
Amebocyte Lysate (TAL) sensitivity toward lipopolysaccharide (LPS) induction by
using the gel clot method to achieve the first objective for this study. The gel clot

method is a qualitative measurement in the bacterial endotoxin test.

3.4.1 Quantification of lipopolysaccharide

The qualitative of LPS was done using the gel clot method (LAL pyrotell,
Cape-Cod, USA). The TAL from different batches was dissolved by using Pyrogen-
Free water (PFW). After the TAL had completely dissolved, 100 uL. of TAL was
pipetted into pyrotube that contain 100 pL of control standard endotoxin (CSE). The
CSE was prepared in 100 EU/mL, 50 EU/mL, 10 EU/mL, 5 EU/mL, 1 EU/mL, 0.5
EU/mL, 0.1 EU/mL, 0.05 EU/mL, and 0.01 EU/mL using PFW. The Limulus
Amebocyte Lysate (LAL) stimulated with CSE was acting as positive control and PFW
acted as a negative control. The pyrotubes were incubated at 37 °C for one hour. The

degree of gelation firmness will be determined following Jorgensen & Smith (1973).

3.4.2 Sensitivity of TAL

The gel clot is a qualitative method used to determine the sensitivity of TAL in
this study, following method described by the manufacturer (LAL pyrotell, Cape- Cod,
USA). Before being treated with divalent cations, the TAL was dissolved by using
PFW according to the lysate volume before in sub-chapter 3.3. The PFW was rinsed
on the inner surface of the vial to conform to the fully dissolve TAL. After the TAL had
completely dissolved in PFW, the TAL was treated with divalent cation MgCl,, and
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CaCl, at different molarities which is 0.05 M, 0.10 M, 0.15 M, 0.20 M, and 0.25 M.
The sensitivity of TAL was determined by using the gel-clot method (LAL pyrotell,
Cape Cod, USA). The Control Standard Endotoxin (CSE) was prepared in 10 EU/mL,
5 EU/mL, and 1 EU/mL concentration. The 100 pLof the sample was pipetted into
pyrotube and the stimulated with 100 pL of CSE at therespective concentration. LAL
stimulated with CSE was prepared as positive control while LAL with PFW was a
negative control. After that, all the pyrotube with test samples were vortexed for 1
minute. The samples were incubated in a water bath under37 °C for 1 hour. The degree
of gelation firmness was determined following Jorgensen & Smith (1973) as Table 3.1

below:

Table 3.1 The gelation firmness in the clotting level of TAL

1: Very weak gel with slight opacity and with some starch-like
floccules adhering to the side of tubes

2: Weak gel with slight to moderate opacity and adhesion of

starch-like floccules

3: Soft gel with moderate to considerable opacity

4: Firm gel with considerable opacity

-ve No visible increase in viscosity or opacity (free-flowing
liquid)

3.4.3 Proteolytic activity of TAL

The determination of proteolytic activity in TAL was the second part of the first
objective of this study. Azocasein had play an important role in the determination of
enzyme activity especially in protease (Tamura et al., 2016). In this study, the
proteolytic activity of trypsin was performed as the following method described by
Tomarelli et al. (1949). The 2.5 % of azocasein (Sigma-Aldrich, USA) was
reconstituted with 0.5 % of sodium bicarbonate buffer at pH 8.3. Then, 200 uL of
homogenous solution of azocasein was added into a set of samples and blank. After
that, sodium bicarbonate was pipetted into each set of samples at the volume 150 uL
and blank for 250 pL. The 100 pL of the TAL was pipetted into the centrifuge tube.
Next, the homogenous mixture of the sample and azocasein was incubated at 37 °C

for 5 minutes. Trypsin was act as the positive control.
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The 100 pL of trypsin, sample, and blank was pipetted into a new sterilized
microcentrifuge tube and incubated in a water bath at 37 °C for 30 minutes. After
incubation, 400 pL of trichloroacetic acid was pipetted into each microcentrifuge tube
that contained trypsin, sample, and blank. The incubation was repeated at the same
temperature for three minutes after adding trichloroacetic acid. Next, the
microcentrifuge tubes with trypsin, sample, and blank were centrifuged at 8000 g at
4 °C for five minutes. After centrifuging, 100 uL of supernatant from each set of
sample and blank was transferred into a new microcentrifuge tube that contained 300
uLof 0.5 M sodium hydroxide. The microcentrifuge tubes were mixed well before
proceeding to the next step. The samples and blank were pipetted on a 96-well plate at
volume of 250 uL. The absorbance of the samples and blank was measured by a plate
reader at 440 nm wavelength. The enzyme activity of the sample will be determined

by using the formula (Buarque et al., 2009).

Enzyme Activity (U/ml/min) = (A 440 nm test- A 440 nm blank)/ 0.001

3.5 Comparison of protein profile in Tachypleus amebocyte lysate before and
after lipopolysaccharide induction

The protein profiles of TAL were compared before and after LPS induction as
the second objective. To archive this objective, the SDS polyacrylamide Gel
Electrophoresis (PAGE) (Bio-rad, USA) was used. Bradford Assay (Sigma-Aldrich,
USA) was used to determine the concentration of protein in TAL. The protocol of
Bradford assay was according to the manufacturer’s guideline. The Bovine Serum
Albumin (BSA) as standard was diluted by using PFW at different concentrations
(0.175 mg/mL, 0.35 mg/mL, 0.7 mg/mL, and 1.4 mg/mL) to construct a standard
curve. The LAL was act as control. The TAL and LAL were diluted for 2x, 5x, and
10x. After that, 5 pL of standard, LAL, and TAL were pipetted on a 96-well plate and
250 pL of Bradford reagent was slowly pipetted into the well to prevent leaky and
bubble forming. The plate was then covered with aluminium foil and incubated at
room temperature for 30 minutes. The absorbance of the TAL was determined at 595
nm wavelength by using a Gen5 microplate reader.

For protein profiling, the TAL will be subjected to SDS-PAGE. The method of
SDS-PAGE was followed as manufacturer’s protocols (Bio-Rad, CA, USA). The SDS-
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PAGE gel used in protein profiling was 20% Mini-Protean TGX precast gel (Bio-rad, CA,
USA, Catalog# 4561093). The protein concentration of TAL was standardized before diluted
with sample buffer. The lysate was diluted with sample buffer at a ratio of 1:1. 25mM of
Tris-glycine buffer with 1% SDS was act as running buffer. The sample buffer was prepared in
62.5 mM Tris-HCL with 2% of SDS, 25% of glycerol, 0.01% of bromophenol blue, and 5% of
-mercaptoethanol. The 20 pL of lysate-sample buffer waspipetted into the well and run
under 100 V for 45 minutes. Next, the gel was stained with Coomassie Brilliant Blue
for at least two hours and re-staining with distilled water for 24 hours. The gels were
cut and analyzed by using Orbital Nano LC-MS analysis.The samples were analyzed
using Orbitrap Nano LC-MS/MS analysis and performed on a nanoflow HPLC system

connected to a mass spectrometer equipped with an electrospray ionization source.

3.6 Determination of the expression levels of serine protease inhibitor genes in
Tachypleus amebocyte lysate during multiple lipopolysaccharide induction

The RNA from horseshoe crab blood was extracted by using PureZOL RNA
reagent (Bio-rad, USA) and three replicates for each sample. The method of RNA
extracted was followed as the PureZOL RNA isolation reagent kit manufacturer’s
guideline (Bio-rad, USA, Catalog# 732-6890). One mL of PureZOL Reagent per 100
mg of the cell was added into the sample and homogenized forone minute. Then, the
samples were centrifuged at 12000 g for 10 minutes at 4 °C to remove fat,
polysaccharide, protein, or extracellular material and incubated for five minutes at
room temperature. The Eppendorf Centrifuge MiniSpin was used for centrigation. The
supernatant was then transferred into a new two mL microcentrifuge tube. After that,
200 pL of chloroform was pipetted into the sample-PureZOL mixed and shaken
vigorously for 15 seconds. After incubation of 5 minutes at room temperature, the
samples were centrifuged at 12000 g for 15 minutes at 4 °C. After centrifugation, the
mixture was separated into three phases. It was as an upper, colorless aqueous phase,
white interphase, and a lower, red organic phase. The upper phase colorless aqueous
was then transferred into a new centrifuge tube. Next, 500 pLof isopropanol was
pipetted into the sample for the cell to lysis and homogenized. After five minutes of

incubation, the sample was centrifuged for 10 minutes at 12000 g at 4 °C.
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The supernatant was discarded and the pellet was resuspended by using one
mL of 75 % ethanol and vortex before centrifuging at 7500 g at 4 °C for 5 minutes.
The supernatant was discarded and the pellet was dried for five minutes. The RNA was
dissolved by using 30 uL of RNase-free water. The RNA was incubated at 55 °C to
ensure the RNA had fully dissolved. After RNA extraction, the concentration of RNA
was determined by Nano-drop UV-Vis Spectrophotometer and run gel electrophoresis
with 1 % agarose gel. The transcript levels in the clot and control samples were
measured by using iTaq universal STBR Green one-step kit (Bio-rad, USA) method.
The first strand of cDNA was synthesized from 2 pg of RNA by primers and reverse
primers. The primers were designed based on selected genes in differentially expressed

proteins by manufacture (IDT DNA, USA) (Table 3.2).

The Limulus Intracellular Coagulation Inhibitor 1 and 2 (LICI-1 & LICI-2) can be found
in Tachypleus sp. For internal control of QRT-PCR, the forward and reverse primersof
18S rRNA Beta actin were chosen. The master mixes of PCR for each gene were
prepared according to the kit. The final volume of the qRT-PCR reaction for one tube
is 20 pL. 20 pL of the qRT-PCR solution contains 0.5 M of each forward and reverse
primer, 10 pL of iTaq universal SYBR green reaction mix, 0.25 pL of iScript reverse
transcriptase, 0.5 uL of RNA from each sample, and 8.25 pL of nuclease-free water.
The RT-PCR reaction was performed using a 10 min 50 °C reverse transcription
reaction, 1 min 95 °C denaturation, 30 sec 72 °C annealing, and the plate read. After
the PCR reaction, the gel electrophoresis proceeded with 1 % of agarose gel and

visualized under UV with SYBR safe.

