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ช่ือวิทยานิพนธ์ การโคลนยนีและศกึษาสมบตัขิองเลคตนิทีม่โีดเมน Low-Density 
Lipoprotein Receptor จากฮโีมไซทข์องกุง้แชบ๊วย 

ผูเ้ขียน   นางสาวปัทมาภรณ์ ขวญัแก้ว 

สาขาวิชา  ชวีเคม ี

ปีการศึกษา  2561 

 

บทคดัย่อ 
  

เลคติน (lectin) เป็นโปรตีนในกลุ่ม pattern recognition proteins (PRPs) ที่
ส าคญัชนิดหนึ่งในสิง่มชีวีติซึง่มคีวามเกี่ยวขอ้งกบักระบวนการทางชวีภาพหลายอยา่ง เช่น การ
ขนส่งโปรตีน (protein trafficking) การสื่อสารของเซลล์ (cell signaling) และการจดจ าเชื้อก่อ
โรค (pathogen recognition) เป็นต้น โปรตนีชนิดนี้จงึพบไดโ้ดยทัว่ไปในสิง่มชีวีติเกอืบทุกชนิด 
ความโดดเด่นของเลคตนิคอื มคีวามสามารถในการจบักบัโมเลกุลของคารโ์บไฮเดรตบนผวิเซลล์
ชนิดต่าง ๆ อย่างจ าเพาะเจาะจง เนื่องจากภายในโมเลกุลของโปรตนีเลคตนิมโีดเมนที่สามารถ
จดจ าโมเลกุลของน ้าตาลหรอืคารโ์บไฮเดรตเรยีกว่า carbohydrate recognition domain (CRD) 
CRD ในโปรตีนเลคตินมหีลากหลายชนิด แต่ละชนิดจะมรีูปแบบการจบัจ าเพาะกับชนิดของ
คาร์โบไฮเดรตที่แตกต่างกันออกไป เลคตินที่มรีายงานส่วนใหญ่เป็นเลคตินแบบ C (C-type 
lectins, CTLs) ซึ่งต้องการ Ca2+ ในการท างานเพื่อตอบสนองด้านภูมคิุ้มกนัหลงัจากโมเลกุล
ของโปรตีนชนิดนี้จบักับน ้าตาลบนผิวเซลล์ของเชื้อก่อโรค จากผลการศึกษาไม่นานนี้พบว่า 
CTLs ที่ มี CRD และโด เมน low-density lipoprotein receptor (LDLR) class A ใน กุ้ งขาว 
(Litopenaeus vannamei) มสี่วนร่วมในระบบภูมคิุ้มกันในการป้องกันไวรสัหัวเหลือง (yellow 
head virus) โดยผ่านทางการกระตุ้นระบบโปรฟีนอลออกซเิดส และยงัมงีานวจิยัทีพ่บว่า CTLs 
ที่มโีดเมน LDLR ซึ่งมชีื่อว่า LdlrLec1 และ LdlrLec2 ในกุ้งคุรุมา (Marsupenaeus japonicus) 
ท าหน้าที่ในการตอบสนองหรอืยบัยัง้การติดเชื้อไวรสัตัวแดงดวงขาว (white spot syndrome 
virus, WSSV) ในกุ้ง จากขอ้มูลเหล่านี้ชี้ให้เหน็ว่า CTLs ที่มโีดเมน CRD ร่วมกบัการมโีดเมน 
LDLR เกี่ยวข้องกบัระบบภูมคิุ้มกนัและการตอบสนองต่อเชื้อไวรสัในกุ้ง งานวทิยานิพนธ์นี้จงึ
สนใจโคลนยนีและศกึษาสมบตัริะดบัโมเลกุลของยนี CTL ทีม่โีดเมน LDLR จากฮโีมไซทข์องกุ้ง
แชบ๊วยโดยให้ชื่อว่า FmLdlr ซึ่งยงัไม่เคยมกีารศึกษามาก่อน อาทิ การศึกษาสมบัติของยีน 
FmLdlr สายเตม็ ศกึษาการแสดงออกของยนีชนิดนี้ในเนื้อเยื่อต่าง ๆ ของกุ้งแชบ๊วย และศกึษา
บทบาทและความส าคญัของยนีชนิดนี้ โดยศกึษาผลของการยบัยัง้การแสดงออกของยนีดงักล่าว
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โดยวิธี RNA interference ในกุ้งแชบ๊วย รวมทัง้ผลิตโปรตีนลูกผสม (recombinant protein) 
จากยนี FmLdlr สายเต็ม (rFmLdlr) จากโดเมน CRD (rCRD) และโดเมน LDLR (rLDLR) เพื่อ
ศกึษาบทบาทของโปรตนีเลคตนิทัง้โมเลกุลและแต่ละโดเมนต่อเชือ้ก่อโรคและเพื่อความเขา้ใจใน
ระบบภูมคิุม้กนัหรอืการตอบสนองต่อเชื้อก่อโรคในกุ้งแชบ๊วยมากขึน้ นอกจากนี้ จากการศกึษา
ก่อนหน้านี้ เกี่ยวกบั vitellogenin ซึ่งเป็นโปรตนีตัง้ต้นในการสรา้งโปรตนี yolk ในกระบวนการ
สรา้งไข่ (oogenesis) ในกุ้งตวัเมยีพบว่า การขนส่ง vitellogenin จาก hepatopancreas ซึ่งเป็น
อวยัวะสรา้งไปยงั ovary ซึง่เป็นอวยัวะเป้าหมาย ผ่านทาง hemolymph ตอ้งอาศยั receptor ซึง่
พบว่า receptor ทีท่ าหน้าที่นี้อยู่ในกลุ่ม LDLR family ซึง่เป็นกลุ่มโปรตนีที่มหีน้าที่หลากหลาย
และพบได้ในหลากหลายอวยัวะ จงึเป็นที่น่าสนใจอย่างยิง่ที่จะศึกษาหน้าที่ของโดเมน LDLR 
ภายในโมเลกุลของเลคติน FmLdlr ชนิดที่ก าลงัสนใจศึกษาว่าสามารถจบักบั vitellogenin ได้
หรอืไม ่ 

งานวทิยานิพนธ์นี้สามารถโคลนยนี CTL ที่มโีดเมน LDLR ได้ส าเรจ็จากฮโีม
ไซท์ของกุ้งแชบ๊วย cDNA สายเต็มของยีน FmLdlr มีขนาด1,425 คู่ เบส ประกอบด้วย 5' 
untranslated region (5'UTR) 100 คู่ เบส , 3' untranslated region (3'UTR) 410 คู่ เบส  และ 
open reading frame (ORF) 915 คู่เบส แปลรหัสเป็นเปปไทด์ยาว 305 กรดอะมิโน มีมวล
โมเลกุล 31.78 กิโลดลัตนั ภายในโครงสรา้งเปปไทด์ ม ีsignal peptide ยาว 20 กรดอะมโิน มี
ค่า pI เป็น 5 ล าดบักรดอะมิโนของ FmLdlr มีความเหมือนกับ LdlrLec1 จาก M. japonicus 
(89%) โครงสร้างปฐมภูมิของ FmLdlr ประกอบด้วยโดเมน LDLR ที่บรเิวณ N-terminus และ
โดเมน CRD ซึ่งม ีQAP motif ที่บรเิวณ C-terminus ยนี FmLdlr พบการแสดงออกในฮโีมไซท์
เพียงอย่างเดียว ไม่พบในอวยัวะอื่น และพบการแสดงออกของยีน FmLdlr เพิ่มขึ้นอย่างมี
นัยส าคัญหลังการฉีดกุ้งด้วยเชื้อ Vibrio parahaemolyticus และ WSSV โดยมีรูปแบบการ
แสดงออกที่แตกต่างกันในแต่ละช่วงเวลา การ knockdown ยีน FmLdlr ในกุ้งแชบ๊วยด้วย 
FmLdlr dsRNA มีผลท าให้การแสดงออกของยีน FmLdlr ลดลงอย่างมากถึง 90% และเมื่อ 
knockdown กุ้งแชบ๊วย ร่วมกบัการฉีดเชื้อก่อโรคมผีลท าให้ลดครึง่เวลาการรอดและเพิม่อตัรา
การตายสะสมของกุ้ง โปรตีนลูกผสมของ FmLdlr (rFmLdlr) และ 2 โดเมนคือ rCRD และ 
rLDLR ถูกผลติโดยระบบแบคทเีรยีและถูกน าไปใช้ในงานวทิยานิพนธ์เพื่ออธบิายลกัษณะการ
ท างานของเลคตนิชนิดนี้ โปรตนีลูกผสมของเลคตนิ FmLdlr ทัง้สามชนิดสามารถเหนี่ยวน าให้
เกิดการเกาะกลุ่ ม  (agglutination) ของแบคที เรียที่ ใช้ท ดสอบ ได้ทั ้งชนิ ดแกรมบวก
(Staphylococcus aureus, Bacillus cereus) แ ล ะ แ ก ร ม ล บ (Vibrio harveyi, V. 
parahaemolyticus, Escherichia coli, Salmonella typhi) ในสภาวะที่ต้องการแคลเซียมโดย      
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rFmLdlr สามารถเหนี่ยวน าได้ดทีี่สุด รองมาคอื rCRD และ rLDLR นอกจากนี้ยงัพบว่าโปรตีน
ลูกผสมทัง้สามชนิดมีฤทธิท์ าให้เชื้อ V. parahaemolyticus เกิดการเกาะกลุ่มได้ดีที่สุด  ใน
การศกึษาความสามารถในการกลนืกนิ (phagocytosis) ของเซลลฮ์โีมไซท ์พบว่า rFmLdlr และ 
rCRD เหนี่ยวน าใหฮ้โีมไซทข์องกุ้งสามารถกลนืกนิเชือ้แบคทเีรยี V. parahaemolyticus เพิม่ขึน้ 
แต่ไม่พบการกระตุ้นโดย rLDLR นอกจากนี้  rFmLdlr และ rCRD ยังมีผลกระตุ้นให้เกิด
กระบวนการกกัลอ้มเชือ้โรค (encapsulation) ของฮโีมไซทกุ์ง้เพิม่ขึน้อกีดว้ย จากการท า in vivo 
clearance test ท าใหท้ราบว่าโปรตนีลกูผสมของเลคตนิทัง้สามชนิด มสี่วนช่วยใหก้ารก าจดัเชือ้
แบคทเีรยีภายในตวักุ้ง โดย rFmLdlr มฤีทธิใ์นการก าจดัเชื้อ V. parahaemolyticus ดทีี่สุด รอง
มาคอื rCRD และ rLDLR ตามล าดบั นอกจากนี้ยงัพบว่าโปรตนีลกูผสมทัง้สามชนิดมฤีทธิย์บัยัง้
การเจรญิเติบโตของเชื้อ V. parahaemolyticus โดย rFmLdlr มฤีทธิย์บัยัง้เชื้อสูงสุด รองลงมา
ตามล าดบัคือ rCRD และ rLDLR เมื่อเทียบกับชุดควบคุม การทดสอบด้วยวธิ ีELISA ท าให้
ทราบว่าโปรตีนลูกผสม rFmLdlr และ rCRD สามารถจบักบัโปรตีนลูกผสมที่เป็นส่วนประกอบ
ของ WSSV คือ VP15, VP28 และ VP39A ซึ่ง rFmLdlr มีความจ าเพาะและจับกับโปรตีน
ลูกผสมของไวรัสทัง้สามชนิดได้ดีกว่า rCRD แต่ rLDLR ไม่สามารถจับกับโปรตีนที่เป็น
ส่วนประกอบของ WSSV ได้ เป็นที่น่าสนใจอย่างยิง่เมื่อน า rFmLdlr, rCRD และ rLDLR มา
ทดสอบการจบักบัโปรตีน vitellogenin บรสิุทธิซ์ึ่งเป็นสารตัง้ต้นของกระบวนการสรา้งไข่ในกุ้ง 
ดว้ยวธิ ีELISA พบว่า โปรตนีลูกผสมของเลคตนิทัง้สามชนิดสามารถจบักบั vitellogenin ไดแ้ละ 
rLDLR มคีวามจ าเพาะในการจบักับ vitellogenin มากที่สุด จากงานวทิยานิพนธ์นี้สรุปได้ว่า 
FmLdlr เป็น CTL ชนิดใหม่ที่พบใน F. merguiensis ซึ่งเกี่ยวขอ้งกบัระบบภูมคิุ้มกนัของกุ้งต่อ
เชื้อก่อโรคบุกรุก และโดเมน LDLR ซึ่งสามารถจบักับ vitellogenin ได้ดี อาจท าหน้าที่เป็น 
vitellogenin receptor ในการขนส่ง vitellogenin ผ่าน hemolymph 
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ABSTRACT 

 

 As the pattern recognition molecules, lectins are related to many 

biological processes such as protein trafficking, cell signaling, pathogen recognition 

etc. These proteins are generally found in almost all living organisms. Almost lectins 

have a carbohydrate recognition domain (CRD). They can interact via CRD domain to 

the carbohydrate molecules on different types of cells including bacterial cells and 

viral particles. Since a lectin molecule has at least two binding sites that are specific to 

surface of cells, the protein causes cell agglutination when it attaches to specific 

carbohydrates on the cell surfaces. C-type lectin (CTL) is a group of lectin that 

requires Ca2+ to complete its functions. There are several reports of CTLs in marine 

shrimp. The interaction of CTLs with shrimp pathogens activates various immune 

processes such as phagocytosis, encapsulation and prophenoloxidase activating 

system. These processes are important mechanisms to combat with shrimp pathogens. 

According to the elements in their molecules, shrimp CTLs are divided into 3 groups; 

CTLs with only one CRD domain, CTLs with dual CRD domains and CTLs with one 

CRD domain plus additional another domain. Although most common shrimp CTLs 

are classified in the first two groups, recent study reported that CTL containing CRD 

and low-density lipoprotein receptor class A domain (LDLR) of Litopenaeus 

vannamei and Marsupenaeus japonicus contributed in shrimp immune system against 

yellow head virus (YHV) and White spot syndrome virus (WSSV), respectively. In 

this study, we clarified the function of a CTL containing CRD and LDLR of F. 

merguiensis designated as FmLdlr and also illustrated the role of two domains (CRD 

and LDLR) of FmLdlr in the shrimp immune system. In addition, the previous studies 

concerning vitellogenin (Vg) which is a precursor protein in oogenesis of female 
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shrimp found that transporting Vg from hepatopancreas (synthesized organ) to the 

ovary (target organ) via hemolymph relies on the receptor. Type of this Vg receptor is 

the LDLR family protein. Therefore, it is interesting to study a function of LDLR 

domain within FmLdlr molecule whether it is related to the vitellogenin transportation 

or not.  

 The full-length cDNA of FmLdlr gene was cloned from hemocytes of 

F. merguiensis by rapid amplification of cDNA ends (RACE) method and RT-PCR. It 

contained 1425 bp including a 100 bp of 5ꞌ UTR, a 410 bp of 3ꞌ UTR and a 915 bp of 

open reading frame (ORF) sequence. The deduced amino acid sequence of FmLdlr 

was composed of 305 amino acid residues. The mature protein had a calculated 

molecular mass of 31.78 kDa and pI of 5. It contained a LDLR domain at the N-

terminus and a CRD with a QAP motif at the C-terminus. The amino acid sequence 

alignment of FmLdlr showed the highest identity (89%) with LdlrLec1, the LDLR-

containing CTL from M. japonicus. RT-PCR result in different tissues showed that 

the expression of FmLdlr was detected only in hemocytes. After shrimp were 

inoculated with pathogens, the transcriptional expression levels of FmLdlr were 

detected by quantitative real time-PCR (qRT-PCR). Vibrio parahaemolyticus and 

WSSV challenge showed the similar results that the mRNA expression of FmLdlr 

responded to the pathogens by being up-regulated significantly. The RNA 

interference-mediated knockdown of FmLdlr resulted in severe down-regulation of 

FmLdlr gene. The knockdown with pathogenic co-injection caused reducing in the 

median lethal time and increasing the cumulative mortality of shrimp. Recombinant 

proteins of FmLdlr (rFmLdlr) and its domains (rCRD and rLDLR) were successfully 

produced in bacterial system and applied in the work to characterize function of this 

lectin. The results of bacterial agglutination test showed that rFmLdlr and its domains 

could agglutinate all kinds of tested bacteria including two gram-positive bacteria 

(Staphylococcus aureus, Bacillus cereus) and four Gram-negative bacteria (Vibrio 

harveyi, V. parahaemolyticus, Escherichia coli, Salmonella typhi) at different 

concentrations. All agglutination was displayed in a Ca2+-dependent manner. Among 

recombinant proteins, rFmLdlr exhibited the maximal activity towards all tested 

microorganisms while rCRD had more activity than rLDLR. Moreover, all lectin 

recombinant proteins had the maximal activity against V. parahaemolyticus. The 
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rFmLdlr and rCRD could enhance the in vitro phagocytic activity and in vitro 

encapsulation of F. merguiensis hemocytes whereas rLDLR could not. The rFmLdlr 

could promote the in vivo bacterial clearance activity via the main functional CRD 

domain. FmLdlr and its domains had inhibitory effect on the growth of V. 

parahaemolyticus in a dose-dependent manner. ELISA assay demonstrated that 

rFmLdlr and rCRD possessed the binding activity to all tested WSSV recombinant 

proteins (rVP15, rVP28 and rVP39A) at different affinities. ELISA was also used to 

detect the binding between recombinant proteins of lectin (rFmLdlr, rLDLR and 

rCRD) and purified native Vg. Recombinant proteins of the lectin could bind to Vg 

with different affinities while rLDLR showed the highest specific binding to Vg. 

Altogether, we concluded that the unique CTL named FmLdlr existed in F. 

merguiensis might contributed in the shrimp immune response against invading 

pathogens and its LDLR domain exhibited the potent binding to Vg that might 

function as a Vg receptor to transport this protein in the hemolymph.  
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CHAPTER 1 

 

 

Introduction 

 

 

Background and Rationale 

Global cultivated fish and crustaceans play an essential role in 

delivering aquatic products rich in nutrients, especially proteins, vitamins, and 

minerals. The products can dissolve malnutrition worldwide. The proportion of the 

cultivated marine products in human utilization was about 47% in 2010 (The seafish 

guide to aquaculture, 2012). With the growth, aquaculture is expected that it will 

provide more products for human consumption than capture fisheries soon (Alday-

Sanz, 2010). In Thailand, shrimp culturing industry is an influential driver of 

economic growth. The country has been the world’s leading shrimp exporter for many 

years. The first shrimp farms were probably started during the 1970s. Two main 

successfully cultured species are penaeid shrimp, Penaeus monodon and Litopenaeus 

vannamei (Wyban, 2007). Furthermore, Fenneropenaeus merguiensis is another 

species that is a good candidate for shrimp farming because of several reasons 

(Hoang, 2001). Although F. merguiensis is still considered as minor species in 

aquaculture, the shrimp have higher value in the market and resist to some of the 

shrimp diseases than P. monodon (Spann et al., 2000; Hoang, 2001).  

Shrimp infectious disease is a serious obstacle of shrimp aquaculture. 

It is a major reason for declining the shrimp products generating a huge economic loss 

worldwide. The diseases are commonly caused by bacteria such as Vibrio species and 

virus, for instance, yellow-head virus (YHV), white spot syndrome virus (WSSV), 

hepatopancreatic parvo virus, and infectious myonecrosis virus. (Flegel., 2006). In 

2012, a newly emerging disease in the shrimp industry named early mortality 

syndrome (EMS) generated massive mortality in Thailand. The disease was predicted 
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to be initiated by Vibrio parahaemolyticus transferred through oral and then localized 

in gastrointestinal tract and created a poison that caused hepatopancreas devastation 

(for review see Zorriehzahra and Banaederakhshan, 2015). The augmentation in 

shrimp pathogens and infectious diseases lead to understanding the biochemical 

pathways of the shrimp immune system in order to find the ways to control 

transmission diseases. Nowadays, many different types of immune molecules in 

penaeid shrimp have been exposed by the scientific researchers as indicated by 

numerous output of publications (Alday-Sanz, 2010).  

The main two groups of the immune system in the animals are innate 

and adaptive immune responses. In common with many other invertebrates, shrimp 

are defended from their pathogens by the sole innate immune mechanism which 

divided into cellular and humoral immune responses. The cellular response contains 

encapsulation, phagocytosis and nodulation while the humoral reaction includes the 

constructing and releasing of various immune molecules, for instance, the recognition 

molecules, proteinase inhibitors, cytokine-like factors, antimicrobial peptides (AMPs) 

etc. (for review see Tassanakajon et al., 2013). The first step in the immune response 

in organisms is recognition of foreign particles. In the animal which has both innate 

and adaptive immunity, the recognition of antigens accomplished by specific antibody 

whereas the distinction between self and non-self-molecules in invertebrates as 

shrimp is mainly performed by pattern recognition proteins (PRPs). Firstly, PRPs bind 

to the conserved carbohydrate molecules present on the surface of the pathogen 

(pathogen-associated molecular patterns, PAMPs) along with induction of the 

downstream signaling responses concerning a diverse of the immunological 

molecules resulting in clearance of the invading pathogens (Christophides et al.,2004; 

Lee and Söderhäll, 2001). Among several types of PRPs, the most outstanding being, 

a group of Ca2+ dependent carbohydrate-binding lectin named C-type lectins (CTLs). 

This lectin contains at least one carbohydrate recognition domain (CRD) which only 

functions when Ca2+ is existed. In shrimp, CTLs were divided into three types based 

on crucial domain element containing only one CRD, dual CRDs and one CRD with 

an additional another domain (Wang and Wang, 2013). Among the three species, the 

crustacean CTLs comprising CRD and low-density lipoprotein receptor class A 

domain (LDLR) were reported to possibly inhibit WSSV and YHV in L. vannamei 
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and Marsupenaeus japonicus. These viruses caused severe damage to the shrimp 

farming industry (Junkunlo et al., 2012; Huang et al., 2012; Xu et al., 2014). Although 

the recent discovery was interesting that these CTLs had antiviral activity, it was very 

doubtful that which parts of these CTLs performed this function. In shrimp, most 

publications have been demonstrated about the role of CRD of CTLs which had 

activity against bacteria and virus, however, the function of LDLR domain has not 

been clearly identified.  

In the oviparous animal, the egg comprises a large number of yolk 

which required for the embryonic development. The yolk components are proteins, 

sugars, and lipids (Valle, 1993). The majority of yolk protein is a 

glycolipophosphoprotein named vitellin (Vt) which derives from the precursor 

protein, vitellogenin (Vg) (Hagedorn and Kunkel, 1979). Vg is necessary for 

providing nutrition to developing embryos. It presents only in the hemolymph of 

females during oogenesis (Wolin et al., 1973). In shrimp, Vg is synthesized in 

extraovarian tissue, hepatopancreas, secreted to the hemolymph, taken up by 

developing ovaries, and intracellularly processed to generate Vt (Lee and Chang, 

1999; Jasmani et al., 2000; Okuno et al., 2002; Tiu et al., 2008). Vitellogenin receptor 

(VgR) is an essential protein for the uptake of Vg into developing oocytes, hence VgR 

plays a crucial role in oocyte maturation. The receptor is an ovary-specific member, 

belonging to the low-density lipoprotein receptor (LDLR) superfamily (Rodenburg et 

al., 2006). 

The key of this study is to identify an immunological role of CTLs 

containing LDLR named FmLdlr using F. merguiensis, a shrimp species which serves 

as aquaculture trend in the future, as a research model. The study also elucidates the 

distinction of two domains inside the lectin structure (CRD and LDLR) on their 

functions. 
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Review of literatures 

1. Marine shrimp farming situation in Thailand  

Shrimp aquaculture has been practiced in Thailand in 1970s, using 

locally available P. monodon broodstock captured from the sea to produce postlarvae 

in land-based hatcheries for pond stocking. In 1990s, Thailand came out as the 

world’s leading cultivated shrimp exporter based on P. monodon production. 

However, shrimp infectious disease increased risks for the industry in this time 

period. Two viral pathogens, WSSV and YHV, harshly striked the shrimp production. 

Thai Government supported this industry with many processing included research 

funding to manipulate with these diseases. In 2001, Thailand’s P. monodon farmer 

faced a new disease called monodon slow growth syndrome (MSGS), characterized 

by slow growth leading to smaller harvest size and lower prices. This slow growth 

problem of P. monodon made the farmers to look for a lower risk species. The 

problem set the stage for L. vannamei introduction. Thailand shrimp aquaculture had 

an effective revolution. Thai farmers switched species to the farming Pacific white 

shrimp, L. vannamei. The country is now the world’s leading supplier of Pacific white 

shrimp (Wyban, 2007). 

2. The standing of F. merguiensis to the world shrimp farming 

In the present, there are a few species of shrimp farming worldwide 

including P. monodon, Fenneropenaeus chinensis and recently L. vannamei. The 

stable of the culture of P. monodon (the most popular species) is currently restricted 

by the reduction of wild stock which hatchery production has heavily relied upon, and 

very poor reproductive performance of pond-reared or domesticated broodstock 

(Benzie, 1997). Despite it does not expand as fast as P. monodon, F. merguiensis 

which is native to the Asia-Pacific region, is a distinct species in commercial value. 

The species forms 5.5% of the total shrimp production worldwide (Yap, 1999). This 

type of shrimp has several advantages for culturing including powerful reproductive 

efficiency, fast growth, capability to accomplish maturity in a captive circumstance, 

ease of breeding and producing postlarvae and wide range of salinity tolerance. With 

these properties, selection of F. merguiensis to a candidate species for aquaculture 

shrimp farming in the future will become more obvious. This species has been 
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cultured for a long time in extensive ponds in Southeast Asia (Hoang, 2001) and 

Vietnam (Truong et al., 1995), and more recently in semi-intensive ponds in Australia 

(Hoang, 2001). 

3. Shrimp pathogens and diseases 

  Shrimp infectious diseases are commonly caused by viruses, bacteria, 

fungi, protozoa (Johnson, 1995). The disease can occur at any time and make a 

disastrous effect on the economy. The most common shrimp pathogens are virus and 

bacteria which the disease outbreaks expand very fast. For instance, YHV can cause a 

100 percent mortality rate within 3-5 days of the first clinical symptoms to result in 

the devastating economic losses (Direk Patmasiriwat et al., 1998).  

3.1 Bacteria 

 The infection caused by bacteria develops frequently when shrimp are 

weak. However, when the circumstance is suitable for bacteria or the cultured pool 

has plenty of an outstandingly harmful bacterium, the bacterial infectious diseases 

will happen to normal shrimp. Shrimp body fluids are most often infected by Vibrio 

spp. These gram-negative bacteria can cause serious disease name Vibriosis. 

Members of Vibrio spp. that were responsible for mortality of cultured shrimp 

containing Vibrio alginolyticus, Vibrio harveyi, V. parahaemolyticus, Vibrio 

penaeicida and Vibrio vulnificus (Ishimaru et al., 1995). The strains of V. harveyi, V. 

parahaemolyticus and V. vulnificus are epidemics in Thailand (Nash et al., 1992). V. 

harveyi has the type of luminescence giving infected animals a "glow-in-the-dark" 

appearance. It appears to release exotoxin (Liu et al., 1996). This species affects F. 

merguiensis causing 70-100% mortality at nauplii, mysis and postlarva stages in 

Thailand (Sae-Oui et al., 1987). The infected shrimp showed reddening body with red 

to brown gills, hemocytic inflammation and hepatopancreas necrosis (Takahashi et 

al., 1985; Nash et al., 1992). In 2012, early mortality syndrome (EMS) also named 

acute hepatopancreatic necrosis disease (AHPND), a new emerging shrimp disease 

that has been attacked to shrimp farms in Thailand. The disease was found to be 

originated by V. parahaemolyticus transferring through oral and then locating in the 

gastrointestinal tract and creating a poison that caused tissue devastation and 

invalidism of the shrimp digestive system (Zorriehzahra and Banaederakhshan, 2015). 
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Moreover, some pathologists described that EMS caused by V. parahaemolyticus that 

was infected with the virus, phage which caused it to release a potent toxin for tissue 

destruction and dysfunction of shrimp hepatopancreas (Lightner et al., 2013). 