Table 3.2 The primer set was used to determine the expression level of Serine Protease
Inhibitor (SERPIN) gene.

Primer Name Sequence (5°-3”)
TICI-1 Forward GGG TCT TGG TCA CTA TTC CTA AG
Reverse TTT GCG TTG GCT TCA CTA AAC
TICI-2 Forward TGA GTC TGA CGA ACA AGTTTCC
Reverse CCC ATT CCG GTA GGA TGA ATATC
LP Forward AAC TGG GCG TCT ATG TTG TAG
Reverse TGA GTG CGT TCT CTA CTT TCT C
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3.7 Statistical analysis

The data were expressed as mean + standard error of the mean (SEM). The different
between the expression level of the SERPIN genes were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s post-hoc test. Statistical

significance was defined when the p-value was less than 0.05.
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CHAPTER 4

RESULTS

4.1 Samples collection

The sample were collected at Kuala Kemaman, Terengganu. The number of
collected horseshoe crab was recorded. During June 2020, there were total 37 T. gigas
had been collected while for July 38 of 7.gigas were collected. For August batch, 35
horseshoe crabs were collected. In the June batch, there were 21 7. gigas was males
and 16 females. For July, there were 23 female and 15 male of 7T.gigas were collcted.
Of 35 horseshoe crabs in August, there were 19 males and 16 females (Table 4.1). The

horseshoe crabs were maintained in captivity after first time blood extraction.

Table 4.1 Sample collection

Months male Female
June 21 16

July 23 15
August 19 16
Total 110

4.2 Quantification of lipopolysaccharide induction
The quantification of lipopolysaccharide (LPS) was done by using the gel clot
method of LAL assay.The sensitivity of Tachyplues amebocyte lysate (TAL) and
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Limulus amebocyte lysate (LAL) were determined by different concentrations of
controlstandard endotoxin (CSE).

In three different CSE concentrations, all samples had the highest clotting level
in 10 EU/mL while the lowest in 1 EU/mL. Overall, the June-01 and August-01 of
TAL hadthe highest clotting level among other batches of TAL (Figure 4.1).

Clotting Level
[\

1EU/mL 5 EU/mL 10 EU/mL
CSE Concentration

B PFW+ LAL mCSE+LAL ®June-1 mJuly-1 ®August-1 ®June-2 MJuly-2 M August-2

Figure 4.1: The clotting level of LAL and TAL in different concentrations of CSE;
Blue: 10 EU/mL CSE; Orange: 5 EU/mL CSE and grey: 1 EU/mL CSE. CSE: control
standard endotoxin.

4.3 Gel clot

The sensitivity of TAL from four different months toward CSE with different
combinations of divalent cations was determined by using the gel clot method. The
TAL showed a low clotting level when the CSE concentration reached 5 EU/ml. The
results of sensitivity are represented in the form of clotting level (Figure 4.2).

Among 35 divalent cation concentration combinations, five different
concentrations of divalent cation showed the highest clotting level among 35 different
divalent cation combinations. The five concentrations are 0.05 M MgCl, +0.2 M
CaCly, 0.1 M MgCl, +0.2 M CaCl,, 0.15 M MgCl, +0.05 M CaCl,, 0.15 M MgCl,
+0.15 M CaCl, and 0.25 M MgCl, +0.05 M CaCl,. TAL that was processed using from

fresh blood showed the highest sensitivity toward the control standard endotoxin. The
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Jun-01 means the first-time drawing blood showed level 3 clotting results in every five
different concentrations of divalent cation combination. The second time drawing
blood, Jun-02 showed the lowest clotting level under LPS induction (Figure 4.3). All
batches of TAL showed more clotting level under 10 EU/mL LPS induction than 5
EU/mL LPS induction.
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Figure 4.2: Clotting level of TAL at different concentrations of divalent cation
combination in 5 EU/mL CSE concentration. June-01: June first blood draw; June-02:
June second blood draw; Jul-01: July first blood draw; Jul-02: July second blood draw;
Aug-01: August first blood draw; Aug-02: August second blood draw.
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Figure 4.3: Clotting level of TAL on different concentrations of divalent cation
combination in 1 EU/mL CSE concentration. Jun-01: Jun first batch; Jun-02: Jun
second batch; Jul-01: July first batch; Jul-02: July second batch; Aug-01: August first
batch; Aug-02: August second batch.

With the same divalent cation concentration, the Jun batch TAL had the highest
clotting level compared to July and August batches. The clotting level of TAL is
decreasing after the first-time blood withdrawal. In all TAL from Jun batches,the fresh
bleed TAL which is Jun-01 was the highest clotting level and reached clotting level 2.
The divalent cation that showed the best clotting level in all TAL batches 0.15 M MgCl2
+0.15 M MgCl2 combination. The next is 0.05 M MgCl2 + 0.2 M MgCl: follow by
0.25 M MgCl2 +0.05 M CaCl.. In 6 batches of TAL, every first batch in different
months showed the highest clotting level. The fresh horseshoe crab TAL has a better
clotting level and is sensitive to CSE if compared to in-captivity horseshoe crab TAL.
The TAL that was treated with 10 EU/mL of CSE showed more clotting level
compared to 5 EU/mL.
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4.3.1 Proteolytic activity of TAL

The proteolytic activity of TAL was determined by using azocasein assay.
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Figure 4.4: The proteolytic activity of amoebocytes from different batches. June-01:
June first blood draw; June-02:June second blood draw; Jul-01: July first blood draw;
Jul-02: July second blood draw;Aug-01: August first blood draw; Aug-02: August
second blood draw. Data were presented as mean = SEM (n = 3). %p < 0.05 vs. LAL;
®» < 0.05 vs. Trypsin.

As a positive control, trypsin showed higher enzyme activity than LAL (Figure
4.4). The LAL showed the highest enzyme activity among the samples. The low
proteolytic activity may result in low protein content in captivity of horseshoe crab
amebocytes. The protein activity decreased when the horseshoe crab was maintained

in captivity. There were no significant (p > 0.05) changes between the batches.

4.4 Protein profile of Tachypleus amebocyte lysate
The concentration of protein in TAL was determined by using the Bradford
assay. Among all the batches of TAL, the June-2 batch had the highest protein

concentration while June-1 reached the lowest protein concentration (Table 4.2).
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Table 4.2 Protein concentration of TAL in June, July and August

Sample Protein concentration (mg/ mL)
LAL (Control) 2.84+£0.11
June-1 0.67£0.15
July-1 1.05+0.27
August-1 1.77 £0.25
June-2 1.85+0.14
July-2 1.61+0.14
August-2 1.24 +0.09

The protein profile of TAL before and after LPS induction using SDS-PAGE
to compare the protein in fresh and in captivity (Figure 4.5). The proteins in TAL from
the different batches were profiled by using SDS-PAGE to compare the protein
expression in captivity and the wild. Most of the sharp bands are present at 24 kDa
size for all batches of the sample. The July-02 batch had a sharp band that was similar
to August-01, however, that band was not present in another batch. As a control, LAL
showed a sharp band in between 52 kDa and 76 kDa while the TAL sample would not
be present. The TAL that was prepared from the first blood withdrawn from the
horseshoe crab showed the sharper band in SDS-PAGE while the following batch

showed faint. As result, July-02 showed more faint bands.

M LAL June-1 July-1 August-1 June-2 July-2 August-2

225 kDa---
150 kDa---
102 kDa---
76 kDa---
52 kDa---

38 kDa---
31 kDa---

24 kDa---

17 kDa---
12 kDa---

(A) (B)

Figure 4.5: Protein profiles of TAL from different months. From left to right: Protein
standard markers, LAL, June, July, and August. The LAL acted as a positive control.
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M: Markers; LAL: Limulus amoebocyte lysate; June-1: June first blood draw; June-2:
June second blood draw; July-01: July first blood draw; July-02: July second blood
draw;August-01: August first blood draw; August-02: August second blood draw.

4.4.1. LC-MS sequencing

After running SDS-PAGE, the 38 kDa and 24kDa bands were cut and sent to
Analytical Biochemistry Research Centre, USM for the next procedure. The 38 kDa
band was present before LPS induction TAL but absent in after LPS induction TAL.
The 24 kDa showed sharp band in before LPS induction but faint in after LPS
induction. There were more than 20 different types of proteins that had been
sequenced, however only a few proteins were related in regulating coagulation (Table

43).

Table 4.3 The LC-MS/MS orbitrap of TAL

Protein ID Protein Name Size Coverage
(Da) (%)
Q27084 Tachylectin-2 28881 29
2 P00760 Cationic 25785 24
trypsinogen
3 QY4JI5 Zinc finger 24982 4
CCCH
4 P81475 Complement 27248 4
factor  B-like
protease
5 Q9HQDS5 Probable 54073 2
histidine
ammonia-lysate
6 P01024 Complement C3 18741 2
7
7 P12763 Alpha-2-HS 38419 1
glycoprotein

4.5 Expression level of serine protease inhibitor gene

The expression level of the SERPIN gene in different months was determined
using RT-PCR. The expression level of the SERPIN genes was showed different
between fourmonths. By using 7/CI-1 primer, the July batch horseshoe crab blood had
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the highest expression among others (Figure 4.2). However, the August batch of blood
showed the lowest expression level of SERPIN genes. There was no significant (p>
0.05) changed between the batch for 7/CI-2 primer.