3.2 Virus 

 In naturally, virus is microorganism that replicates within a proper host 

cell causing cell devastation or irregular cell function. It is a particle containing a core 

of nucleic acid, DNA or RNA. In shrimp, viral infection causes severe disease but 

fundamental understandings of most shrimp viruses are largely unknown: method of 

transmission, longevity within systems, source of infection, usual and unusual 

carriers, and potential to cause damage (Johnson, 1995). The shrimp virus, for 

example, WSSV, YHV, Taura syndrome virus (TSV), infectious hypodermal and 

hematopoietic necrosis virus (IHHNV), monodon baculovirus (MBV), 

hepatopancreatic parvovirus (HPV) caused outbreaks in shrimp culture leading to 

severe economic losses in many countries (Flegel, 2006). Among the viral infection of 

penaeid shrimp, WSSV is a rapidly replicated and extremely virulent shrimp 

pathogen. It has emerged globally as one of the most prevalence and widespread. 

WSSV is dsDNA virus which its morphology reveals ovoid to bacillus form with a 

long envelope extension at one terminus (Arturo, 2010). WSSV envelope comprises 

at least 35 different proteins (Lin et al., 2002) of which VP28 and VP26 are the most 

plentiful. They are approximately 60% of the envelope (Tang et al., 2007). A large 

number of publications suggest that VP28 may play a key role in an initial step of 

systemic WSSV infection in shrimp and may assist to the recognition of receptors at 

the shrimp cell surface due to some potential glycosylation sites (Yi et al., 2004; Tsai 

et al., 2004).  
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Fig. 1 WSSV infected hemocytes of F. merguiensis detected by double staining 

using WSSV-specific Mab and Wright-Giemsa staining. (a), (d), (g), (j) the 

hemocytes are stained with Wright-Giemsa stain; green images in (b), (e), (h), (k) 

obtained from FITC-derived green fluorescence; merged images in (c), (f), (i), (l) 

demonstrate the localization of WSSV in the shrimp hemocytes (Wang et al., 2002). 
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Fig. 2 WSSV-infected shrimp 

revealing white spots in 

carapace of infected animals. 

In the first panel a, b show spots 

on the cephalothorax, abdomen 

(c) and telson (d). Second panel, 

comparison of the color between 

normal shrimp (A) and reddish 

body coloration of dying of 

WSSV-infected shrimp (B) 

(Ramos-Carreño et al., 2014). 

 

 

 

 

 

 

3.3 Fungus 

 Even though the major infectious disease in shrimp commonly caused 

by viruses and Vibrio bacteria, fungi are also known as shrimp pathogens. Two 

groups of fungi mostly infected shrimp in larval stage are Lagcnidium and 

Sirolpidium, while another genus attacks juvenile or larger shrimp. The method of 

Lagcnidium and Sirolpidium infection requires a thin cuticle that is typical of larval 

shrimp. In larger shrimp, the most prevalent affecting fungi is Fusarium spp. It is 

more possible that Fusarium spp. can access into the shrimp via cracks or eroded 

areas of the cuticle. This fungus was determined by the presence of canoe-shaped 

macroconidia under a microscope that the fungus produced (Johnson, 1995).  
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3.4 Protozoa 

 Protozoa or parasites of shrimp will be present inside or outside of host 

body. On the outside body, parasites treat harmless toward shrimp unless they exist in 

abundance. On the other hand, the protozoa on the inside can cause disease. There are 

several representatives in this group of parasites, for instance, Haplospora, 

Microspora, and Gregarina. To complete their life cycle, the members of these groups 

require some host organisms included shrimp for completion of their life cycles. In 

shrimp, microsporan infection is known as the cause of a case known as "milk" or 

"cotton" shrimp because it generates white appearance of shrimp muscular tissues. 

The musculature of the shrimp or, in particular organs and tissues are microsporan 

infection site (Johnson, 1995). 

4. The shrimp immune system 

 4.1 An overview of shrimp immune system 

 In the absence of an adaptive immune system, shrimp turn to a 

sufficient cellular and humoral innate immune system to protect themselves from 

invading microorganisms (Bachère et al., 2004). The cellular immune response in 

penaeid shrimp includes phagocytosis, nodulation, encapsulation, antioxidant system, 

melanization, and clotting protein cascade so on. The humoral reaction involves the 

synthesis and release of several immune proteins, such as the recognition molecules, 

proteinase inhibitors, antimicrobial peptides (AMPs), lysosomal enzymes etc. 

(Aguirre-Guzman et al., 2009). In crustaceans including shrimp, major immune 

reactions occur in hemolymph which contains three types of hemocytes; hyaline, 

granular and semi-granular hemocytes (Martin and Graves, 1985). The production and 

storage of many immune components occur in the hemolytic granules. The diverse of 

immune molecules and reactions will be released into shrimp hemolymph upon 

activation by PRPs (for review see Tassanakajon et al., 2013) which can recognize 

and bind to PAMPs, a pathogen cell wall segment, such as peptidoglycan (PG), 

lipopolysaccharide (LPS) and β-glucan (BG) (Sritunyalucksana and Söderhäll, 2000).  
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4.2 Cellular (cell-mediated) immune response 

 Since crustaceans including shrimp have an open circulatory system, 

the blood of shrimp is called as hemolymph which is giving blue-green color when 

hemocyanin is oxygenated. The hemolymph carries hemocytes and humoral 

components to support host cells when they are attacked by invaders (Rendon and 

Balcazar, 2003). The hematopoiesis or the process involving formation, development, 

and differentiation of all type hemocytes is an expert for mature cells for an innate 

immunity of shrimp. It exhibits functions on host defense and homeostasis. The 

shrimp hematopoietic tissue (HPT) is composed of a sheet of tissue which contains 

several small lobules. It is located in different sites such as the base of the second 

maxilliped, at the dorsal side of stomach that close to an antennal artery. HPT is a 

trustworthy tissue for production and releasing of hemocytes (Soderhäll et al., 2003). 

The main function of HPT is involved in activation of prophenoloxidase (proPO), 

blood clotting system, phagocytosis, encapsulation, formation of the nodule and 

wound repair. Moreover, it also promotes the synthesis of important immune 

molecules such as agglutinins, AMPs, lectins and adhesion molecules (Destoumieux 

et al., 1997; Bachère et al., 2000). Hemocytes also produce inhibitory enzymes which 

are required for proteolytic cascade regulation, cytotoxic molecule production 

including peroxidase, lysozyme, protease, esterase, and phosphatase (Van de Braak, 

2002; Johansson et al., 2000). Based on the morphology of shrimp hemocytes, they 

are divided into three types containing hyaline, semi-granular, and granular cells. 

Hyaline cells are smallest comprising a small nucleus but lack conspicuous 

cytoplasmic granules. Their main function is associated with clotting and 

phagocytosis (Zhang et al., 2006). Semi-granular cells display numerous eosinophilic 

granules (0.40-0.78 µm width). They are responsible for phagocytosis and 

encapsulation. Granular cells have a smallest nucleus and consist of large eosinophilic 

granules (1.79-3.05 µm width). They contribute to encapsulation and releasing of 

components required for melanization especially proPO (Zhang et al., 2006).  

 

 

 



11 

4.2.1 Phagocytosis 

Phagocytosis is the primary response of hemocytes towards small 

particles for example bacteria, yeast, and apoptotic cells or abiotic targets like small 

synthetic beads or India ink particles (Yokoo et al., 1995; Hernandez et al., 1999; de 

Silva et al., 2000). It is the fundamental cellular defense mechanism in invertebrates. 

In shrimp, the mechanism which is composed of chemotaxis, adherence, ingestion, 

pathogen destruction, and exocytosis is accomplished by the semi-granulocytes and 

granulocytes. (Kondo et al., 1998; Vargas-Albores and Yepiz-Plascencia 1998). There 

are two ways that phagocytic cells play to damage pathogens. The first mean is an 

aerobic procedure using cytotoxic oxygen radicals to kill microorganisms. To act as 

an electron donor, NADPH or NADH reduces an oxygen electron to form superoxide 

ion. The superoxide ion is changed to hydrogen peroxide (H2O2) spontaneously or by 

an operation of superoxide dismutase (SOD) enzyme. In the penaeid shrimp, when 

hemocytes were activated by bacteria (V. parahaemolyticus and V. vulnificus) or 

PAMPs, the aerobic capacity of phagocytic cells to destroy pathogens was increased 

(Itami et al., 1998; Song and Huang, 2000; Campa-Cordova et al., 2002). Secondly, 

the anaerobic process is a function of various enzymes which have activities to kill 

microbes, including lysozyme and low molecular weight AMP (Nappi and Ottaviani, 

2000). 

4.2.2 Encapsulation and nodulation 

Encapsulation or nodule formation is a cell-mediated immune response 

in invertebrates using for defense against foreign body too large for being phagocyted 

by individual hemocyte. Nodulation specifies for a multicellular aggregate of 

hemocytes, which captures a mass of bacteria in an extracellular material (Lackie, 

1988). In shrimp, semi-granulocytes function for infectious agent recognition and 

encapsulation with encapsulation promoter proteins. The proteins act as an opsonin, 

the molecules which enhance phagocytosis or encapsulation by marking an invading 

component and associate with proPO activation. (Wang et al., 2001a; Van de Braak, 

2002; Vargas-Albores and Yepiz-Plascencia, 1998). The hemolytic nodules lead to 

stimulation of proPO system, melanization and antigen destruction (Wang et al., 

2001a; Van de Braak, 2002).  
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4.2.3 Prophenoloxidase activating system 

 The prophenoloxidase-activating system has been found in hemolymph 

of many invertebrates. In Crustaceans, proPO is synthesized in hemocytes. The 

crucial role of this system is demonstrated the melanization reaction to attack 

microorganisms. Phenoloxidase enzyme catalyzes an oxidation of phenol to quinone, 

which then will be polymerized nonenzymatically to melanin. Both mono-phenol and 

di-phenols are able to be oxidized by phenoloxidase, which intermediary compounds 

formed as well as melanin itself are toxic to the pathogens. Invertebrate 

phenoloxidase has been found in hemolymph as an inactive form, proPO, which is 

induced in a stepwise process involving serine proteinases, which have been 

previously triggered by PAMPs. In native form, proPO exists as oligomer. In most 

invertebrates, the monomer of purified proPO has a molecular mass of about 70-80 

kDa and after proteolytic activation, the active form or phenoloxidase has a molecular 

mass of 60-70 kDa (Ashida, 1971; Aso et al., 1985; Aspán and Söderhäll, 1991; 

Durrant et al.,1993; Kopacek et al., 1995; Kwon et al., 1997). In the cockroach 

Blaberus discoidalis, endogenous lectins, one of the recognition molecules, can 

activate proPO activity (Chen et al., 1995).  

 4.2.4 Melanization 

 Melanization plays a pivotal role in the invertebrate immune response 

to result in a thick acellular capsule of melanin that is produced surrounding invading 

particles (Barillas-Mury, 2007). Melanin is a dark brown pigment which produced by 

proPO system. It possesses antibacterial property that can inhibit foreign 

microorganisms (Holmblad and Soderhäll, 1999). The proPO system produces 

melanin and also other molecules which display microbicidal property including O2 

and hydroxyl radicals. These molecules are synthesized during quinone production 

step (Vargas-Albores et al., 1998; Hellio et al., 2007). The melanization is an 

interesting biochemical mechanism mediated by proPO system and regulated by 

different proteases such as the trypsin-like serine and serine protease (Robalino et al., 

2007; Pais et al., 2008). 
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  4.2.5 Clotting protein cascade 

  Normal function of hemolymph coagulation cascade in crustaceans is 

to prohibit the hemolymph loss through an exoskeleton lesion. Another crucial 

function of coagulation is immobilization of invading microorganisms (Meng-Yi et 

al., 2005). The clotting cascade in crustaceans is divided into 3 types including type 

A, type B, and type C. Type A is a rapidly hemolytic agglutination without 

coagulation of plasma; type B is an aggregation of cells along with limited plasma 

coagulation; and type C which found in shrimp and other decapods contains a limit of 

cell aggregation and cell lysis followed by plasma coagulation. (Yeh et al., 1999; Van 

de Braak, 2002). The cascade of coagulation is organized by transglutaminase-

mediated crosslinking of specific plasma clotting proteins. In plasma, clotting proteins 

are changed to form polymers via the covalent bond. The process is catalyzed by a 

Ca2+-dependent transglutaminase (Wang et al., 2001b). The clotting system is 

stimulated by microbial PAMPs such as LPS or β-1,3-glucan. The process also has a 

connection with proPO system (Roux et al., 2002). 
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Fig. 3 The actions of crustacean and Drosophila hemocytes. Hyaline cells and 

plasmatocytes act in phagocytosis. Semi-granular cells and lamellocytes serve in 

nodulation and encapsulation. Granular cells and crystal cells are the major storage 

cells which accumulate the components for proPO system (Jiravanichpaisal et al., 

2006). 
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 4.3 Humoral immune response 

 The humoral immune response is mediated by macromolecules found 

in extracellular fluids for instance antibody and complement proteins in vertebrates 

and secreted AMPs in invertebrates. Since an innate immune system of invertebrates 

is deficient in antibody-based humoral immune response, they do have mechanisms 

that are the basic aspects of vertebrate immunity. Interestingly, all invertebrates have 

molecules which their function is similar to antibody and may be their forerunners. 

These molecules are a group of proteins called lectins that can bind to carbohydrate 

molecules on microbial surface causing the cell agglutination (cell clump) and 

pathogen immobilization (Gregory and Gail, 1996).  

  4.3.1 Antimicrobial peptides 

 AMPs are crucial molecules against invertebrate’s pathogens. AMPs 

are low molecular weight (<10 kDa) proteins or peptides which commonly are 

cationic and amphipathic molecules (Marshall and Arenas, 2003). AMPs exhibit the 

activity in a broad range and low specificity. Moreover, they are a little bit cytotoxic 

to animal cells. In mechanically having charges, AMPs can make pores in cell 

membranes of microorganism and even cancer cells. The proteins cause ion and 

energy instability of the cells (Bulet et al., 1999; Hancock, 1998; Lehrer and Ganz, 

1999). AMPs are categorized into three groups depending on similarity of amino acid 

sequence, secondary structure, and function. One consists of peptides containing 

inter-chain disulfide bridges for stabilizing their structures. Another one is composed 

of peptides or linear peptides consisting of α-helicoidal structures. The other is 

peptides and linear polypeptides with proline and/or glycine riches (Bulet et al., 1999; 

Shai, 1998). AMPs are able to be diminished via a diverse of in vivo factors, 

containing mono and divalent cations in high concentrations, polyanions, 

apolipoprotein A-1, etc. On the other hand, several AMPs are able to resist to a 

number of these agents (Hancock, 1998). Penaeidins, a family of AMPs, were 

originally described the distinctive nature from L. vannamei, and later their sequences 

have been demonstrated in P. monodon, M. japonicus, F. chinensis, Litopenaeus 

stylirostris, Penaeus semisulcatus, and Litopenaeus setiferus. (Destoumieux et al., 

1997; Gross et al., 2001; Rojtinnakorn et al., 2002; Supungul et al., 2002). Penaeidins 

belong a family of AMPs which were found in granular cells of crustaceans. Their 
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important roles are Gram-positive antibacterial and antifungal activities. (Bachère et 

al., 2004; Destoumieux et al., 1997; Destomieux et al., 1999). Furthermore, the 

carboxyl-terminal part of hemocyanin might be involved in AMP production. 