The Aug batch horseshoe crab blood showed the lowest expression level when
using the 7ICI-2 strand as a primer while July batch horseshoe crab blood had the
highest expression level (Figure 4.7). There was significant (p< 0.05) changed between
July and August for T/CI-2 primer.

The expression level of SERPIN increased continuously from Jun to July batch
however decrease sharply at Aug batch for LP primer (Figure 4.8). The July batch
showed the highest expression level compared to another batch. The August batch had
the lowest SERPIN gene expression level. There were significant (p< 0.05) changed
between July to June and July to August.

Overall, TICI-1, TICI-2 and LP primer strands are more suitable to act as a
primer in this study. The result showed a clear increase in the expression of SERPIN
genes from Jun to July. The Aug had the lowest expression level of SERPIN gene in

all different primer pairs.

10+

Relative SERPIN mRNA Expression
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|
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Figure 4.6: Expression level of SERPIN gene with 7/CI-I primer. Results were
expressed as mean = SEM (n=3). *p < 0.05.
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Figure 4.7: Expression level of SERPIN gene with TICI-2 primer. Results were
expressed as mean + SEM (n=3). *p < 0.05.
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Figure 4.8: Expression level of SERPIN gene with LP primer. Results were expressed
as mean + SEM (n=3). *p < 0.05.
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CHAPTER 5

DISCUSSION

5.1 Horseshoe crab population at Kuala Kemaman

The horseshoe crabs were collected at Kuala Kemaman and maintain in
Hatchery UMT, Kuala Kemaman. The strategic location of Kuala Kemaman provided
a suitable living environment for the horseshoe crab population that receives seawater
inflow from the South China Sea and freshwater from the Kemaman River outflow.
The occurrence of 7. gigas was found easily during the mating season from Jun to
August on the sandy beach. Kuala Kemaman also becomes a fishery landing site
because of their strategic location. The collaboration with local fisheries and
maintenance at a hatchery nearby had minimum the cost of sampling and traveling of
the sample. A similar strategy location at Balok Beach, Pahang was done by another
horseshoe crab research group on sample collection (Mat Zauki et al., 2019).

The water quality and water salinity may also affect the quality of TAL
produced by captive horseshoe crabs. Thus, the environment in captivity should
maintain suitable conditions for horseshoe crabs to survive. The most suitable water
temperature for Asia horseshoe crab to survive was 26°C and salinity should be 34 g
L' (Carmichael & Brush, 2012). The Asia species of horseshoe crab can survive in
more salinity water than L. polyphemus (Vestbo et al., 2018). On the other hand, the
diet that feeds captivity horseshoe crab also affect the regeneration of hemocyte (Kwan
etal.,2014). The shellfish are the most suitable food for horseshoe crabs in the resultof

9.7 x 10* eggs production than none in the fish feeding group (Ying et al., 2022).
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The presence of egg production proven the female horseshoe crabs were healthy and

reached the protein richness limit to produce eggs.

5.2 Sensitivity of Tachypleus amebocyte lysate on lipopolysaccharide induction
In this study, the sensitivity of Tachypleus ambocyte lysate (TAL) extract from
T. gigas toward endotoxin increase when the magnesium ion concentration is in the
range of 0.1 M to 0.25 M while 0.05 M to 0.15 M for calcium ion. A different finding
was done by (Tinker-Kulberg et al., 2020), by using amebocyte lysate extracted from
Limulus polyphemus. The concentration of 10 to 25 mM of magnesium ions and 2 to 10
mM of calcium ionsincrease the sensitivity of Limulus lysate toward endotoxin. The
sensitivity of LAL was able toclot under 0.03 EU/mL endotoxin concentration (Unger

et al., 2014). The presence of a suitable concentration of MgCl, and CaCl; slightly

increased the activity of zymogen toward endotoxin. The increase of Mg ion caused the
increase of TAL clotting activity if compared to calcium (Harm et al., 2021). The
higher concentration of Calcium ionscaused a slight decrease in TAL clotting effect.
This is due to horseshoe crabs that survive in seawater environments where the
Magnesium and Calcium ion ratio is 50:10 (Magnesium: Calcium). On the other hand,
Calcium ions play a cofactor in many biological processes.

The hemocyanin concentrations were different between fresh from wild and in
captivity. A finding was done by (Tinker-Kulberg et al., 2020), the protein contained
in fresh Limulus polyphemus horseshoe blood decreased from 61.1 + 9.45 mg/mL to
11.5 £ 9.45 mg/mL. The protein concentration in hemolymph needs two to six weeks
to be restored to healthy rate but the restoration of the amebocyte will take up to 4
months (Tinker-Kulberg et al., 2020). The horseshoe crab that being extracted the
blood for TAL preparation were not yet restored its amebocyte concentration in the
blood which cause the TAL activity to decrease in the next month. The sensitivity of
serine protease related to coagulation activity was determined by using the gel clot
method. It had showed the serine protease that related to coagulation in the TAL were

highly sensitive to lipopolysaccharide when the present of divalent cation.
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5.3 Proteolytic activity of Tachypleus amebocyte lysate

A different proteolytic activity results with 200 U/min for hemolymph and LPS
induction from whiteleg shrimp, Litopenaeus vannamei (Madsari et al., 2022). The
concentration of protein content in hemolymph was highly correlated with the
hepatosomatic index in hemolymph organisms. However, there is no other finding on
the proteolytic activity of TAL between wild and captive for Tachypleus species. A
different finding was done by using another arthropod organism such as Galleria
mellonella showed 4 U in aseptically injured and 3 U for native (Andrejko et al., 2021).
The proteolytic activity of G. mellonella increased when infected Pseudomonas
aeruginosa but decrease for native state.

The binding site of serine protease in marine organism hemocyte was specific
due to immune response (Soderhill, 1983). When the horseshoe crabs were not healthy
the quality of hemocytes will decrease. The horseshoe crab that maintains in captivity
may bring some effect on the experiment results. According to LaDouceur etal. (2019),the
infection of fungi diseases may only be found in captive animals but none in wild
organisms. The pollution of heavy metal affecting living organism and may cause
subhealth state to all living organisms (Nanda et al., 2019; Wu et al., 2023). The TAL
was prepared from the horseshoe crab hemocyte, thus the quality of hemocyte will
affect the TAL. Tachypleus sp. was sensitive to heavy metal and showed negative
correlation in hemocyte quality (Kwan et al., 2017). The pollution of horseshoe crab
habitat had cause them become unhealthy and may cause death easily when had open
wound. The proteolytic activity of serine protease in TAL were showed different
between wild and captivity. The protein profile of TAL can be proceeded to determine

the regulatory of protein between before and after lipopolysaccharide induction.

5.4 Protein profile of Tachypleus amobocyte lysate

The protein profiles of TAL were done using SDS PAGE. The different protein
profiling between before and after LPS induction had showed different protein
regulatory after LPS induction in TAL. The August batch TAL showed more sharp
band compare with Jun batch and July batch. Six sharp bandsresulted from August
batch were located at 150 kDa, 76 kDa, 38 kDa, 24 kDa, 17 kDa,and 12 kDa. A similar
result done by another researcher, a sharp band was located at 45 kDa (Mustopa et al.,

2023). In this study, one sharp band was located between 38 kDa and 52 kDa.
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The results of the LC-MS/MS analysis related to this study was discussed. The
LC-MS analysis was done using 7. gigas showed 2% of protein was related to host
defense system of innate immunity and 2% was related to protein synthesis in
hemocyte (Adebayo et al., 2022). Tachylectin is a type of lectin that located in
hemocyte and help in the hemagglutinating effect and antimicrobial activity against
many microorganisms (Adebayo et al., 2022). The tachylectin succeed located at 27 kDa
and is secreted by the granular cell in the hemocyte (Bowden et al., 2020). It
was specific bind to N-acetylglucosamine and N-acetylgalactosamine. A similar
finding was done by Wang et al. (2021), it involved in recognition of foreign particles
such as the endotoxin from bacteria. Once detect lipopolysaccharide, agglutination
was processed to inhibit the activity of endotoxin. The recognition of endotoxin was
startedwith the interaction of o-antigen on LPS structure (Shingate et al., 2020). The
tachylectin, protease inhibitor and anti-lipopolysaccharide factor in lysate for
hemolymph coagulation (Ashrafuzzaman et al., 2022). The tachylectin helps
researcher to determine the sensitivity of antimicrobial action in lysate (Hou et al.,
2020).

The cationic trypsinogen is a serpin inhibitor. The cationic trypsinogen was
ancestral to the majority of serine protease inhibitor (SERPIN) that had to play an
important role in inhibiting the serine protease activity in hemocytes and plasma
(Kostin et al., 2018). A different finding from T. tridentatus, intracellular coagulation
inhibitor (GeneBank: BAA(03374.1) was located after LPS induction (Wang et al.,
2021). Cationic trypsinogen is an enzyme that encodes by the PRSS1 gene (Thiel et
al., 2022). The activation of trypsinogen begins with proteolysis of the peptide bond at
the N-terminalend (Demcsdk et al., 2019). The cationic trypsinogen (Protein ID:
P00760) that was determined from TAL was recorded to function as catalytic activity
and cofactor. Thepresence of a different type of trypsinogen in lysate helps the cell in
biosynthesis activity (Koistinen et al., 2022).

The zinc finger CCCH domain with protein ID Q94JI5 has been sequenced in
this study while a different finding was done by another researcher (Magnadottir et al.,
2021). The structure of the major zinc finger was coordinated by one or more zinc ions
to stabilize the protein fold. The GATA transcription factor is a family of DNA-
binding proteins that composes of zinc finger with cysteine domain that play important
role in hematopoiesis for invertebrates (Li et al., 2018). The zinc finger was one ofthe

most abundant proteins that especially interact with DNA, RNA and protein sequence
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(Abbehausen, 2019). The FYVE zinc finger had located in a marine organism,
Hippoglossus hippoglosus that involved in immune, gene regulatory and metabolic
pathway (Magnadottir et al., 2021). Although zinc finger is a huge protein family,
however it mainly plays important role in RNA binding that can be harvestedfrom
lysate (Hanhsen et al., 2022).