Although its mechanism is still unclear, hemocyanin derived peptides have antifungal 

activity at C-terminal fragments. (Destoumieux-Garzon et al., 2001). In addition, 

histone proteins (H2A, H2B, H3, and H4) detected in hemocytes of L. vannamei 

exhibit the antimicrobial activity. They related to vertebrate histones and may be 

innate immunity constituents which are widely conserved (Patat et al., 2004). 

  4.3.2 Pattern recognition receptors (recognition molecules) 

 When pathogens enter through the outer defense parts of organisms, 

they will combat with an immune system which is filled with a cluster of hemocytes 

and plasma‑derived immune factors. The actions of these immune factors are 

triggered by the molecular pattern existing on the surface or released by the 

pathogens, PAMPs, including lipopolysaccharides, β-1,3-glucans, lipoteichoic acid, 

and peptidoglycan. Moreover, viral Double‑stranded RNA is another inducer of the 

reactions. (Jiravanichpaisal et al., 2006, Smith et al., 2008). In the innate immune 

system, PAMPs are recognized by a group of proteins which have been demonstrated 

to have considerable specificity and are capable of distinguishing between self and 

non-self, PRPs. This group of protein is highly conserved in evolution (Hoffmann et 

al., 1999; Janeway and Medzhitov, 2002). PRPs are expressed on the cell surfaces, in 

intracellular compartments, or secreted into the bloodstream and tissue fluids 

(Medzhitov and Janeway, 1997). Several PRPs from crustaceans have been isolated 

and characterized. These involve β‑glucan‑binding protein (BGBP) (Duvic and 

Söderhäll, 1990; Cerenius et al., 2004), lipopolysaccharide- and glucan‑binding 

protein (LGBP) (Lee et al., 2000; Chaosomboon et al., 2017), some masquerade‑like 

proteins/serine proteinase homologues (SPHs) (Huang et al., 2000; Lee et al., 2001) 

and a large number of lectins. LGBPs and the BGBPs will interact to β-1,3-glucans 

and after the interaction, they will activate immune-related molecules such as proPO, 

serine proteases, and lectins. LGBP is presumably the major channel for 

lipopolysaccharide and/or β-glucan recognition and for mediating defense reactions 

against fungi (Lee et al., 2000). BGBP, which is not structurally related to LGBP can 

bind with β-1,3-glucans and mediating immune reactions (Duvic and Söderhäll, 1990; 
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Cerenius et al., 2004). The affinity of interaction to the glucans is lower for crayfish 

BGBP than for LGBP. The principal functions of PRPs include opsonization, 

activation of complement and coagulation cascades, phagocytosis, activation of 

proinflammatory signaling pathways, and induction of apoptosis (Janeway and 

Medzhitov, 2002). 

 

 

Fig. 4 The model of the molecules associated in shrimp immune system 

(Tassanakajon et al., 2013). 
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5. Lectins 

 5.1 Overview of lectins 

 As the pattern recognition molecules, lectins are proteins or 

glycoproteins existed in almost all living organisms. Noncovalent binding of lectins to 

specific carbohydrate molecules play multiple functions in an immune system. The 

sugar-binding proteins mediate both pathogen recognition and cell-cell interaction 

lead to clearance of invading pathogens either as cell surface receptors or as soluble 

proteins existing in circulating fluids. (Lis and sharon, 1998; Christophides et al., 

2002; Yu and Kanost., 2004; Drickamer, 1988; Cerenius et al., 2010). As a signature 

of this kind of proteins, lectins have at least one of carbohydrate recognition domain 

(CRD), which is possible to recognize whole sugar molecules, a part of carbohydrate 

molecules or glycosidic bonds. CRD domain recognizes specific types of sugars (Lis 

and sharon, 1998). 

 There are 13 groups of animal lectins: including C-type, I-type, F-type, 

F-box lectins, L-type, M-type, R-type, P-type, galectin, ficolin, calnexin, intelectin, 

and chitinase-like lectin. (Wang and Wang, 2013). Until present, seven types of 

lectins were demonstrated in shrimp, including C-type, L-type, M-type, P-type, 

fibrinogen-like domain lectin, galectin, and calnexin/calreticulin. There are different 

properties among each type of lectin, for example, M-type lectins are member of 

lectins containing a domain of the glycoside hydrolase family 47 (GH47). They are 

type II transmembrane proteins with very short cytoplasmic tails.  P-type lectins 

comprise a P-type CRD which is referred to the CRD affinity for mannose 6-

phosphate (M6P). L-type lectins participate in the sorting of proteins in luminal 

compartments. Galectins or S-type lectins comprise globular galectin-type CRD with 

classified as galactoside-binding lectins. However, galectins of vertebrates could 

interact with mannose rather than galactose. The principal characteristics of these 

lectins are concluded in Table 1 and their domain structures are display in cartoon 

format in Fig. 5 (Wang and Wang, 2013). 
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Table 1 Summary of shrimp lectins. (Wang and Wang, 2013). 

Lectin families Domains Tissue 

distribution 

Possible functions 

C-type lectin C-type lectin 

(CTLD) and others 

Hemocytes, 

hepatopancreas, 

stomach, 

gills, intestine 

PRPs, opsonic, 

antiviral, 

antibacterial activity, 

etc. 

M-type lectin Glycoside 

hydrolase family 

47 (GH47) 

? ? 

Calnexin/ 

Calreticulin 

 

Calreticulin? Muscle, gills, 

lymphoid organ, 

intestine, 

hemocytes, ovary 

anti-bacterial 

immunity 

(EsCnx and EsCrt) 

P-type lectin Mannose-6-

phosphate receptor 

homology (MRH) 

? 

 

? 

L-type lectin L-type lectin 

(LTLD) 

Hemocytes, 

intestine, 

hepatopancreas, 

stomach, and gills 

Enhancing V. harveyi 

clearance 

(LvLTLC1) 

Galectin Galectin-type CRD Hemocytes, 

hepatopancreas, 

gills, 

intestine,stomach 

PRPs 

Fibrinogen like 

domain lectin 

Fibrinogen (FBG) Gills, heart, and 

hepatopancreas 

PRPs 
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Fig. 5 Domain structures of shrimp lectins predicted by SMART program (Wang 

and Wang, 2013). 

 

 5.2 Structures of C-type lectins 

 C‑type lectins (CTLs) were the first lectins revealed in animal 

(Kilpatrick, 2002). They have been various and well known among all types of 

lectins. The term CTL was initially used to distinguish a group of carbohydrate-

binding proteins which are Ca2+-dependent (C-type) from others in lectin family. CTL 

structure was illustrated to comprise a conserved CRD approximately 150 amino acid 

residues (Drickamer, 1988; Weis et al., 1991; Drickamer and Taylor, 1993). In 

structure, CRD is composed of a double-loop stabilized by two disulfide bridges 

forming by four or six highly conserved cysteine residues. Since it requires Ca2+ for 

carbohydrate binding, CRD has a Ca2+ binding site which is type 2 (Zelensky and 

Gready, 2005). Necessarily, CRD always has a crucial motif for example, QPD (Gln-

Pro-Asp) or EPN (Glu-Pro-Asn) that is generality found in most CTLs. This motif has 
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been anticipated to be ligand-binding specific for galactose or mannose, respectively 

(Zelensky and Gready, 2005). PmAV, PmLec and Fc-Lec4 are shrimp CTLs having a 

QPD motif within their single CRD. Their motif is a ligand‑binding specific to 

galactose. On the other hand, Fc-hsL, LvLec and LvCTL1 consist of an EPN motif in 

its single CRD with predicted ligand-binding affinity for mannose. Several CTLs 

containing atypical CRDs that do not bind to Ca2+. These CRDs are considered to 

bind with non-carbohydrate ligands (Vales-Gomez et al., 2000). The term CRD was 

changed to the C‑type lectin‑like domain (CTLD) for these atypical CRDs (Weis et 

al., 1998). In invertebrates, CTLs just at the beginning of becoming understood. The 

genes containing CTLD sequence have been found abundantly in invertebrate 

organisms, for example, Daphnia pulex genome (6 genes), Drosophila melanogaster 

genome (34 genes) and in Caenorhabditis elegans genome (278 genes). (McTaggart 

et al., 2009; Schulenburg et al., 2008) This indicates that there is a high potential for 

synthesis many CTLs, perhaps with different ligand specificities. In vertebrates, CTLs 

have a diversity of biological functions including cell adhesion, endocytosis, pathogen 

neutralization, glycoprotein clearance, phagocytosis (Lis et al., 1998; Dodd and 

Drickamer, 2001; Kerrigan and Brown, 2009). CTLs of invertebrates have been 

demonstrated to assist in innate immune responses, including prophenoloxidase 

activation, (Yu and Kanost, 2000; Yu et al., 1999), hemolytic nodule formation and 

encapsulation induction (Yu and Kanost, 2004; Yu et al., 2005; Ling and Yu, 2006; 

Koizumi et al., 1999), opsonin formation (Jomori and Natori, 1992), antibacterial 

activity (Schroder et al., 2003), antifungal activity (Willment and Brown, 2008) and 

may be provided to injury healing (Zhu et al., 2008). Diverse of natural lectins have 

been purified from hemolymph of crustaceans and characterized by biochemical 

methods (for reviews see Marques and Barracco, 2000; Vazquez et al., 2009). 

Compared to vertebrate CTLs, the molecular features and functions of CTLs in 

crustaceans have not been well characterized. The functional properties of some CTLs 

have been determined using their recombinant proteins as a model. Several kinds of 

CRDs identified in each species is variable and the lectins with multiple CRDs have a 

stronger affinity for binding toward their ligands. In shrimp, CTLs are divided into 

three types based on domain architectures including only one CRD, two CRDs, and 

CTLs containing one CRD and an additional other domain. Some of shrimp CTLs as 
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C-type lectin-1 and Fc-Lec3 also consist of a single CRD, but with mutant motif EPK 

and EPS, respectively instead of the usual EPN motif. PmLT, Fc-Lec2, and LvLT 

consist of two CRDs, the N-terminal CRD comprises a QPD motif and the C-terminal 

CRD comprises an EPN motif, but LvLT has an EPD instead (For review see 

Zelensky and Gready, 2005; Wang and Wang, 2013). 

 

 

Fig. 6 The functions of shrimp C- type lectins (Wang and Wang, 2013). 

 

5.3 Functions of C-type lectins  

Several crustacean CTLs have been functional studied through their 

recombinant proteins then the CTLs functions have been reported (Fig. 6). As an 

opsonin, the lipopolysaccharide-binding lectin in P. monodon, PmLec, is able to 

augment phagocytosis (Luo et al., 2006). The main property of lectins is agglutination 

which they can agglutinate cells in a broad range of bacterial species at a low 

concentration. Fc-hsL recombinant protein has an agglutinating activity toward 

several Gram‑positive and Gram-negative bacteria in a presence of Ca2+ but it has no 

hemagglutinating activity. Similarly, dual-CRD lectin, Fc-Lec2, can agglutinate 

bacteria. The two individual CRDs have a synergistic effect. However, this dual-CRD 
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lectin did not have hemagglutination activity (Zhang et al., 2009). Recombinant 

protein of LvLec could agglutinate E. coli relying on Ca2+ and the agglutinating 

activity was restricted by EDTA (ethylenediaminetetraacetic acid) and mannose 

(Zhang et al., 2009b). Another performance in innate immunity is encapsulation. The 

experiment that agarose beads were coated with PmLT which existing in shrimp 

hemocytes demonstrated that the lectin could enhance encapsulation (Ma et al., 2008). 

Moreover, the antimicrobial activity against both bacteria and fungi was found in Fc-

hsL (Sun et al., 2008). In the immune defense against virus, LvCTL1 can interact to 

WSSV. The pull-down assay showed that the lectin can bind with several WSSV 

envelope proteins including VP14, 19, 24, 26, 28 and 95 (Zhao et al., 2009). FcLec3 

has been also demonstrated the binding between the lectin and a major envelope 

protein of WSSV, VP28 (Wang et al., 2009). Surprisingly, a CTL identified from 

WSSV-resistant P. monodon, PmAV, has a strong antiviral activity in inhibiting 

virus-induced cytopathic effect in fish cell cultures which neither recombinant nor 

native PmAV has agglutination activity (Luo et al., 2003). However, the mechanism 

for its antiviral activity needs to be identified. 

5.4 Low-density lipoprotein receptor  

In recent years, the diverse functions of the LDLR family have been 

demonstrated. The role of these receptors not only are the cargo transporters but also 

are multifunctional cell-surface proteins. The receptors have been found in a variety 

of animals, ranging from invertebrates to vertebrates. In structure, LDLR domain is 

composed of a binding site for LDL and calcium. It carries on the various biological 

functions in different tissues. The well-known function of LDLR gene family is an 

endocytic receptor that mediates cellular uptake of cholesterol-rich lipoproteins of 

vertebrates. A large number of studies have revealed that the members of the LDLR 

family are active in cell signaling pathways (Nykjaer and Willnow, 2002). 
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 5.5 Functions of C-type lectins containing LDLR in crustacean immune 

response 

 In present, some CTLs containing LDLR in shrimp have been cloned 

and characterized. In 2012, LvCTLD, the CTL of white shrimp (L. vannamei) was 

proved to activate hemocyte encapsulation followed by melanization after 24 hours of 

encapsulation. Moreover, the lectin could interact to YHV particles in the presence of 

shrimp hemolymph and promote proPO system. This CTL comprises one LDLR and 

one CRD with QAP motif which is specific to galactose sugar (Junkunlo et al., 2012). 