The a-2-HS-glycoprotein had multifunction in the hemolymph. It is a carrier
protein that is synthesized by hepatocytes and found on the cell membrane. The
glycoprotein was obtained after LC-MS analysis. The function of this glycoprotein
may help in the activation of the immune complementary system in crustaceans (Gao
et al., 2022). A different finding was done by Moriyama et al. (2022), mucin-like
glycoprotein was determined at the midgut of Plautia stali, a sunk bug. The
glycoprotein consists of two polypeptide chains which are both cleaved from a protein
precursor that is encoded from a single mRNA. From the Uniport protein data bank,
the a-2-HS- glycoprotein can bind with a ligand such as some lipid and thyroid
hormone. The metabolism of the marine organism during injured will be activated by
some other immune-related enzyme for example endocytosis induced by Alpha-2-HS-
glycoprotein in the lysate. The regulatory of serine protein between before and after
LPS induction in TAL was done and proceed to determine the expression level of

serine protease inhibitor genes.

5.5 Expression level of serine protease inhibitor gene

After the protein profile of serine protease in TAL, the expression level of
serine protease inhibitor gene was determined. In the current study, all the expressions
of SERPIN genes (TICI-1, TICI-2, and LP primer) showed the highest expression in
the July batch compared to the other batches. The current study showed that the
expression level of SERPIN gene for July batch had significant different with Jun and
August batch when TICI-2 as a primer. The TICI-1 and TICI-2 were the serine
protease inhibitor that identified from the hemocyte (Ashrafuzzaman et al., 2022). The
TICI-1 and TICI-2 were the inhibitor for blood coagulation in horseshoe crab that help
regulating coagulation (Blisnick et al., 2017). The LP primer was design from Limulus
polyphemus serine protease inhibitor 2.1-like with gene ID 106460682. The serine
protease inhibitor 2.1 like helpto regulate the immune response of viral infection in

Spodoptera exigua (Li et al., 2021).
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The expression level of the SERPIN gene was high when not induced with LPS.
A similar finding showed the expression level of Kazal-type serine proteinase inhibitor
from fresh crayfish, Cherax quadricarinatus. The relative expression level of Kazal-
type serpin from C. quadricarinatus hemocyte had reached 275 (Wang et al., 2021).
The serpin gene decrease sharply when the neuroendocrine-immune factor, dopamine
was injected into white shrimp, Litopenaeus vannamei for 12 hours and back to normal
level after 24 hours (Wei et al., 2019). When invertebrate organisms had an
open wound and microorganisms are infected inside the body, the defense mechanism
was activated. Thus, nutrition and energy were consumed more on protein synthesis
such as a clotting enzyme. The increasing of immune response-related protein and
decreasing the expression of its inhibitor ensure the organism to survives under
microbial invasion.

The primer prepared for SERPIN expression in RT-PCR reaction used TICI-1,
TICI-2, and LP DNA sequence as a template. The results of RT-PCR were related to
coagulation regulation and should be higher in freshly bleed heamolymph and lower
in captivity horseshoe crabs or LPS induction horseshoe crabs. This is because the
TICI-1 and TICI-2 function for inhibiting the coagulation cascade (Abbas et al., 2022).
The template design for LP primer was named L. polyphemus serine protease inhibitor
2.1 with gene ID: LOC106460682 on NCBI (Pruitt et al., 2014). The results of the
expression level of SERPIN that related to the coagulation cascade were decreased
when species were under LPS infection. The expression level of SERPIN for LP primer
was lower than TICI-1 and TICI-2 primer because of was not specific for the clotting
enzyme. The SERPIN interacts with enzymes and inhibits the spreading of hemocyte
and stop the coagulation of blood (Abbas et al., 2022).

When LPS was detected by hemocyte in the horseshoe crab, the clotting
mechanism induced by Factor C will clot to prevent the loss of hemocyte. In this stage,
the expression level of a serine protease in hemocytes was started to increase and the
expression level of serpin decreased. This is because the clotting-related enzymes were
more classified as serine proteases such as Factor C. After the wound had completely
sealed and entrapped the pathogen, the transglutaminase occurred in the hemocyte for
preparing the complementary activity. Transglutaminase was reported which have
multifunction properties that are involved in blood coagulation and immune response
against bacterial infection (Maningas et al., 2013). The complementary process

continued to occur after the complement-like factor was bound with the pathogen
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membrane protein. There were two types of activation for complementary response in
invertebrates which is through the lectin alternative pathway (Xiao et al., 2022).

The complementary system in invertebrates consists of opsonization and
phagocytosis. Not like vertebrates had highly specified phagocytic cells like
neutrophils, eosinophils, and macrophages, the invertebrate mainly hemocytes (Liu et
al., 2020). The hemocyte-mediated phagocytosis was started when the pathogens were
recognized by the phagocyte surface receptor. The phagosome was formed to enclose
the foreign particle or pathogen and bind with the lysosome and finally formed the
phagolysosome. After the phagolysosomes were formed, the digestive enzyme and
protease were synthesized to degrade the pathogen. The expression level of serine
protease increased to ensure the digestive enzymes were enough for phagocytosis.
After phagocytosis, huge quantities of hemocytes were consumed, so the synthesis of
new hemocytes is required after infection (Liu et al., 2021). During hematopoietic,
more energy and nutrient was consumed for new hemocyte synthesis. When the level
of hemocyte raised back to normal, the expression level of serine protease decreased
and back to normal. The expression level of SERPIN gene increased during coagulation
and decreased after clotting was formed. The expression level of SERPIN gene will be

the protein issue of the effect of LPS induction.
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CHAPTER 6

CONCLUSIONS

The presence of divalent cation in 0.15 M MgCl, +0.15 M CacCl; had increased
the clotting activity of lysate for one clotting level. The presence of cation with suitable
concentration activated the clotting enzyme that contains in amebocyte and enhanced
the coagulation effect. In pH 7, the clotting level of all batches of TAL were higher
than other pH buffers. When horseshoe carbs were unhealthy and stressful the results
of proteolytic activity were low. The proteolytic activity of LAL showed the highest
among all batches of TAL. Seven proteins that had been profile after LC- MS analysis
which is tachylectin-2, cationic trypsinogen, zinc finger CCCH domain, complement
factor B-like protease, probable histidine ammonia-lysate, complement C3, and alpha-
2-HS glycoprotein. The expression level of three different SERPIN genes for healthy
horseshoe crab was higher than captive horseshoe carb under LPS induction. The
expression level of SERPIN genes showed high in fresh blood but low in captive blood.
The quality of TAL was affected by environment factor,thus repeating the study by
using different horseshoe crab species may provide advance result. The activity of
serine protease and serine protease inhibitor in regulating coagulation was affected by
environmental factor such as temperature and pH. The sample size for the study was

on small scale due to the maintenance cost of captivity.

38



REFERENCES

Abbas, M. N., Chlastakova, A., Jmel, M. A., Iliaki-Giannakoudaki, E., Chmelar, J., &
Kotsyfakis, M. (2022). Serpins in Tick Physiology and Tick-Host Interaction. In
Frontiers in Cellular and Infection Microbiology (Vol. 12). Frontiers Media S.A.
https://doi.org/10.3389/fcimb.2022.892770

Abbehausen, C. (2019). Zinc finger domains as therapeutic targets for metal-based
compounds-an update. In Metallomics (Vol. 11, Issue 1, pp. 15-28). Royal
Society of Chemistry. https://doi.org/10.1039/c8mt00262b

Adebayo, 1. A., Habib, M. A. H., Sarmiento, M. E., Acosta, A., Yaacob, N. S., &
Ismail, M. N. (2022). Proteomic analysis of Malaysian Horseshoe crab
(Tachypleus gigas) hemocytes gives insights into its innate immunity host
defence system and other biological processes. PLoS ONE, 17(8 August).
https://doi.org/10.1371/journal.pone.0272799

Andrejko, M., Mak, P., Sieminska-Kuczer, A., Iwanski, B., Wojda, 1., Suder, P.,
Kuleta, P., Regucka, K., & Cytrynska, M. (2021). A comparison of the production
of antimicrobial peptides and proteins by Galleria mellonella larvae in response
to infection with two Pseudomonas aeruginosa strains differing in the profile of
secreted proteases. Journal of Insect Physiology, 131, 104239.
https://doi.org/https://doi.org/10.1016/].jinsphys.2021.104239

Ashrafuzzaman, Md., Razu, M. H., Showva, N.-N., Bondhon, T. A., Moniruzzaman,
Md., Rahman, S. A. R., Rabby, Md. R. 1., Akter, F., & Khan, M. (2022).
Biomolecules of the Horseshoe Crab’s Hemolymph: Components of an Ancient
Defensive Mechanism and Its Impact on the Pharmaceutical and Biomedical
Industry. Cellular Microbiology, 2022, 3381162.
https://doi.org/10.1155/2022/3381162

Balde, A., Hasan, A., Joshi, 1., & Nazeer, R. A. (2020). Preparation and optimization
of chitosan nanoparticles from discarded squilla (Carinosquilla multicarinata)
shells for the delivery of anti-inflammatory drug: Diclofenac. Journal of the Air
& Waste Management Association, 70(12), 1227-1235.
https://doi.org/10.1080/10962247.2020.1727588

Blisnick, A. A., Foulon, T., & Bonnet, S. I. (2017). Serine protease inhibitors in ticks:
An overview of their role in tick biology and tick-borne pathogen transmission.
In Frontiers in Cellular and Infection Microbiology (Vol. 7, Issue MAY).
Frontiers Media S.A. https://doi.org/10.3389/fcimb.2017.00199

Botton, M. L., Loveland, R. E., Munroe, D., Bushek, D., & Cooper, J. F. (2022).
Identifying the Major Threats to American Horseshoe Crab Populations, with
Emphasis on Delaware Bay. In J. T. Tanacredi, M. L. Botton, P. K. S. Shin, Y.
Iwasaki, S. G. Cheung, K. Y. Kwan, & J. H. Mattei (Eds.), International
Horseshoe Crab Conservation and Research Efforts: 2007- 2020 (pp. 315-344).
Springer International Publishing.

39



Bowden, T. J., Kraev, 1., & Lange, S. (2020). Post-translational protein deimination
signatures and extracellular vesicles (EVs) in the Atlantic horseshoe crab
(Limulus polyphemus). Developmental & Comparative Immunology, 110,
103714. https://doi.org/https://doi.org/10.1016/5.dci.2020.103714

Buarque, D. S., Castro, P. F., Santos, F. M. S., Lemos, D., Junior, L. B. C., & Bezerra,
R. S. (2009). Digestive peptidases and proteinases in the midgut gland of the pink
shrimp Farfantepenaeus paulensis (Crustacea, Decapoda, Penaeidae).
Aquaculture  Research, 40(7), 861-870. https://doi.org/10.1111/.1365-
2109.2009.02183.x

Burger, J. (2023). Metal Levels in Delaware Bay Horseshoe Crab Eggs from the
Surface Reflect Metals in Egg Clutches Laid beneath the Sand. Toxics, 11(7).
https://doi.org/10.3390/toxics11070614

Carmichael, R., & Brush, E. (2012). Three decades of horseshoe crab rearing: A
review of conditions for captive growth and survival. Reviews in Aquaculture, 4,
32-43. https://doi.org/10.1111/3.1753-5131.2012.01059.x

Coban, A., Bornberg-Bauer, E., & Kemena, C. (2022). Domain Evolution of
Vertebrate Blood Coagulation Cascade Proteins. Journal of Molecular Evolution,
90(6), 418-428. https://doi.org/10.1007/s00239-022-10071-3

Das, A. P., Bal, B., & Mahapatra, P. S. (2015). Horseshoe Crabs in Modern Day
Biotechnological Applications. In R. H. Carmichael, M. L. Botton, P. K. S. Shin,
& S. G. Cheung (Eds.), Changing Global Perspectives on Horseshoe Crab
Biology, Conservation and Management (pp. 463—474). Springer International
Publishing. https://doi.org/10.1007/978-3-319-19542-1 26

Demcsak, A., Geisz, A., & Sahin-T6th, M. (2019). Engineering mouse cationic
trypsinogen for rapid and selective activation by cathepsin B. Scientific Reports,
9(1). https://doi.org/10.1038/s41598-019-45631-z

Dolejs, P., & Vanousova, K. (2015). A collection of horseshoe crabs (Chelicerata:
Xiphosura) in the national museum, prague (Czech republic) and a review of their

immunological importance. Arachnologische Mitteilungen, 2015(49), 1-9.
https://doi.org/10.5431/aramit4901

Du, X., Sang, P., Xia, Y.-L., Li, Y., Liang, J., Ai, S.-M., Ji, X.-L., Fu, Y.-X., & Liu,
S.-Q. (2017). Comparative thermal unfolding study of psychrophilic and
mesophilic subtilisin-like serine proteases by molecular dynamics simulations.
Journal of Biomolecular Structure and Dynamics, 35(7), 1500-1517.
https://doi.org/10.1080/07391102.2016.1188155

Friel, A. D., Neiswenter, S. A., Seymour, C. O., Bali, L. R.,, McNamara, G., Leija, F.,
Jewell, J., & Hedlund, B. P. (2020). Microbiome Shifts Associated With the
Introduction of Wild Atlantic Horseshoe Crabs (Limulus polyphemus) Into a
Touch-Tank Exhibit. Frontiers in Microbiology, 11.
https://doi.org/10.3389/fmicb.2020.01398

40



Fu, Y., Huang, S., Wu, Z., Wang, C. C., Su, M., Wang, X., Xu, P., Huang, X., Wu, H.,
Wang, Y., Wang, J., Xiao, X., Zhou, H., Xie, X., Chen, M., Huang, S. L., Liao,
Y., & Kwan, K. Y. (2019). Socio-demographic drivers and public perceptions of
consumption and conservation of Asian horseshoe crabs in northern Beibu Gulf,
China. Aquatic Conservation: Marine and Freshwater Ecosystems, 29(8), 1268—
1277. https://doi.org/10.1002/aqc.3125

Funch, P., Wang, T., Pertoldi, C., & Middelbo, A. B. (2016). Low Oxygen Levels
Slow Embryonic Development of Limulus polyphemus. The Biological Bulletin,
231(2), 113-119. https://doi.org/10.1086/690091

Gao, T. heng, Han, M. ming, Zhou, H., Zhu, C. xi, Yang, Y., Zuraini, Z., Guo, Y. X.,
& Jiang, Q. chen. (2022). Effects of berberine hydrochloride on immune response
in the crab Charybdis japonica. @ BMC  Genomics,  23(1).
https://doi.org/10.1186/s12864-022-08798-w

Giordano, N. P., Cian, M. B., & Dalebroux, Z. D. (2020). Outer membrane lipid
secretion and the innate immune response to gram-negative bacteria. Infection
and Immunity, 88(7). https://doi.org/10.1128/IA1.00920-19

Gorman, R. (2020). Atlantic Horseshoe Crabs and Endotoxin Testing: Perspectives on
Alternatives, Sustainable Methods, and the 3Rs (Replacement, Reduction, and
Refinement). Frontiers in Marine Science, 7.
https://doi.org/10.3389/fmars.2020.582132

Gustchina Elena and Williams, K. L. (2019). Limulus Ancient Innate Responses. In
K. L. Williams (Ed.), Endotoxin Detection and Control in Pharma, Limulus, and
Mammalian Systems (pp. 631-682). Springer International Publishing.
https://doi.org/10.1007/978-3-030-17148-3 18

Hanhsen, B., Farrukh, A., Pradel, G., & Ngwa, C. J. (2022). The Plasmodium
falciparum CCCH Zinc Finger Protein ZNF4 Plays an Important Role in

Gametocyte Exflagellation through the Regulation of Male Enriched Transcripts.
Cells, 11(10). https://doi.org/10.3390/cells11101666

Harm, S., Schildbock, C., Strobl, K., & Hartmann, J. (2021). An in vitro study on
factors affecting endotoxin neutralization in human plasma using the Limulus
amebocyte lysate test. Scientific Reports, 11(1). https://doi.org/10.1038/s41598-
021-83487-4

Hiroshi Tamura, Johannes Reich, & Isao Nagaoka. (2016). Bacterial Endotoxin Assays
Relevant to Host Defense Peptides HIROSHI TAMURA *1) 2) , JOHANNES
REICH *3),ISAO NAGAOKA *2). https://doi.org/10.14789/jmj

Hou, L., Zhou, H., Wan, H., Liu, Z., Wang, L., Cheng, Y., Wu, X., Gu, W., Wang, W_,
& Meng, Q. (2020). TMT-based quantitative proteomic analysis of Eriocheir
sinensis hemocytes and thoracic ganglion during Spiroplasma eriocheiris
infection. Fish & Shellfish Immunology, 96, 126-137.
https://doi.org/https://doi.org/10.1016/j.£51.2019.11.009

41



Hu, W., Wang, Y., Dong, P., Zhang, D., Yu, W., Ma, Z., Chen, G., Liu, Z., Du, J.,
Chen, B., & Lei, G. (2020). Predicting potential mangrove distributions at the
global northern distribution margin using an ecological niche model: Determining

conservation and reforestation involvement. Forest Ecology and Management,
478, 118517. https://doi.org/https://doi.org/10.1016/j.foreco.2020.118517

Hye Jin Kim 1, Kyou Hee Shim 1, Seung Ju Yeon 1, & Hwa Sung Shin 1. (2018). A
Novel Thrombolytic and Anticoagulant Serine Protease from Polychaeta,
Diopatra sugokai. J. Microbiol. doi: 10.4014/jmb.1709.09075

Ismail Noraznawati, Taib Mariam, & Ahmed Shamsuddin Ahmed Chatterji Anil.
(2014). Process for the Preparation of Amoebocyte Lysate from Haemolymph of
the Horseshoe Crab. https://patents.google.com/patent/US20140147903A1/en

Ituarte, S., Brola, T. R., Dreon, M. S., Sun, J., Qiu, J.-W., & Heras, H. (2019). Non-
digestible proteins and protease inhibitors: implications for defense of the colored

eggs of the freshwater apple snail Pomacea canaliculata. Canadian Journal of
Zoology, 97(6), 558-566. https://doi.org/10.1139/cjz-2018-0210

John, B. A., Nelson, B. R., Sheikh, H. 1., Cheung, S. G., Wardiatno, Y., Dash, B. P.,
Tsuchiya, K., Iwasaki, Y., & Pati, S. (2018). A review on fisheries and
conservation status of Asian horseshoe crabs. Biodiversity and Conservation,
27(14), 3573-3598. https://doi.org/10.1007/s10531-018-1633-8

Jorgensen, J. H., & Smith, R. F. (1973). Preparation, Sensitivity, and Specificity of
Limulus Lysate for Endotoxin Assay. In APPLIED MICROBIOLOGY.
https://journals.asm.org/journal/am

Kanost, M. R. (1999). Serine proteinase inhibitors in arthropod immunity.