In 2013, two new CTLs with an LDLR from kuruma shrimp (M. japonicus) named 

LdlrLec1 and LdlrLec2 were demonstrated that both of them contained a QAP motif 

in CRD. The lectins have antiviral activity against WSSV (Xu et al., 2014). At the 

same time, EsLecD, the CTL of the mitten crab (Eriocheir sinensis) was reported that 

EsLecD could induce bacterial agglutination and encapsulation (Huang et al., 2014). 

In 2015, the two isoforms of LDLR-containing CTL of the oriental river prawn, 

Macrobrachium nipponenses (MnCTLDcp2 and MnCTLDcp3) were cloned and 

characterized. The lectins were able to agglutinate both Gram-positive and Gram-

negative bacteria (Xiu et al., 2015). This information suggests that LDLR-containing 

CTL acts as PRPs and play a key role in the shrimp defense mechanism against 

bacteria and viruses at the site of infection using agglutination mechanism and 

through stimulation of other crucial process of the innate immune system. 

6. Vitellogenin (Vg)  

 In oviparous animals, yolk is a nutrient-bearing portion of oocytes. It is 

necessary for embryo development. Yolk is composed of proteins, sugars and lipids 

(Valle, 1993). The main of yolk protein in oviparous animals is a 

glycolipophosphoprotein named vitellin (Vt) which derive from a precursor protein, 

Vg (Hagedorn and Kunkel, 1979). Vg only presents in the hemolymph of females 

during oogenesis (Wolin et al., 1973). In shrimp, Vg is synthesized in extraovarian 

tissue, hepatopancreas, secreted into hemolymph, taken up by developing ovaries, and 

intracellularly processed to generate Vt (Lee and Chang, 1999; Jasmani et al., 2000; 

Okuno et al., 2002; Tiu et al., 2008). Vg receptor (VgR) is an essential protein for the 

uptake of Vg into developing oocytes, hence the VgR plays a crucial role in oocyte 
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maturation. VgR is an ovary-specific member, belonging to the LDLR superfamily 

(Rodenburg et al., 2006). 

 6.1 Structural and biochemical function of vitellogenin and vitellin in 

shrimp 

 The amino acid sequence of all cases showed that Vg comprises three 

conserved domains including a Vg domain at the N-terminal region, a domain of 

unknown function (DUF) 1943, and a von Willebrand factor type D domain (VWD) 

which is located at the C-terminus and distributed over a wide range of protein. Vg is 

commonly generated by somatic cell lineages, for example, hepatopancreas in 

crustaceans, fat body in insects, liver in non-mammalian vertebrates, and intestine in 

sea urchin. Finally, Vg is transferred via the circulation system to accumulate in 

oocytes (Anderson et al., 1996; Jeon et al., 2010; Tseng et al., 2001; Sappington and 

Raikhel, 1998; Shyu et al., 1986). A main function of Vg is to produce yolk proteins, 

a source of nutrition and energy to support embryogenesis. Vg also has other 

functions in animals, for instance, regulation of hormonal dynamics, temporal 

division of labor and foraging specialization, protection of honeybee Apis mellifera 

from oxidative stress, and change in gustatory responsiveness (Amdam and Omholt, 

2003; Amdam et al., 2006; Guidugli et al., 2005; Nelson et al., 2007; Seehuus et al., 

2006). 

 In penaeid shrimp, Vg generally comprises 2-4 subunits whereas the 

subunits of Vt are more abundant. Although they are different proteins, Vg and Vt are 

immunologically identical. In P. monodon, the molecular weight (MW) of native Vg 

is 263 kDa. After it was carried through hemolymph into the oocytes, Vg is 

dissociated into two subunits which have MW of 82 and 170 kDa (Chang et al., 

1994). Vt of F. chinensis and P. semisulcatus were also investigated. It showed the 

large and abundant smaller Vt pattern (Avarre et al., 2003; Chang and Jeng, 1995). M. 

japonicus was demonstrated initially to have large Vt subunits (Kawazoe et al., 2000). 

Many groups of researcher studied about Vg and Vt subunit composition using the 

giant freshwater prawn, Macrobrachium rosenbergii, as a model (Chang et al., 1993b; 

Derelle et al., 1986; Lee et al., 1997; Wilder et al., 1994). These studies demonstrated 

that Vg comprised of three subunits of MW of around 90, 100, and 200 kDa (90, 102, 

and 199 kDa in Wilder et al., 1994). Moreover, Vt contained only two identical 
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subunits in MW. Both of them were immunologically similarity to the smaller two 

subunits of Vg. These results were assumed by Wilder et al., 1994 that Vg is a 

precursor form (199 kDa) when it is synthesized from hepatopancreas, then it is 

dissociated by cleaving into two smaller subunits (102 and 90 kDa) in hemolymph 

before it is transferred into the ovary (later the assumption was confirmed by Okuno 

et al., 2002, relied on the demonstration of the full cDNA sequence). Further, the MW 

of native Vt was estimated to be 700 kDa by native PAGE (Lee et al., 1997); that of 

Vg could not be established but possibly ranged from 200-800 kDa (Chang et al., 

1993b). In 2006, Vt in Macrobrachium borelli was found that its native form has a 

MW of 440 kDa, and is composed of 94 kDa and 112 kDa subunits (Garcia et al., 

2006). Similarly, Vt of F merguiensis had a native MW of 398 kDa, having subunits 

of 78 kDa and 87 kDa (Auttarat et al., 2006). Before the full illustration of Vg 

primary structure, the amino acid composition had been demonstrated in several 

species, and as expected, the structure of Vg and Vt was very similar (Chang et al., 

1993a, 1994; Chang and Jeng, 1995).  

 6.2 Vitellogenin receptor in crustaceans 

  In crustaceans, Vg which is synthesized in hepatopancreas, is 

transferred into the developing oocytes through hemolymph via VgR by a way of 

receptor-mediated endocytosis. The study of Vg endocytosis in crustaceans is limited 

while these mechanisms have been well-studied in insects (Sappington and Raikhel, 

1998) and oviparous vertebrates (Schneider, 1992). Initially, the uptake of Vt in 

crustacean was demonstrated in M. Rosenbergii (Jugan and Soyez, 1985). In crayfish, 

Orconectus limosus, Vg binds specifically to an oocyte membrane (Jugan and Van 

Herp, 1989). In 2002, VgR in the mud crab, Scylla serrata was purified. Using HPLC, 

the MW of VgR is 230 kDa. To study the direct binding, the [125I]-labelled Vg was 

applied. The result revealed that VgR had high binding affinity for S. serrata Vg with 

a dissociation constant (Kd) = 0.8 × 10–6 M. Interestingly, the mud crab VgR can bind 

to mammalian low- density lipoprotein (LDL). They conclude that VgR of S. serrata 

belongs to the vertebrate LDLR family (Warrier and Subramoniam, 2002) which the 

result is similar to VTR in nematodes, insects, and vertebrates (Bujo et al., 1994; 

Sappington et al., 1996; Grant and Hirsh, 1999). Since VgR gene of crustaceans had 

not been cloned and characterized, their VgR information could not be compared with 
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other animals. Recently in 2008, the earliest cloning of VgR in crustaceans was 

carried out using P. monodon as a model. The VgR cDNA was 6.8 kb in length that 

was translated into 1,943 deduced amino acids. The MW of protein is 211 kDa. The 

transcriptional expression of VgR was very low in the ovary during early 

vitellogenesis, but up to the maximal level in shrimp which have a level 3-4 of 

gonadosomatic index (GSI). Knockdown VgR expression using VgR dsRNA caused 

VgR protein content decreasing in the ovary, and Vg increasing in the hemolymph. 

The higher Vg in hemolymph was a result of the decreasing of VgR availability which 

was responsible for the uptake of Vg into the oocytes. Moreover, P. monodon VgR 

shared an amino acid sequence identity with insect VgR, it revealed two putative 

internalization signals (FANPGFG and FENPFF) (Tiu et al., 2008). 
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Objectives 

  In this thesis, the CTL containing low-density lipoprotein receptor 

domain (LDLR) named FmLdlr which would take part in the F. merguiensis 

immunity was cloned and characterized. Consequently, the goals of this work were as 

follows. 

  1. To clone and characterize a full-length cDNA of FmLdlr. 

  2. To evaluate the transcriptional expression of FmLdlr in various 

tissues of healthy normal F. merguiensis. 

  3. To determine the expression of FmLdlr mRNA after shrimp were 

challenged with V. parahaemolyticus and WSSV.  

  4. To demonstrate the role of FmLdlr in F. merguiensis innate immune 

response by RNAi-mediated gene silencing method. 

  5. To produce recombinant protein of FmLdlr and its crucial domains 

(rFmLdlr, rCRD and rLDLR) and to describe the function of these proteins involving 

in several response processes in shrimp innate immune system as follows: 

  - bacterial agglutinating activity and sugar specificity 

  - in vitro encapsulation  

  - in vitro phagocytotic activity 

  - in vivo bacterial clearance  

  - direct binding to corresponding viral proteins and native vitellogenin 
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CHAPTER 2 

 

 

Results and Discussion 

 

 

1. Molecular cloning of a full-length FmLdlr 

  In a fundamental of RT-PCR reaction, the template generated from 

total RNA extracted from F. merguiensis hemocytes and the specific primer designed 

from conserved sequences of LDLR domain-containing CTLs were used. The PCR 

product of an internal fragment was 715 bp. The Rapid Amplification of cDNA Ends 

(RACE) procedure is a useful tool to get the 5′and 3′ cDNA termini. The 5′ RACE 

and 3′ RACE of FmLdlr was 394 bp and 870 bp, respectively. The three fragments 

were overlapped and re-constructed a FmLdlr cDNA complete sequence. The 

obtained sequence was re-checked by the PCR product of a FmLdlr open reading 

frame (ORF) sequence. FmLdlr sequence was committed to NCBI in Genbank under 

an accession number KY780438 which contained 1,425 bp in length (Fig. 9).  
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Fig. 7 FmLdlr cDNA fragments of internal, 5’RACE and 3’RACE in agarose gel 

analysis. The PCR products of RT-PCR and RACE method were evaluated in 1% 

agarose gel electrophoresis. M: a molecular weight size DNA marker (100 bp), 1: 

FmLdlr internal fragment (715 bp), 2: 5′ RACE (394 bp), 3: 3′ RACE (870 bp). 
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Fig. 8 Cloning strategy of FmLdlr full-length cDNA (Kwankaew et al., 2016) The 

internal fragment of 715 bp was synthesized by means of RT-PCR using specific 

primers coming out of the consensus region of CTLs containing LDLR in crustaceans. 

The RACE procedure is useful tool to get the 5′ and 3′ cDNA termini. The three 

fragments were overlapped and re-constructed a FmLdlr complete cDNA sequence. 

 

2. The cDNA sequence interpretation of FmLdlr 

  FmLdlr complete sequence was composed of an ORF sequence (915 

bp), a 5′ untranslated regions (UTR) (100 bp), and a 3′ UTR (410 bp). The deduced 

amino acids of FmLdlr predicted from ORF nucleotide sequence was 305 amino acid 

residues which had the 31.78 kDa of calculated MW and 5.0 of estimated isoelectric 

point (pI). The amino acid sequence was submitted in Genbank under an accession 

number AUB13319. The first region in FmLdlr amino acid sequence (from M1 to A20) 

was a predicted signal peptide whereas 37 amino acid residues from C21 to V58 was 

predicted to be a LDLR domain. Furthermore, the amino acid sequence from C126 to 

E290 constructed a CRD which is a signature of CTL (Fig. 10). The result of multiple 

amino acid sequence alignment demonstrated that the amino acid sequence of FmLdlr 

revealed the most (89%) similarity to LdlrLec1, the LDLR-containing CTL from M. 

japonicus accession number AFJ59946 in Genbank. Moreover, FmLdlr shared the 
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identity with LvCTLD of L. vannamei (53%), MnCTLDcp1 of M. nipponense (52%), 

SpCTL-C of Scylla paramamosain (mud crab) (48%), and EsCTLDcp of E. sinensis 

(47%). In LDLR domain, the six conserved cysteines which assumed to be three 

disulfide bridges, the region (Y39, D42, D46, D52 and E53) which assumed to be a 

calcium binding site and a D-X-S-D-E motif (D49, M50, S51, D52 and E53) which D52 

and E53 functioned in calcium binding were demonstrated by the amino acid sequence 

alignment. Naturally, a domain that has the main function of CTLs is CRD which has 

the key motif functioning in carbohydrate interaction. In shrimp, the motif within 

CRD is commonly QPD or EPN, however, this motif of FmLdlr was QAP instead. 

The motif similar to other CTLs containing LDLR in shrimp, for example, LdlrLec1 

and LdlrLec2 of M. japonicus, LVCTLD of L. vannamei. Comparing to that of others, 

this study showed that QAP motif of F. merguiensis FmLdlr was specific for 

galactose sugar (Table 3).  
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Fig. 9 Nucleotide and deduced amino acid complete sequences of FmLdlr 

(Kwankaew et al., 2018) The start codon (ATG) translated to Methionine (M) is in 

bold whereas TGA is a stop codon shown in bold and marked with an asterisk. The 

first region (from M1 to A20) is italic and predicted to be a signal peptide. A LDLR 

domain is underlined (C21 to V58). The amino acid sequence from C126 to E290 

constructed a CRD is shaded. A QAP motif in CRD is boxed. The six conserved 

cysteines in LDLR or CRD involved in disulfide formation are demonstrated in italic 

and bold letters  
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Fig. 10 The multiple alignment of F. merguiensis FmLdlr amino acid sequence 

with that of other crustaceans LDLR domain-containing lectins (Kwankaew et al., 

2018) The symbol ♦ represent amino acids acting as a Ca2+binding site. The symbol 

 shows D-X-S-D-E motif. Almost of CTLs containing LDLR with QAP motif 

(shown in the box). The conserved cysteines are marked with asterisks. 
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3. The tertiary structures of FmLdlr 

  The tertiary structures of CRD and LDLR were established separately 

by SWISS-MODEL algorithm. The template of CRD was Homo sapiens CTL 

(5b1w.1.A). In LDLR, the LDLR-related protein of H. sapiens (2fyj.1.A) was used as 

an original template. The 3D structure of LDLR contained the two-stranded β-sheet 

and a loop at a C-terminus which comprised a Ca2+ binding site and three disulfide 

bonds. The 3D structure of CRD was a regular double long loop region containing 

two components. The upper part consisted of three β-strands whereas the lower 

component comprised a couple of α-helices and dual β-strands. There are four type of 

Ca2+-binding sites have been demonstrated in several kinds of CTLs. The Ca2+-

binding sites 1, 2, and 3 were shown in the mannose-binding protein A (MBP-A) of 

rat and sites 1, 2 and 4 were found in human ASGPR-I (Zelensky and Gready, 2005). 