Developmental & Comparative ~ Immunology, 23(4), 291-301.
https://doi.org/https://doi.org/10.1016/S0145-305X(99)00012-9

Kobayashi, Y., Takahashi, T., & Shibata, T. (2015). Factor B is the second
Lipopolysaccharide-binding protease zymogen in the horseshoe crab coagulation
cascade. J Biol Chem, 290. https://doi.org/10.1074/jbc.M115.653196

Koistinen, H., Koistinen, R., Hotakainen, K., Lempidinen, A., Jokelainen, K., Farkkila,
M., & Stenman, U.-H. (2022). Immunoassay for trypsinogen-4. Analytical
Biochemistry, 648, 114681.
https://doi.org/https://doi.org/10.1016/j.ab.2022.114681

Kostin, N. N., Bobik, T. V, Shurdova, E. M., Ziganshin, R. H., Surina, E. A., Shagin,
D. A., Shagina, I. A., Knorre, V. D., Isaev, V. A., Rudenskaya, G. N., Gabibov,
A. G., & Smirnov, 1. V. (2018). Cloning and characterization of serpin from red
king crab Paralithodes camtschaticus. Fish & Shellfish Immunology, 81, 99—107.
https://doi.org/https://doi.org/10.1016/;.£51.2018.07.014

Krisfalusi-Gannon, J., Ali, W., Dellinger, K., Robertson, L., Brady, T. E., Goddard,

M. K. M., Tinker-Kulberg, R., Kepley, C. L., & Dellinger, A. L. (2018). The role
of horseshoe crabs in the biomedical industry and recent trends impacting species

42



sustainability. In Frontiers in Marine Science (Vol. 5, Issue JUN). Frontiers
Media S. A. https://doi.org/10.3389/fmars.2018.00185

Kushibiki, T., Kamiya, M., Aizawa, T., Kumaki, Y., Kikukawa, T., Mizuguchi, M.,
Demura, M., Kawabata, S., & Kawano, K. (2014). Interaction between
tachyplesin I, an antimicrobial peptide derived from horseshoe crab, and
lipopolysaccharide. Biochimica et Biophysica Acta (BBA) - Proteins and
Proteomics, 1844(3), 527-534.
https://doi.org/https://doi.org/10.1016/j.bbapap.2013.12.017

Kwan, B. K. Y., Chan, A. K. Y., Cheung, S. G., & Shin, P. K. S. (2014). Hemolymph
quality as indicator of health status in juvenile Chinese horseshoe crab
Tachypleus tridentatus (Xiphosura) under laboratory culture. Journal of
Experimental ~ Marine  Biology  and  Ecology, 457, 135-142.
https://doi.org/https://doi.org/10.1016/j.jembe.2014.04.011

Kwan, B. K. Y., Hsieh, H.-L., Cheung, S. G., & Shin, P. (2016). Present population
and habitat status of potentially threatened Asian horseshoe crabs Tachypleus
tridentatus and Carcinoscorpius rotundicauda in Hong Kong: a proposal for

marine  protected  areas.  Biodiversity @ and  Conservation,  235.
https://doi.org/10.1007/s10531-016-1084-z

Kwan, B.K. Y., Un, V., Cheung, S. G., & Shin, P. (2017). Horseshoe crabs as potential
sentinel species for coastal health: Juvenile haemolymph quality and relationship

to habitat conditions. Marine and  Freshwater  Research, 69.
https://doi.org/10.1071/MF17210

Kwan, B.K. Y., Un, V.K. Y., Cheung, S. G., & Shin, P. K. S. (2018). Horseshoe crabs
as potential sentinel species for coastal health: juvenile haemolymph quality and
relationship to habitat conditions. Marine and Freshwater Research, 69(6), 894—
905. https://doi.org/10.1071/MF17210

LaDouceur, E. E. B., Mangus, L., Garner, M. M., & Cartoceti, A. N. (2019). Histologic
Findings in Captive American Horseshoe Crabs (Limulus polyphemus).
Veterinary Pathology, 56(6), 932-939.
https://doi.org/10.1177/0300985819859877

Lemaite, B. (1997). Drosophila host defense: differential induction of antimicrobial
peptide genes after infection by various classes of microorganisms. Proc Natl
Acad Sci U S A, 94. https://doi.org/10.1073/pnas.94.26.14614

Leskeld, J., Pietidinen, M., Safer, A., Lehto, M., Metso, J., Malle, E., Buggle, F.,
Becher, H., Sundvall, J., Grau, A. J., Pussinen, P. J., & Palm, F. (2020). Serum
lipopolysaccharide neutralizing capacity in ischemic stroke. PLoS ONE, 15(2).
https://doi.org/10.1371/journal.pone.0228806

Levin, J. (2019). 1 - The Evolution of Mammalian Platelets. In A. D. Michelson (Ed.),

Platelets (Fourth Edition) (Fourth Edition, pp. 1-23). Academic Press.
https://doi.org/https://doi.org/10.1016/B978-0-12-813456-6.00001-1

43



Li, J., Zhang, Y., Yang, S., Lu, Z., Li, G., Wu, S., Wu, D.-R,, Liu, J., Zhou, B., Wang,
H.-M. D., & Huang, S.-Y. (2021). The Beneficial Effects of Edible Kynurenic
Acid from Marine Horseshoe Crab (Tachypleus tridentatus) on Obesity,
Hyperlipidemia, and Gut Microbiota in High-Fat Diet-Fed Mice. Oxidative
Medicine and Cellular Longevity, 2021, 8874503.
https://doi.org/10.1155/2021/8874503

Li, Z.-Q., Li, N., Zhao, Y., & Huang, G.-H. (2021). A Spodoptera exigua serpin is
involved in the immunity of hemolymph induced by Heliothis virescens ascovirus
3h. Journal of  Asia-Pacific Entomology, 24(1), 120-128.
https://doi.org/https://doi.org/10.1016/j.aspen.2020.12.001

Liu, M., Liu, S., & Liu, H. (2021). Recent insights into hematopoiesis in crustaceans.
Fish and Shellfish Immunology Reports, 2, 100040.
https://doi.org/https://doi.org/10.1016/j.fsirep.2021.100040

Liu, S., Zheng, S. C., Li, Y. L., Li, J., & Liu, H. P. (2020). Hemocyte-Mediated
Phagocytosis in Crustaceans. In Frontiers in Immunology (Vol. 11). Frontiers
Media S.A. https://doi.org/10.3389/fimmu.2020.00268

Liu, X., Xu, Z., Chang, X., Fang, J. K. H., Song, J., He, J., Tai, Z., Zhu, Q., & Hu, M.
(2021). Enhanced immunity and hemocytes proliferation by three
immunostimulants in tri-spine horseshoe crab Tachypleus tridentatus. Fish &
Shellfish Immunology, 115, 112-123.
https://doi.org/https://doi.org/10.1016/j.£51.2021.06.001

Luo, Z., Miao, F., Hu, M., & Wang, Y. (2020). Research Development on Horseshoe
Crab: A 30-Year Bibliometric Analysis. In Frontiers in Marine Science (Vol. 7).
Frontiers Media S.A. https://doi.org/10.3389/fmars.2020.00041

Ma, L., Yang, X., Wei, W., Wang, B., Qiu, D., Zhu, Q., Wang, M., & Deng, G. (2017).
Original Article Diagnostic and prognostic significance of procalcitonin and
endotoxin in peritoneal dialysis-related peritonitis. In Int J Clin Exp Pathol (Vol.
10, Issue 5). www.ijcep.com/

Magnadoéttir, B., Kraev, 1., Dodds, A. W., & Lange, S. (2021). The proteome and
citrullinome of Hippoglossus hippoglossus extracellular vesicles-novel insights
into roles of the serum secretome in immune, gene regulatory and metabolic
pathways. International Journal of Molecular Sciences, 22(2), 1-36.
https://doi.org/10.3390/ijms22020875

Maloney, T., Phelan, R., & Simmons, N. (2018). Saving the horseshoe crab: A
synthetic alternative to horseshoe crab blood for endotoxin detection. PLoS
Biology, 16(10). https://doi.org/10.1371/journal.pbio.2006607

Manca, A., Mohamad, F., Ahmad, A., Atham Mohd Sofa, M. F., & Ismail, N. (2017).
Tri-spine horseshoe crab, Tachypleus tridentatus (L.) in Sabah, Malaysia: the
adult body sizes and population estimate. Journal of Asia-Pacific Biodiversity,
10(3), 355-361. https://doi.org/https://doi.org/10.1016/j.japb.2017.04.011

44



Maningas, M. B. B., Kondo, H., & Hirono, 1. (2013). Molecular mechanisms of the
shrimp clotting system. Fish & Shellfish Immunology, 34(4), 968-972.
https://doi.org/https://doi.org/10.1016/j.£51.2012.09.018

Marggraf, M. B., Panteleev, P. V, Emelianova, A. A., Sorokin, M. 1., Bolosov, . A.,
Buzdin, A. A., Kuzmin, D. V, & Ovchinnikova, T. V. (2018). Cytotoxic Potential
of the Novel Horseshoe Crab Peptide Polyphemusin III. Marine Drugs, 16(12).
https://doi.org/10.3390/md 16120466

Mat Zauki, N. A., Satyanarayana, B., Fairuz-Fozi, N., Nelson, B. R., Martin, M. B.,
Akbar-John, B., & Chowdhury, A. J. K. (2019). Citizen science frontiers
horseshoe crab population regain at their spawning beach in East Peninsular
Malaysia. Journal of Environmental Management, 232, 1012-1020.
https://doi.org/https://doi.org/10.1016/j.jenvman.2018.12.002

Meilana, L., & Fang, Q. (2020). Local knowledge-based study on the status of
horseshoe crabs along the Indonesian coast. Regional Studies in Marine Science,
36, 101252. https://doi.org/https://doi.org/10.1016/j.rsma.2020.101252