In FmLdlr case, a Ca2+ binding site-2 committing in specific sugar and Ca2+ binding 

was located in a long loop of the upper region. Moreover, there are three disulfide 

bridges within CRD. One of them facilitated the stability of the upper region of CRD 

whereas the others supported to the conformation of CRD at the base of the loop (Fig. 

11). 
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Fig. 11 The 3D structure of each domain of FmLdlr, (A) LDLR and (B) CRD 

(Kwankaew et al., 2018) In CRD, there are five β-strands (red) and three α-helices 

(sky-blue), and a double long loop region (violet), QAP motif (green), Ca2+ binding 

site-2 (blue). LDLR contains two-stranded β-sheet including by a loop at a C-terminus 

which comprises a Ca2+ binding site. Six cysteines are C1-C6 (yellow) concerned in 

three disulfide bonds forming in each domain.  

 

4. Tissue distribution of FmLdlr 

  Semi-quantitative RT-PCR analysis using FmLdlr specific primer was 

applied to determine the tissue distribution of FmLdlr in normal F. merguiensis 

various tissues. The mRNA of FmLdlr expressed only in hemocytes. In contrast, the 

mRNA expression could not detect in other tested tissues including hepatopancreas, 

gills, intestine, lymphoid, stomach, heart, muscle, nerve, and ovary (Fig. 12A). In 

other species, CTLs containing LDLR were expressed in tissues with different 

patterns, for example, LVCTLD gene of L. vannamei was prominently expressed in 

nerve and gills but hardly in other tissues including hemocytes (Junkunlo et al., 2012). 

EsCTLDcp of E. sinensis was only expressed in hepatopancreases (Huang et al., 

2014) while the transcripts of MnCTLDcp1 from M. nipponense expressed in several 

tissues which was plentiful in heart but not in hepatopancreases (Xiu et al., 2015). 

Interestingly, LdlrLec1 from M. japonicus which almost identical to FmLdlr was 
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mainly expressed in hemocytes, intestine, heart, and gill whereas LdlrLec2 was 

highest distributed in hepatopancreases and heart (Xu et al., 2014). LdlrLec1 and 

FmLdlr may have a similar function. Hemocytes are distinguished in their crucial role 

on homeostasis and host defense. The cells take part in several activities in the 

immune system such as proPO activation, encapsulation and phagocytosis and also 

producing and releasing some immune molecule such as PRRs and AMPs. In FmLdlr 

case, since it has a signal peptide, we assumed that the lectin was produced in 

hemocytes and secreted through hemolymph for its function.  

5. FmLdlr mRNA expression analysis at different time intervals after pathogenic 

challenge. 

  By means of qRT-PCR, the FmLdlr mRNA expression in hemocytes 

was detected at several time intervals after shrimp were challenged by pathogens. The 

internal control was the levels of a housekeeping gene, 18SrRNA, transcripts. In 

WSSV treatment, FmLdlr transcripts were gradually up-regulated at 6-18 h post-

injection (hpi). The expression decreased to the basal level at 24 hpi then elevated to 

the maximal level (4.05 folds) at 48 hpi and slightly dropped at 72 hpi (Fig. 12C). The 

V. parahaemolyticus treated shrimp showed the FmLdlr mRNA expression was 

significantly increased from 6 hpi to the peak level (17.36 folds) at 12 hpi and down-

regulated to the original level at 72 hpi (Fig. 12B). These data indicated the response 

of FmLdlr against the invading bacterium and virus with more aptitude to the bacterial 

pathogen. It suggested that FmLdlr involved in the immune system of F. merguiensis 

by acting as an immune-related molecule against shrimp pathogens. Other LDLR-

containing CTLs also were up-regulated by pathogenic induction, for example, 

BjCTL of the amphioxus or EsCTLDcp of the mitten crab was up-regulated in the 

bacterial challenge. LdlrLec1 and LdlrLec2 were up-regulated when M. japonicus was 

inoculated by WSSV. 
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Fig. 12 The tissue dispersion of FmLdlr in normal shrimp and the FmLdlr 

expression after pathogenic challenge (A) The tissue dispersion of FmLdlr in 

normal shrimp was analyzed by RT-PCR. (B) The expression of FmLdlr in the 

hemocytes after F. merguiensis was inoculated by V. parahaemolyticus or (C) WSSV 

assessing by qRT- PCR using 18S rRNA as an internal control (*p < .05, **p < .01). 

 

6. The effect of FmLdlr silencing on cumulative mortality 

  The capability of FmLdlr in F. merguiensis immune system was 

illustrated by gene silencing using FmLdlr dsRNA. After RNAi-mediated knockdown 

of FmLdlr with V. parahaemolyticus or WSSV inoculation, RT-PCR using the total 

RNA from shrimp hemocytes as a template revealed that FmLdlr dsRNA could inhibit 

FmLdlr mRNA of 90% at 24 or 48 hpi whereas FmLdlr mRNA was expressed 

normally in shrimp injected with GFP dsRNA or normal saline comprising V. 

parahaemolyticus and WSSV inoculation. Moreover, the expression of VP28 

(envelop protein of WSSV) was elevated in FmLdlr silenced condition, demonstrating 

that WSSV was cleared imperfectly when the shrimp lacked of FmLdlr (Fig. 13A, B).   
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  The effect of FmLdlr silencing in V. parahaemolyticus-infected or 

WSSV-infected shrimp were demonstrated on the cumulative mortality. The RNAi-

mediated knockdown of FmLdlr with V. parahaemolyticus inoculation showed a high 

cumulative mortality of 80% in short duration at 12 hpi and reached to 90% and 100% 

at 24 and 48 hpi, respectively. In the two control groups, the cumulative mortality of 

V. parahaemolyticus co-injected with either GFP dsRNA or saline had similar results 

of 40% at 96 hpi and 50% at 120 hpi (Fig. 13C). Furthermore, the cumulative 

mortality of WSSV-infected shrimp was 80% at 48 hpi and 100% at 96 hpi. The 

cumulative mortality was 50% at 96 hpi in the normal saline and WSSV co-injection 

group and at 120 hpi in dsGFP treatment with WSSV co-injection group (Fig. 13D).  

  The RNAi-mediated knockdown of FmLdlr caused the dramatic down-

regulation of FmLdlr which led to decreasing of the median lethal time in both V. 

parahaemolyticus and WSSV challenge when compared with the control groups. RT-

PCR analysis of VP28 showed higher expression of the gene in FmLdlr knockdown 

shrimp, indicating that FmLdlr could facilitate the immune system by getting rid of 

WSSV. The effect of the CTL genes silencing on the shrimp cumulative mortality was 

reported in several cases. Interestingly, inoculation of LdlrLec1 or LdlrLec2 

recombinant proteins into the LdlrLec1 or LdlrLec2 knockdown shrimp could reduce 

the cumulative mortality rate. All results emphasized that FmLdlr was influential 

against microbial pathogens in shrimp immune system. 
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Fig. 13 Effect of FmLdlr silencing in F. merguiensis on the mRNA expression 

and cumulative mortality (Kwankaew et al., 2018) (A) By means of semi-

quantitative RT-PCR and gel-electrophoresis, the expression of FmLdlr, VP28, and 

18S rRNA in 6 treatment groups were demonstrated and (B) Band density detected 

from gel-electrophoresis was changed to the relative mRNA expression value. The 

cumulative mortality of FmLdlr knockdown shrimp (n=10) followed by (C) V. 

parahaemolyticus and (D) WSSV treatment (**p < .01). 
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7. Recombinant protein production and purification  
  Recombinant proteins of FmLdlr (rFmLdlr), CRD (rCRD), and LDLR 

(rLDLR) were successfully expressed in E. coli BL21(DE3) star using pET-32a (+) as 

an expression vector and subsequently purified by Ni-NTA column. The molecular 

mass of the proteins determined by the relative migration distance value (Rf) in SDS-

PAGE of rFmLdlr including polyhistidine-tag at the N-terminus was 51.90 kDa while 

those of rCRD and rLDLR were 36.75 kDa and 22.10 kDa, respectively. The attach 

protein fragment (His-tag) was 18 kDa (Fig. 14A). The recombinant proteins were 

detected specifically by anti-rFmLdlr (polyclonal antibody) in Western blotting (Fig. 

14B). Furthermore, three recombinant proteins of WSSV were produced using 

pFN2A (GST) Flexi Vector as an expression vector. The MW of them indicated by Rf 

was 60.26 kDa of VP39A, 52.48 kDa of VP28, 36.31 kDa of VP15. These viral 

proteins were produced in Runsaeng et al., 2018 (data not shown). 
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Fig. 14 Recombinant proteins of FmLdlr, CRD and LDLR analysed in 12% 

SDS-PAGE with Coomassie brilliant blue R-250 staining (A) and Western 

blotting (B) Lane1, low molecular weight protein markers; lane 2, total proteins of 

the expression host without IPTG induction; lanes 3, 5 and 7, total proteins of the 

expression host containing plasmid of FmLdlr, CRD and LDLR, respectively with 

IPTG induction; lanes 4, 6 and 8, purified recombinant proteins of FmLdlr, CRD and 

LDLR, respectively.  
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8. Agglutinating and microbial binding activity of FmLdlr 

  The interaction between CRD and carbohydrate molecules on cell 

surfaces of microorganisms or other cells results in the visible cell clumping called 

agglutination. Since it has at least a CRD in its structure, the microbial agglutinating 

activity is the common feature of lectin. In the test with calcium, FmLdlr and its 

domains showed ability to agglutinate all kinds of tested bacteria containing two 

Gram-positive bacteria (B. cereus and S. aureus) and four Gram-negative bacteria (V. 

harveyi, V. parahaemolyticus, E. coli and S. typhi) in various concentrations. Since 

their activity could be inhibited in the presence of EDTA, both CRD and LDLR 

domains were exhibited in a Ca2+ dependent manner. The minimal concentrations of 

the three recombinant proteins for complete agglutination are shown in Table 2. The 

activity was not found for the negative control protein, recombinant Trx (rTrx). 

Among the lectin recombinant proteins, the recombinant of mature protein or 

rFmLdlr, revealed the maximal activity toward all microorganisms (Fig. 15). CRD 

recombinant protein (rCRD) had more activity than rLDLR. Moreover, all lectin 

recombinant proteins had the maximal activity toward V. parahaemolyticus. In this 

study, FmLdlr acted as CTL to cause the cell agglutination in the presence of Ca2+. 

The process was the pathogen neutralization leading to the bacterial destruction (Weis 

et al., 1998). Interestingly, we found that the bacterial agglutination activity of 

FmLdlr is mediated by both CRD and LDLR domain even with the lowest activity of 

LDLR. 
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Fig. 15 Bacterial agglutination convinced by FmLdlr, CRD and LDLR 

recombinant proteins in the 10 mM CaCl2 existing condition using rTrx as a 

negative control 
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Table 2 Microbial agglutinating activity of rFmLdlr, rCRD and rLDLR 

 

Microorganisms 

Minimum concentration for 

complete agglutination (µM) 

rFmLdlr rCRD rLDLR 

Gram-negative Vibrio parahaemolyticus 0.12 0.34 1.13 

(pathogen) Vibrio harveyi 0.24 0.34 2.26 

Gram-negative Escherichia coli 0.24 0.68 2.26 

(non- pathogen) Salmonella typhi 0.48 0.68 4.52 

Gram-positive Bacillus cereus 0.24 0.34 2.26 

(non- pathogen) Staphylococcus aureus 0.24 0.34 2.26 

 

9. Sugar binding specificity 

  The classical characteristic of lectins is cell agglutination caused by 

lectins bind to specific carbohydrate molecules on the cell surface. To elucidate the 

type of sugars on the microbial cell surface that specific to FmLdlr and its domains, 

the bacterial agglutination inhibition assay was performed. In the principle of the 

assay, the lectin could bind to specific carbohydrate molecule which was added firstly 

making it had no vacancy to bind with the sugar molecule located on the cells that 

were added later resulted in unagglutinated cell settle in a button of 96-well 

microplates. The results revealed that the agglutinating activity of rFmLdlr towards V. 

parahaemolyticus could not be obstructed by galactose or glucose separately but the 

interaction between the lectin and bacterium was inhibited by a combination of 

glucose and galactose. The mixture also inhibited rCRD and rLDLR agglutinating 

activity whereas glucose alone could obstruct rLDLR activity and galactose alone 

could inhibit rCRD activity. In a group of polysaccharides, LPS from E. coli O127:B8 

was able to obstruct the agglutinating activity of rFmLdlr and rCRD whereas PGN 

(the major constituent of the bacterial cell envelope in both Gram-positive and Gram-

negative bacteria) and LTA (the main component of Gram-positive bacterial cell wall) 

could inhibit only rCRD agglutinating activity (Table 3).  
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  In this study, the specific binding between two domains within FmLdlr 

and carbohydrate molecules was approved by the agglutination inhibition assay. The 

galactose sugar could suppress the agglutinating activity of CRD whereas glucose 

could obstruct the activity of the LDLR. Interestingly, neither galactose nor glucose 

inhibited agglutinating activity of rFmLdlr. However, the mixture of galactose and 

glucose cloud inhibit the activity of rFmLdlr, CRD and LDLR. The results were 

probably because galactose only obstructed the activity of CRD while LDLR still 

could agglutinate the bacterium, so galactose could not inhibit rFmLdlr. From the 

result, we assumed that CRD with QAP motif in FmLdlr was specific for galactose 

sugar and LDLR was specific for glucose binding.  
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Table 3 Sugar inhibition of V. parahaemolyticus agglutination induced by 

rFmLdlr, rCRD and rLDLR 

Inhibitors 

Minimum concentration for inhibitiona 

rFmLdlr rCRD rLDLR 

D-Mannose NI (250 mM) NI (250 mM) NI (250 mM) 

D-Galactose NI (250 mM) 62.5 mM NI (250 mM) 

D-Glucose NI (250 mM) NI (250 mM) 62.5 mM 

D-galactose plus D-Glucose 25 mM 50 mM 50 mM 

Lactose 25 mM 100 mM 100 mM 

N-Acetyl neuraminic acid NI (250 mM) NI (250 mM) NI (250 mM) 

LPS from E. coli O127:B8 625 μg/ml 625 μg/ml NI (1.25 mg/ml) 

Lipoteichoic acid NI (125 μg/ml) 125 μg/ml NI (125 μg/ml) 

Peptidoglycan NI (125 μg/ml) 31.25 μg/ml NI (125 μg/ml) 

a Minimum concentration to completely inhibit recombinant protein (4 BAU) in the 

presence of a microbial suspension. 