Moriyama, M., Hayashi, T., & Fukatsu, T. (2022). A mucin protein predominantly
expressed in the female-specific symbiotic organ of the stinkbug Plautia stali.
Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-11895-1

Mukhtar, H. (2016). Industrial Applications and Production Sources of Serine Alkaline
Proteases: A Review. Journal of Bacteriology & Mycology: Open Access, 3(1).
https://doi.org/10.15406/jbmoa.2016.03.00051

Mustopa, A. Z., Izaki, A. F., Suharsono, S., Fatimah, F., Fauziyah, F., Damarani, R.,
Arwansyah, A., Wahyudi, S. T., Sari, S. S., Rozirwan, R., & Bachtiar, Z. (2023).
Characterization, protein modeling, and molecular docking of factor C from

Indonesian horseshoe crab (Tachypleus gigas). Journal of Genetic Engineering
and Biotechnology, 21(1), 44. https://doi.org/10.1186/s43141-023-00496-8

Naeem Madsari 1, Siriluk Maskaew 1, Sumalee Obchoei 1, Pattamaporn Kwankaew
2, Wilaiwan Senghoi 3, Prapaporn Utarabhand 1, & Phanthipha Runsaeng 4.
(2022). Determination of the efficacy of using a serine protease gene as a DNA
vaccine to protect against Vibrio parahaemolyticus infection in Litopenaeus
vannamei. Developmental & Comparative Immunology, 135(104459).
https://pubmed.ncbi.nlm.nih.gov/35660488/

Nair, S. V, Valle, H. Del, Gross, P. S., Terwilliger, D. P., Smith, L. C., & Courtney,
L. (2005). Macroarray analysis of coelomocyte gene expression in response to
LPS in the sea urchin. Identification of unexpected immune diversity in an
invertebrate. Physiol Genomics, 22, 33-47.
https://doi.org/10.1152/physiolgenomics.00052.2005.-The

Nanda, K. P., Kumari, C., Dubey, M., & Firdaus, H. (2019). Chronic lead (Pb)
exposure results in diminished hemocyte count and increased susceptibility to

bacterial infection in Drosophila melanogaster. Chemosphere, 236, 124349,
https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.124349

45



Oliva Arguelles, B., Riera-Romo, M., & Guerra Vallespi, M. (2020). Antitumour
peptide based on a protein derived from the horseshoe crab: CIGB-552 a
promising candidate for cancer therapy. In British Journal of Pharmacology (Vol.
177, Issue 16, pp. 3625-3634). John Wiley and Sons Inc.
https://doi.org/10.1111/bph.15132

Owings, M., Chabot, C., & Watson, W. (2020). Effects of the biomedical bleeding
process on the behavior and hemocyanin levels of the american horseshoe crab
(Limulus polyphemus). Fishery Bulletin, 118(3), 225-239.
https://doi.org/10.7755/FB.118.3.2

Pati, S., Chatterji, A., Dash, B. P., Nelson, B. R., Sarkar, T., Shahimi, S., Edinur, H.
A., Abd Manan, T. S. B., Jena, P., Mohanta, Y. K., & Acharya, D. (2020).
Structural characterization and antioxidant potential of chitosan by y-irradiation
from the carapace of horseshoe crab. Polymers, 12(10), 1-14.
https://doi.org/10.3390/polym12102361

Ponprateep, S., Vatanavicharn, T., Lo, C. F., Tassanakajon, A., & Rimphanitchayakit,
V. (2017). Alpha-2-macroglobulin is a modulator of prophenoloxidase system in
pacific white shrimp Litopenaeus vannamai. Fish & Shellfish Immunology, 62,
68—74. https://doi.org/https://doi.org/10.1016/j.151.2016.12.028

Pruitt, K. D., Brown, G. R., Hiatt, S. M., Thibaud-Nissen, F., Astashyn, A., Ermolaeva,
O., Farrell, C. M., Hart, J., Landrum, M. J., McGarvey, K. M., Murphy, M. R.,
O’Leary, N. A., Pujar, S., Rajput, B., Rangwala, S. H., Riddick, L. D., Shkeda,
A., Sun, H., Tamez, P., ... Ostell, J. M. (2014). RefSeq: An update on mammalian
reference sequences. Nucleic Acids Research, 42(D1).
https://doi.org/10.1093/nar/gkt1114

R M TOMARELLI, J CHARNEY, & M L HARDING. (1949). 18113930The use of
azoalbumin as a substrate in the colorimetric determination or peptic and tryptic
activity. The Journal of Laboratory and Clinical Medicine, 34(4), 428—433.

Romadhon, R., Suharto, S., & Sumardianto, S. (2018). Karakteristik Darah Mimi
(Tachypleus gigas) sebagai Pendeteksi Bakteri Kontaminan Penghasil
Endotoksin Pada Produk Perikanan. 7, 9-14.
http://ejournal.undip.ac.id/index.php/buloma

Salwan, R., Sharma, V., Kasana, R. C., & Gulati, A. (2020). Bioprospecting
Psychrotrophic Bacteria for Serine-Type Proteases from the Cold Areas of
Western Himalayas. Current  Microbiology, 77(5), 795-806.
https://doi.org/10.1007/s00284-020-01876-w

Scavenius, C., Nikolajsen, C. L., Stenvang, M., Thegersen, 1. B., Wyrozemski, L.,
Wisniewski, H. G., Otzen, D. E., Sanggaard, K. W., & Enghild, J. J. (2016). The
compact and biologically relevant structure of inter-a-inhibitor is maintained by
the chondroitin sulfate chain and divalent cations. Journal of Biological
Chemistry, 291(9), 4658—4670. https://doi.org/10.1074/jbc.M115.678748

Sekiguchi, R., & Nonaka, M. (2015). Evolution of the complement system in

46



protostomes revealed by de novo transcriptome analysis of six species of
Arthropoda. Developmental & Comparative Immunology, 50(1), 58-67.
https://doi.org/https://doi.org/10.1016/j.dci.2014.12.008

Senthilkumar, K., & Kim, S. K. (2013). Marine invertebrate natural products for anti-
inflammatory and chronic diseases. In Evidence-based Complementary and
Alternative  Medicine  (Vol.  2013).  Oxford  University  Press.
https://doi.org/10.1155/2013/572859

Sheikh, H. 1., John, B. A., J.A. Ichwan, S., & B.Y., K. (2021). Effect of prolonged
captivity on the hemolymph profile of Tachypleus gigas using the various
anticoagulant ~ formulations.  Aquaculture  Reports, 20, 100760.
https://doi.org/https://doi.org/10.1016/j.aqrep.2021.100760

Sheikh, H. 1., Kamaruzzaman, B. Y., Akbar John, B., Zaleha, K., & Ichwan, S. J. A.
(2019). Spermiogram of wild and captive Malaysian horseshoe crab (Tachypleus
gigas) from Pantai Balok, Kuantan, Pahang, Malaysia. Sains Malaysiana, 48(2),
325-328. https://doi.org/10.17576/jsm-2019-4802-08

Sheikh, H., John, A., Ichwan, S., Kassim, Z., & Yunus, K. (2015). Review On In-Vitro
Amebocyte Culture—A Lesson Learned From Past. Jurnal Teknologi (Sciences &
Engineering), 77, 171-176. https://doi.org/10.11113/jt.v77.6759

Shingate, P., Ravi, V., Prasad, A., Tay, B. H., Garg, K. M., Chattopadhyay, B., Yap,
L. M., Rheindt, F. E., & Venkatesh, B. (2020). Chromosome-level assembly of
the horseshoe crab genome provides insights into its genome evolution. Nature
Communications, 11(1). https://doi.org/10.1038/s41467-020-16180-1

Silva, C., Martins, M., Jing, S., Fu, J., & Cavaco-Paulo, A. (2018). Practical insights
on enzyme stabilization. Critical Reviews in Biotechnology, 38(3), 335-350.
https://doi.org/10.1080/07388551.2017.1355294

Smith, D. R., Brockmann, H. J., Beekey, M. A., King, T. L., Millard, M. J., & Zaldivar-
Rae, J. (2017). Conservation status of the American horseshoe crab, (Limulus
polyphemus): a regional assessment. In Reviews in Fish Biology and Fisheries
(Vol. 27, Issue 1, pp. 135-175). Springer International Publishing.
https://doi.org/10.1007/s11160-016-9461-y

Soderhéll, K. (1983). B-1,3-Glucan enhancement of protease activity in crayfish
hemocyte lysate. Comparative Biochemistry and Physiology Part B:
Comparative Biochemistry, 74(2), 221-224.
https://doi.org/https://doi.org/10.1016/0305-0491(83)90003-2

Storm, L., Bikker, F. J., Nazmi, K., Hulst, A. G., der Riet-Van Oeveren, D. V,
Veerman, E. C. 1., Hays, J. P., & Kaman, W. E. (2018). Anthrax protective
antigen is a calcium-dependent serine protease. Virulence, 9(1), 1085-1091.
https://doi.org/10.1080/21505594.2018.1486139

Strobel, L., & Johswich, K. O. (2018). Anticoagulants impact on innate immune
responses and bacterial survival in whole blood models of Neisseria meningitidis

47



infection. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-28583-8

Thiel, F., Reiser, M., & Weiss, F. U. (2022). A rare PRSS1 p.S127C mutation is
associated with chronic pancreatitis and causes misfolding-induced ER-stress.
Pancreatology, 22(8), 1112-1119.
https://doi.org/https://doi.org/10.1016/j.pan.2022.10.005

Tinker-Kulberg, R., Dellinger, A., Brady, T. E., Robertson, L., Goddard, M. K. M.,
Bowzer, J., Abood, S. K., Kepley, C., & Dellinger, K. (2020). Effects of Diet on
the Biochemical Properties of Limulus Amebocyte Lysate From Horseshoe Crabs
in an Aquaculture Setting. Frontiers in  Marine  Science, 7.