  NI: no inhibition of agglutination at the indicated concentration. 
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10. Phagocytosis assay 

  To clarify the role of rFmLdlr and its functional domains in cellular 

immune response, in vitro phagocytosis experiment was carried out. V. 

parahaemolyticus in the cytoplasm of the phagocytic cells was detected under a 

microscope. The rFmLdlr and rCRD could significantly accelerate the phagocytic 

activity of F. merguiensis hemocytes compared with two controls, rTrx and TBS. 

Both phagocytic rate and phagocytic index demonstrated that the proteins 

significantly enhanced the phagocytic activity against V. parahaemolyticus (P < 0.05). 

The phagocytic rates of rFmLdlr and rCRD were 80.65 and 64.97% respectively 

whereas the similar rates in LDLR and the two control groups (rTrx and TBS) were 

33.66, 30.59 and 30.39%, respectively. For the phagocytic index, it was elevated 

significantly in the group of rFmLdlr (4.1) and rCRD (3.82) when compared with the 

control groups, rTrx (1.92) and TBS (1.64). The phagocytic index of rLDLR was 2.36 

suggested that the domain could less enhance phagocytosis (Fig. 16).  

  The phagocytosis is a common mechanism used to eliminate pathogens 

and cell debris. The process depends on potentially pathogenic recognition and 

opsonization which then promoted the recruiting hemocytes (Yang et al., 2011). 

Invertebrate CTLs always bind to bacteria and some of those also had the ability to 

interact with the hemocyte cell surface (Yang et al., 2011; Ohta et al., 2006; Ling and 

Yu, 2006). The interactions were assumed to be essential for the opsonization. (Yang 

et al., 2011). In invertebrates, several CTLs were described to mediate phagocytosis, 

such as Cflec-1 in C. farreri (Yang et al., 2011), immulectins in M. sexta (Ling and 

Yu, 2006), CTL in Helicoverpa armigera (Tian et al., 2009). In this study, FmLdlr 

function as an opsonin relying on its CRD for the activity. 
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Fig. 16 Phagocytotic activity promoted by rFmLdlr and its rCRD (Kwankaew et 

al., 2018) Panel I represents of the bacteria in the hemocytes stained with Giemsa. 

Panel II and Panel III demonstrate the phagocytic rate and phagocytic index.  

 

11. In vitro encapsulation 

  To examine whether rFmLdlr could enhance encapsulation and 

illustrate the function of each domain, the encapsulation test (in vitro) using the lectin-

coated agarose beads and F. merguiensis hemocytes was performed. After 6 h 

incubation, the percentages of hemocyte-encapsulated beads of rFmLdlr, rCRD, 

rLDLR and rTrx group were 9.4%, 2.5%, 2.3% and 1%, respectively. After 24 h of 

incubation, the percentages of hemocyte-encapsulated beads treated with rFmLdlr and 

rCRD increased to 79.49% and 80.49%, respectively. However, it was clear that 

rLDLR and rTrx (negative control) showed no activity to mediate the encapsulation 

(Fig. 17).  
  Encapsulation is a common response of invertebrates to handle with 

the invaders that too vast for phagocytes. The consequence of encapsulation process is 

a multilayered formation of hemocytes surround foreign particles which then were 

excluded within the encapsulated capsules (Jiravanichpaisal et al., 2006). With a 

multi-function in an innate immune response of invertebrates, CTLs have been 

demonstrated by early studies to promote encapsulation (Cerenius et al., 2010a; Lis 

and Sharon, 1998), for example the CTLs of M. sexta; IML-1 and IML-3 were able to 

activated encapsulation but not melanization (Ling and Yu, 2006; Yu et al., 2005) 

while IML-2 did not only promote encapsulation but also led to melanization (Ling 

and Yu, 2006; Yu and Kanost, 2004). The DL2 and DL3, CTLs recombinant proteins 
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of Drosophila melanogaster, could promote the encapsulation and melanization (in 

vitro) (Ao et al., 2007). The rLvCTLD-coated beads of L. vannamei were 

encapsulated by shrimp hemocytes followed by melanization within 24 h after 

encapsulation (Junkunlo et al., 2012). In this study, the Ni-NTA agarose beads coated 

only with FmLdlr or rCRD could facilitate the hemolytic encapsulation within 24 h 

followed by melanization compared with the negative control. From the result, we 

assumed that CRD was the domain that facilitated hemocyte encapsulation. 

 

 

Fig. 17 Encapsulation activity enhanced by rFmLdlr and rCRD (Kwankaew et 

al., 2018) Panel I shows agarose beads pre-coated with rFmLdlr, rCRD, rLDLR, and 

rTRX were assayed for encapsulation by F. merguiensis hemocytes at 0, 6 and 24 hpi. 

Panel II reveals the percent of encapsulated beads in each group. 

 

12. Cooperation of rFmLdlr and its domains in bacterial clearance in vivo 

  To determine the activity of rFmLdlr and its domains (rCRD or 

rLDLR) in F. merguiensis immune system which is responsible for pathogenic 

elimination, the bacterial clearance assay was operated. In the experiment, shrimp 

were inoculated with V. parahaemolyticus that pre-incubated with either rFmLdlr, 

rCRD, rLDLR, rTrx or PBS. The percentage of bacterial remaining in the hemolymph 

was detected at several time points post inoculation. We found that the percentage of 

residual V. parahaemolyticus in rFmLdlr treated group was lowest compared with all 

experiments. The residual bacteria were significantly lower in the rCRD treated group 
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than the rLDLR treated group. The rTrx or PBS treated groups (the negative control 

groups) took significantly elongated time of arrival at the same clearance level of the 

lectin treated groups (Fig. 18A).  

  These results indicated that FmLdlr could enhance the bacterial 

clearance activity. The mechanism of this process is hidden, it may happen via the 

recognition and specific binding between FmLdlr and bacterial surfaces facilitating 

other immune mechanisms to eliminate the bacterial pathogens from the shrimp 

circulation. In other studies, FcLec4 CTL in Chinese white shrimp presented the 

direct action to promote the V. anguillarum clearance (Wang et al., 2009).  

13. Microbial growth inhibition and antimicrobial activity of rFmLdlr 

  To determine the antimicrobial activity of rFmLdlr and its domains, 

their inhibition effect on the growth of V. parahaemolyticus were demonstrated. The 

inhibition assay in liquid medium revealed that rFmLdlr and its domains were able to 

inhibit the bacterial growth in a dose-dependent manner (Fig. 18B). At different 

growth time intervals, all experimental groups could suppress the bacterial growth 

compared with the negative control groups (TBS or rTrx). According to the increased-

lectins concentrations, the growth curve was restrained (Fig. 18C). The growth curve 

showed the bacterial growth was extremely suppressed by using the highest 

concentration of rFmLdlr and rCRD (200 µg/ml). Moreover, the antimicrobial activity 

of rFmLdlr and its domains was determined by disk diffusion method on petri dishes. 

Fig. 18D shows one of the triplicate independently experiments that purified rFmLdlr 

and rCRD displayed the antibacterial activity against V. parahaemolyticus (observing 

from the expansion of growth inhibition zone). However, 50 µg of rLDLR could not 

inhibit V. parahaemolyticus growth on TSA disk. The antibiotic ampicillin, a positive 

control exhibited the widest clear zone. None inhibition zone was shown in negative 

control groups. All of the antimicrobial tests revealed that rFmLdlr was the most 

powerful antimicrobial substance followed by rCRD and rLDLR, respectively. 

Several CTLs have been demonstrated to have antimicrobial activity. CTLs could 

agglutinate various types of microorganism. This microbial interaction process caused 

many effects such as pathogen neutralization, microbial immobilization and 

destruction of bacterial cell walls. These effects might lead to the inhibition of 
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microbial growth (Tunkijjanukij and Olafsen, 1998; Yu et al., 2007). In shrimp, Fc-

hsL, the CTL of F. chinensis revealed the high antimicrobial activity towards Gram-

positive bacteria and some fungi, and moderate activity towards Gram-negative 

bacteria (Sun et al., 2008). However, further investigation should be performed in 

order to explain the molecular mechanisms involving in antibacterial activity.  

 

 

 

Fig. 18 Clearance test and antibacterial activity of FmLdlr and its domains 

(Kwankaew et al., 2018) (A) The percentage of residual bacteria showed the 

capability of FmLdlr to facilitate the bacterial clearance. (B) FmLdlr and its domains 

with different protein concentrations revealed their activity to obstruct the overnight-

bacterial growth in TSB culture. (C) The bacterial growth was measured every 2 h at 

A560. (D) Antibiotic disk diffusion assay of FmLdlr and its domains.  
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14. Binding of rFmLdlr and its domains to WSSV recombinant proteins 

  Since the transcriptional expression of FmLdlr had a response to 

WSSV, the binding between three recombinant proteins of FmLdlr (rFmLdlr, rLDLR 

and rCRD) and those of WSSV including rVP15 (nucleocapsid protein), rVP28 

(envelope protein), and rVP39A (tegument protein) was revealed by ELISA assay 

using rTrx as a negative control. The rFmLdlr and rCRD exhibited the binding 

activity to all of the tested viral proteins (rVP15, rVP28, and rVP39A) at variant 

affinity (Fig. 19). The dissociation constant (Kd) of this experiment showed that 

rFmLdlr had more affinity to interact with rVP15 than rVP39, and rVP28, 

respectively while rCRD had the highest specificity to bind with rVP39A than rVP15 

and rVP28. Meanwhile, rLDLR could not interact to all of WSSV recombinant 

proteins. The apparent Kd and the maximal binding (Bmax) are shown in Table 4. 

Since the first appearance in 1992, WSSV had caused considerable loss in shrimp 

farming worldwide (Escobedo-Bonilla et al., 2008; Wang et al., 2000). This virus 

killed numerous of shrimp in a few days caused more severe damage than bacterial 

pathogen (Wang et al., 2009). There are many publications reported that lectins can 

bind with specific sugar on the surfaces of various cells based on CRDs. However, 

none of 5 major structural WSSV proteins (VP15, VP19, VP24, VP26 and VP28) 

appeared to be glycosylated (Van Hulten et al., 2002). Some lectins were 

demonstrated to interact with WSSV proteins through pull-down assay including 

FcLec3 (Wang et al., 2009), rEsCTLDcp (Huang et al., 2013), rLdlrLec1 and 

rLdlrLec2 (Xu et al., 2013). In this study, the binding affinity between viral proteins 

and rFmLdlr or its domains was investigated by ELISA approach. The results 

suggested that rFmLdlr could interact with envelope, nucleocapsid and tegument 

proteins of WSSV via CRD. Although none glycosylation existed in VP28 and VP15, 

FmLdlr might play protein-protein interaction to bind with the viral proteins. The 

binding to WSSV envelope might prevent the viral entering to host cells (Wang et al., 

2009) and to nucleocapsid including tegument of WSSV might obstruct the viral 

replication. These shreds of evidences supported that FmLdlr which using CRD action 

served to protect shrimp from the viral infection. 
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15. Binding of rFmLdlr and its domains to vitellogenin 

  ELISA assay was also used to detect the binding between three 

recombinant proteins of FmLdlr (rFmLdlr, rLDLR and rCRD) and purified native Vg. 

The result revealed that all recombinant lectins could bind to Vg with different 

affinities. The rLDLR showed the highest specific binding to Vg (Kd = 16.76 µM) 

followed by rCRD (Kd= 29.26 µM) and mature protein rFmLdlr (Kd = 40.14 µM), 

respectively. However, among lectin recombinant proteins, rFmLdlr showed the 

highest Bmax (Table 4). 

  Besides CRD, FmLdlr had an additional N-terminal LDLR domain 

which constituted the binding site for low-density lipoprotein (LDL) and calcium. It 

performed diverse biological functions in physiological processes including 

homeostasis of lipoproteins, embryonic development, cancer development, viral 

infection, and neuronal plasticity. In human, the family of LDL receptor mediated 

uptake of many ligands from the circulation and couple this to the signaling pathway 

(Pena et al., 2010). Numerous studies have shown that the members of the LDLR 

family are active in cell signaling pathways (Nykjaer and Willnow, 2002). To 

elucidate the function of LDLR domain of shrimp CTL, LDLR of LdlrLec1 from M. 

japonicus was analyzed in the antiviral activity and interaction with VP28, which 

returned negative results (Xu et al., 2013). In this work, we tried to find other 

functions of LDLR apart from the function on defense mechanism. In shrimp, a 

lipophosphoglycoprotein called Vg, is synthesized in hepatopancreas and transported 

to the ovary via hemolymph circulation for the oocyte development. This major yolk 

precursor protein binds to Vg receptor on the surface of oocytes and is taken up by 

receptor-mediated endocytosis (Roth and Khalaila, 2012). Vg receptor belongs to the 

LDLR gene family. It mediates the uptake of Vg in oocyte development of oviparous 

animals. In crustaceans, Vg receptor is postulated to be synthesized by extraovarian 

tissues and then transported via the hemolymph to the developing oocytes, where it is 

taken up and subsequently formed as a vitellin (Vt) (Meusy and Payen, 1988; 

Tsukimura, 2001; Warrier and Subramonian, 2002). In this present study, the 

interaction between CTL recombinant proteins (rFmLdlr and its domains) and 

purified Vg from female shrimp stage 4 of ovarian development were demonstrated 

using ELISA. The results indicated that rFmLdlr could bind to Vg while LDLR 
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showed the highest affinity to interact with Vg. We assumed that LDLR domain of 

FmLdlr might play a role as Vg receptor for Vg transportation during ovarian 

development.  