https://doi.org/10.3389/fmars.2020.541604

Tinker-Kulberg, R., Dellinger, A. L., Gentit, L. C., Fluech, B. A., Wilder, C. A.,
Spratling, 1. L., Stasek, D. J., Kepley, C. L., Robertson, L., Goddard, M. K.,
Brady, T. E., Toland, L., & Dellinger, K. (2020). Evaluation of Indoor and
Outdoor Aquaculture Systems as Alternatives to Harvesting Hemolymph From

Random Wild Capture of Horseshoe Crabs. Frontiers in Marine Science, 7.
https://doi.org/10.3389/fmars.2020.568628

Tinker-Kulberg, R., Dellinger, K., Brady, T. E., Robertson, L., Levy, J. H., Abood, S.
K., LaDuca, F. M., Kepley, C. L., & Dellinger, A. L. (2020). Horseshoe Crab
Aquaculture as a Sustainable Endotoxin Testing Source. Frontiers in Marine
Science, 7. https://doi.org/10.3389/fmars.2020.00153

Unger, R. E., Peters, K., Sartoris, A., Freese, C., & Kirkpatrick, C. J. (2014). Human
endothelial cell-based assay for endotoxin as sensitive as the conventional
Limulus Amebocyte Lysate assay. Biomaterials, 35(10), 3180-3187.
https://doi.org/https://doi.org/10.1016/j.biomaterials.2013.12.059

Veillard, F., Troxler, L., & Reichhart, J.-M. (2016). Drosophila melanogaster clip-
domain serine proteases: Structure, function and regulation. Biochimie, 122,255—
269. https://doi.org/https://doi.org/10.1016/j.biochi.2015.10.007

Vernen, F., Craik, D. J., Lawrence, N., & Troeira Henriques, S. (2019). Cyclic
Analogues of Horseshoe Crab Peptide Tachyplesin I with Anticancer and Cell
Penetrating Properties. ACS Chemical Biology, 14(12), 2895-2908.
https://doi.org/10.1021/acschembio.9b00782

Vestbo, S., Obst, M., Fernandez, F. J. Q., Intanai, 1., & Funch, P. (2018). Present and
potential future distributions of Asian horseshoe crabs determine areas for

conservation. Frontiers in Marine Science, S(MAY).
https://doi.org/10.3389/fmars.2018.00164

Wang, W. F., Xie, X. Y., Chen, K., Chen, X. L., Zhu, W. L., & Wang, H. L. (2021).
Immune Responses to Gram-Negative Bacteria in Hemolymph of the Chinese
Horseshoe Crab, Tachypleus tridentatus. Frontiers in Immunology, 11.
https://doi.org/10.3389/fimmu.2020.584808

Wang, W. F., Xie, X. Y., Huang, Y., Li, Y. K., Liu, H., Chen, X. L., & Wang, H. L.

48



(2022). Identification of a Novel Antimicrobial Peptide From the Ancient Marine
Arthropod Chinese Horseshoe Crab, Tachypleus tridentatus. Frontiers in
Immunology, 13. https://doi.org/10.3389/fimmu.2022.794779

Wang, Y., Wang, B., Liu, M., Jiang, K., Wang, M., & Wang, L. (2021).
Characterization and function analysis of a Kazal-type serine proteinase inhibitor
in the red claw crayfish Cherax quadricarinatus. Developmental & Comparative
Immunology, 114, 103871.
https://doi.org/https://doi.org/10.1016/j.dci.2020.103871

Wei, C., Pan, L., Zhang, X., Xu, L., Si, L., Tong, R.,, & Wang, H. (2019).
Transcriptome analysis of hemocytes from the white shrimp Litopenacus

vannamei with the injection of dopamine. Fish & Shellfish Immunology, 94, 497—
509. https://doi.org/https://doi.org/10.1016/5.151.2019.09.043

Wei, Z., Sun, W., Tran, N. T., Gong, Y., Ma, H., Zheng, H., Zhang, Y., & L1, S. (2019).
Two novel serine proteases from Scylla paramamosain involved in the synthesis
of anti-lipopolysaccharide factors and activation of prophenoloxidase system.
Fish & Shellfish Immunology, 84, 322-332.
https://doi.org/https://doi.org/10.1016/;.fs1.2018.10.014

Wu, W., Hu, J., & Song, D. (2023). Assessment of marine ecosystem health and its
key influencing factors in Laizhou Bay, China. Frontiers in Marine Science, 10.
https://doi.org/10.3389/fmars.2023.1115896

Xiao, K., Zhang, S., & Li, C. (2022). The complement system and complement-like
factors in sea cucumber. Developmental & Comparative Immunology, 136,
104511. https://doi.org/https://doi.org/10.1016/j.dci1.2022.104511

Xie, H., Wei, J., & Qin, Q. (2016). Antiviral function of Tachyplesin I against
iridovirus and nodavirus. Fish & Shellfish Immunology, 58, 96-102.
https://doi.org/https://doi.org/10.1016/j.£51.2016.09.015

Yamashita, K., Shibata, T., Takahashi, T., Kobayashi, Y., & Kawabata, S. 1. (2020).
Roles of the clip domains of two protease zymogens in the coagulation cascade
in horseshoe crabs. Journal of Biological Chemistry, 295(26), 8857-8866.
https://doi.org/10.1074/jbc.ral19.012452

Yannan Li 1, Zhihao Jia 2, Qilin Yi 1, Xiaorui Song 1, Yu Liu 1, Yunke Jia 2, Lingling
Wang 1, & Linsheng Song 3. (2018). A novel GATA-like zinc finger
transcription factor involving in hematopoiesis of Eriocheir sinensis. Fish &
Shellfish Immunology, 74, 363-371. doi: 10.1016/j.fs1.2018.01.007

Ying, Z.,Bao, Y., Li, Y., Ye, G., Zhang, S., Xu, P., Zhu, J., & Xie, X. (2022). Impact
of Different Diets on Adult Tri-Spine Horseshoe Crab, Tachypleus tridentatus.
Journal  of  Ocean University  of  China,  21(3), 541-548.
https://doi.org/10.1007/s11802-022-5199-4

Zdarta, J., Meyer, A. S., Jesionowski, T., & Pinelo, M. (2018). A general overview of
support materials for enzyme immobilization: Characteristics, properties,

49



practical  utility. In  Catalysts (Vol. 8, Issue 2). MDPL
https://doi.org/10.3390/catal8020092

Zhou, Y., Liang, Y., Yan, Q., Zhang, L., Chen, D., Ruan, L., Kong, Y., Shi, H., Chen,
M., & Chen, J. (2020). The draft genome of horseshoe crab Tachypleus

tridentatus reveals its evolutionary scenario and well-developed innate immunity.
BMC Genomics, 21(1). https://doi.org/10.1186/s12864-020-6488-1

50



Appendix

Protein ID

Protein

Name

Size

(Da)

Coverage

(%)

1 P02769

2 Q8UAA9

3 Q19020

4 Q92Q72

5 Q2IXN6

6 Q9M2L4

7 A71IMRO

8 P55068

9 Q61361

1 Q5XF36

1 A45UY7

Serum
albumin
Beta-
lactamase
hydrolase-
like protein
Dynein
heavy chain
Guanylate
kinase
DAN-direct
RNA
polymerase
subunit
alpha
Putative
calcium
transporting
ATPase
Alanine
tRNA ligase
Brevican
core protein
Brevican
core protein
Vacuole
membrane
protein
KMSI

508

69294

47163

521584

24847

37551

111945

94550

96057

95815

45848

14760

62

51



F4IL57

Q61329

053901

Q43432

Q03001

Q26782

P36107

B5RLS6

ribosomal
protein L17
Kinesin-
like protein
KIN

Zinc finger
homeobox
protein 3
Mycocerosi
C acid
synthase-
like
polyketides
ynthase
Eukaryotic
translation
initiation
factor 4
gamma

Dystonin

Proteosome
subunit
alpha
Inositol
phosphoryl
ceramide
synthase
catalytic
subunit
Aspartyl/gl
utamyl-

tRNA(Asn/

108779

406573

223887

176651

860697

27526

45193

54929

0.1

52



(O, I \O RN P

QYURV2

B6HJU6

B2IHI12

EOD7H6

Q7NAES

QYSKQO

A6UUHI

Gln)

amidotransf

erase

subunit

Anaphase 165411
promoting

complex

subunit

Nonriboso 262820
mal peptide

synthase

rogA

Ribosomal 31985
protein L11

methyltrans

ferase

Alpha- 46007
ketoglutarat

e-dependent

dioxygenas

e

Glutamate-- 57981
tRNA ligase

Peptidyl- 18464
prolyl cis-

trans

isomerase

CYP19-2

Formate- 42870
dependent

phosphorib

osylglycina

mide

53



QS8EJW4

Q1BUU4

Q80U40

Q12150

Q6LAS5

Q97GZ3

Q54NX7

Q9A2L1

formyltrans
ferase
2-methyl- 41660
aconitate
isomerase
Phosphorib 42990
osylglycina
mide
formyltrans
ferase 2
RIMS- 118342
binding
protein 2
Protein 338258
CSF1
UPF0648 311841
protein
C3HS5.09¢
Protein- 37974
glutamate
methyleste
rase
Uncharact 210539
erized
helicase
DDB_G02
78827
4- 26425
hydroxy-
tetrahydro
dipicolinat
e

reductase

54



(%)

(9]

(O8]

W

Q94464

Q9SA32

Q7V8B1

CINIY2

Nucleus-
vacuole
junction
protein 2
Putative
cyclin-B3-
1
Chaperone
protein
ClpB
Translatio
n factor
GUF1
homolog,
chloroplas

tic

87112

45190

95779

77159

55



56