 

 

 

Fig. 19 The binding of FmLdlr, CRD and LDLR recombinant proteins to WSSV 

recombinant proteins (VP15, VP28 and VP39A) and vitellogenin analyzed by 

ELISA (Kwankaew et al., 2018)  
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Table 4 Binding of rFmLdlr and its domains to viral proteins and vitellogenin  

Proteins Parameters rFmLdlr rCRD rLDLR 

VP15    Kd (M) 0.05 0.14 NB 

 Bmax (A492) 0.47 0.54 NB 

VP28 Kd (M) 0.32 1.01 NB 

 Bmax (A492) 0.50 0.36 NB 

VP39A Kd (M) 0.08 0.11 NB 

 Bmax (A492) 0.67 0.49 NB 

Vitellogenin Kd (M) 40.14 29.26 16.76 

 Bmax (A492) 1.82 0.75 0.91 

NB: no binding at the tested concentrations. 
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CHAPTER 3 

 

 

Conclusions 

 

 

1. Gene Cloning and Expression profile of FmLdlr 

  The full-length cDNA of FmLdlr was cloned from hemocytes of F. 

merguiensis. It contained 1425 bp including a 100 bp 5ꞌ UTR, a 410 bp 3ꞌ UTR and a 

915 bp ORF sequence. The complete sequence was submitted in GenBank accession 

number KY780438. The deduced amino acid sequence of FmLdlr submitted in 

GenBank accession number AUB133319 was composed of 305 amino acid residues. 

The mature protein had a calculated molecular mass of 31.78 kDa and pI of 5. It 

contained a LDLR domain at the N-terminus and a CRD with a QAP motif at the C-

terminus. The amino acid sequence alignment of FmLdlr showed the highest identity 

(89%) with LdlrLec1, the LDLR-containing CTL from M. japonicus. The RT-PCR 

result in different tissues showed that the expression of FmLdlr was detected only in 

hemocytes, with none expression was found in the other tested tissues. After shrimp 

were inoculated with the pathogens, the transcriptional expression levels of FmLdlr 

were detected by qRT-PCR. V. parahaemolyticus and WSSV challenge showed the 

similar results that the mRNA expression of FmLdlr responded to invading pathogens 

by being up-regulated significantly. However, both of them had different patterns at 

the different time intervals. 

2. The gene silencing of FmLdlr 

 The RNAi-mediated knockdown of FmLdlr resulted in severe down-

regulation of FmLdlr gene. The knockdown with pathogenic co-inoculation caused 

reducing in the median lethal time and increasing the cumulative mortality including 

the residual WSSV in WSSV co-challenged group. Interestingly, the transcriptional 
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expression of VP28 presenting the amount of WSSV was rised in FmLdlr-silenced 

group when compared with the control groups, indicating that FmLdlr might be 

involved in the immune system to get rid of the virus. 

3. Production and charecterization of recombinant protein of rFmLdlr and its 

domains 

3.1 Production of recombinant proteins 

 Recombinant proteins of FmLdlr, CRD and LDLR (rFmLdlr, rCRD, 

rLDLR) were produced using pET-32a (+) as an expression vector. Purified rFmLdlr, 

rCRD and rLDLR fused with Trx tag (thioredoxin protein) and His tag exhibited the 

molecular masses of 51.90, 36.75 and 22.10 kDa, respectively. In another system, 

three recombinant proteins of WSSV components (VP15, VP28 and VP39A) were 

produced using pFN2A (GST) Flexi® vector as an expression vector. Their molecular 

masses indicated by Rf in SDS-PAGE was 60.26 kDa of VP39A, 52.48 kDa of VP28 

and 36.31 kDa of VP15. 

3.2 Agglutinating and Sugar binding specificity  

 The rFmLdlr and its domains could agglutinate all kinds of tested 

bacteria including two Gram-negative pathogenic bacteria (V. harveyi, V. 

parahaemolyticus) two Gram-negative non-pathogenic bacteria (S. aureus, B. cereus) 

and two Gram-negative non-pathogenic bacteria (E. coli, S. typhi) at different 

concentrations. All agglutination was exhibited in a Ca2+-dependent manner. Among 

the lectin recombinant proteins, rFmLdlr protein revealed the maximal activity 

towards all microorganisms while rCRD had more activity than rLDLR. Moreover, all 

lectin recombinant proteins had the maximal activity against V. parahaemolyticus 

which is shrimp pathogen. The bacterial agglutinating activity induced by rFmLdlr 

was inhibited by a combination of galactose and glucose but not by galactose or 

glucose alone. The mixture of galactose and glucose also inhibited rCRD, and rLDLR 

agglutinating activity whereas glucose alone could obstruct rLDLR activity and 

galactose alone could inhibit rCRD activity. In a group of saccharides, LPS from E. 

coli O127:B8 was able to obstruct the agglutinating activity of rFmLdlr and rCRD 

whereas PGN (the major constituent of the bacterial cell envelope of both Gram-

positive and Gram-negative bacteria) and LTA (the main component of Gram-positive 
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bacterial cell wall) could inhibit only rCRD agglutinating activity. From the results, 

CRD with QAP motif was specific for galactose and LDLR was putatively specific 

for glucose binding. 

3.3 Cell mediated-immune response 

 The rFmLdlr and rCRD showed their activity to enhance cell 

mediated-immune response in F. merguiensis. Both phagocytic rate and phagocytic 

index demonstrated that rFmLdlr and rCRD could significantly promote the 

phagocytic activity against V. parahaemolyticus, whereas rLDLR could not. The 

rFmLdlr and rCRD could also enhance encapsulation of F. merguiensis hemocytes. 

After 24 h of incubation, the encapsulation of beads coated with rFmLdlr and rCRD 

induced melanization. However, it was clear that rLDLR showed no enhancing in the 

encapsulation. 

3.4 Bacterial clearance and antibacterial activity 

 In clearance test, F. merguiensis were injected with V. 

parahaemolyticus which pre-incubated with either rFmLdlr, rCRD, rLDLR, rTrx or 

PBS. Then, the percentages of the bacteria remaining in hemolymph were detected at 

several time points post inoculation. The percentage of residual V. parahaemolyticus 

in rFmLdlr treated group was lowest compared to other experiments. The residual 

bacterium was significantly lower in the rCRD treated group than that of rLDLR 

treated group. These results indicated that FmLdlr could mostly promote the bacterial 

clearance activity and the main functional domain was CRD. The mechanism of this 

process was not clear, it might happen via the recognition and specific binding 

between FmLdlr and bacterial surfaces facilitating other immune mechanisms to 

eliminate the bacterial pathogens from the shrimp circulation or FmLdlr might has 

antibacterial activity. Therefore, the antibacterial activity of rFmldlr and its crucial 

domain were tested and the results showed that rFmLdlr and rCRD had inhibition 

effect on the growth of V. parahaemolyticus in a dose-dependent manner.  

3.5 Direct binding to WSSV recombinant proteins 

 ELISA assay using rTrx as a negative control demonstrated that 

rFmLdlr and rCRD exhibited the binding activity to all of the tested viral proteins 

(rVP15, rVP28 and rVP39A) at various affinities. The dissociation constant (Kd) of 

this experiment showed that rFmLdlr had higher affinity to interact with rVP15 than 
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rVP28 and rVP39A, respectively while rCRD had the highest specificity to bind to 

rVP39A than rVP15 and rVP28. Meanwhile, rLDLR could not interact with all 

WSSV recombinant proteins.  

3.6 Direct binding to vitellogenin 

 ELISA assay was also used to detect the binding between recombinant 

proteins of FmLdlr (rFmLdlr, rLDLR and rCRD) and purified native Vg. The result 

revealed that all lectin recombinant proteins could bind to Vg with different affinities. 

The rLDLR showed the highest specific binding to Vg (Kd = 16.76 µM) followed by 

rCRD (Kd= 29.26 µM) and the mature rFmLdlr protein (Kd = 40.14 µM), 

respectively. However, among lectin recombinant proteins, rFmLdlr showed the 

highest Bmax. 

 Altogether, we concluded that FmLdlr contributed in shrimp immune 

defense. This CTL functioned in two crucial processes. Firstly, it acted as PRR to 

recognize foreign molecules and promote processes in the innate immune response 

such as phagocytosis and encapsulation. Another function was the cellular interaction 

which caused cell clamping called as cell agglutination. This process convinced the 

pathogen neutralization so it was the reason why this protein had antibacterial 

activity. Similar to the most CTLs, the interaction of FmLdlr with several bacterial 

and viral pathogens affected removing of the pathogens from the host was mediated 

by CRD domain. Otherwise, FmLdlr could bind to Vg of F. merguiensis which the 

additional LDLR domain had the highest binding affinity to Vg than whole molecule 
and CRD. We declared a new function of FmLdlr that it might presumably act as a 

receptor for Vg transportation in shrimp hemolymph during vitellogenesis. 
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Table S1   

Nucleotide sequences of primers used for amplification of cDNA in this study.  

Usage Primer names Nucleotide sequence (5′-3′) 

Internal cDNA FmLdlr-F1    CGATAACGACTGCGCTGA 

 FmLdlr-R1    GCAGTCCTCGTCGCTCAT 

3′RACE FmLdlr-F2    TCCCCCGCCCAACAACGTGGAGGAGAG

C 

5′RACE FmLdlr-R2    CCTCGCCTCCCCCCAGCCGACCTTGAC

G 

ORF FmLdlr-F3   ACAAGAATGGGGCGCCGT 

 FmLdlr-R3   TCACGGACCGCCAGACAG 

RT-PCR 18S rRNA-F1 GCCTACAATGGCTATCACG 

 18S rRNA-R1 AACTACGAGCGTTTCAACCG 

Real-time PCR FmLdlr-F4   ACCACATTTCTTCCGACCACTAC 

 FmLdlr-R4   CGCTCTCCTCCACGTTGTT 

 FmLdlr 

Reporter 
TCTGCCTCCTCCTCCC 

 18S rRNA-F2 GCAGGCGCGCAAATTACC 

 18S rRNA-R2 TGCGAGGCCCCGTTC 

 18S rRNA 

Reporter 

AATACTGTTGCGAGCCCC  

RNAi FmLdlrT7-F TAATACGACTCACTATAGGGCGATAAC

GACTGCGCTGA 

 FmLdlrT7-R TAATACGACTCACTATAGGGGCAGTCC

TCGTCGCTCAT 

 GFP-F ATGAGTAAAGGAGAAGAACT 

 GFP-R TTATTTGTATAGTTCATCCATG 

 GFPT7-F TAATACGACTCACTATAGGGATGAGTA

AAGGAGAAGAACT 

 GFPT7-R TAATACGACTCACTATAGGGTTATTTGT

ATAGTTCATCCAT 
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Usage Primer names Nucleotide sequence (5′-3′) 

Recombinant  EXLdlr-F5 AGGAATTCGTTATGGGGCGCCGTGTGA

GC 

protein 

production 

EXLdlr-R5 CACTCGAGTCATCACGGACCGCCAGAC

A 

 EXCRD-F AGGAATTCGTTTGCCCCAAGCTCTACAC

C 

 EXCRD-R CACTCGAGTCATTCACACAGAGGGCTC

CT 

 EXLDLR-F AGGAATTCGTTGCCTGCGACTCTGGATA

CA 

 EXLDLR-R AGCTCGAGTCACACCGAACAGATATGC

TC 

 ORFVP28-F ATGGATCTTTCTTTCACTCTTTCG 

 ORFVP28-R TTACTCGGTCTCAGTGCCAGA 

 SPVP28-F GCGATCGCTATGGATCTTTCTTTCACT 

 SPVP28-R GTTTAAACTTACTCGGTCTCAGTGCCA 

 ORFVP39A-F ATGTCGTCTAACGGAGA 

 ORFVP39A-R CTAAAAAACAAACAGATTGAAA 

 SPVP39A-F GCGATCGCTATGTCGTCTAACGGAGA 

 SPVP39A-R GTTTAAACCTAAAAAACAAACAGATTG

AAA 

 ORFVP15-F ATGGTTGCCCGAAGCTCCAAGA 

 ORFVP15-R TTAACGCCTTGACTTGCGGGCT 

 SPVP15-F GCGATCGCTATGGTTGCTCGAAGCTC 

 SPVP15-R GTTTAAACTTAACGCCTTGACTTGCGGG

CT 
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Table S1 Nucleotide sequences of primers used for amplification of cDNA in this 

study. 

 

Name Sequence (5'-3') Usage 

FmLC6-F1 AAGGAAGGCAACTGGGTGACT Internal 

fragment FmLC6-R1 ACTGTGCTTATCCATTGTAAAC 

3'GeneRacer GCTGTCAACGATACGCTACGTAACG 3'RACE 

FmLC6-F2 GGGCGGCATTACAAGACTCCCAACA 

5'GeneRacer CGACTGGAGCACGAGGACACTGA 5'RACE 

FmLC6-R1 ACTGTGCTTATCCATTGTAAAC 

FmLC6-F3 ATGTTTCGGTATTTGGCTTCGGTCTT ORF 

FmLC6-R2 TTATCCATTGTAAACACAAAGTGGGTT 

18S rRNA-F1 GCCTACAATGGCTATCACG RT-PCR 

18S rRNA-R1 AACTACGAGCGTTTCAACCG  

FmLC6-F4 CCTCAAAAGCAAGGTAAGCTAGACT Real-time 

PCR FmLC6-R3 CCTCCATGGGAACTGCCTTT 

FmLC6-R4 

reporter 
CAACCACTCAAGTTCC 

18S rRNA-F2 GCAGGCGCGCAAATTACC  

18S rRNA-R2 TGCGAGGCCCCGTTC  

18S rRNA 

reporter 
AATACTGTTGCGAGCCCC 

 

FmLC6-F5 GCGAATTCATGTTTCGGTATTTGGCTT Expression of 

Full-protein  FmLC6-R5 AAGCGGCCGCTTATCCATTGTAAACAC

AA 

FmLC6-F6 TAGAATTCAGTTGTCCTGAAGGCTACT

C 

Expression of 

CRD1 

FmLC6-R6 GAGCGGCCGCCTATTGGCAAATGAAG

TTGATT 
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Name Sequence (5'-3') Usage 

FmLC6-F7 TAGAATTCAGTTGCCCAGCCTTCTACG

T 

Expression of 

CRD2 

FmLC6-R7 ATGCGGCCGCCTAAACACAAAGTGGG

TTTAGT 

FmLC6-F8 TAATACGACTCACTATAGGGTGGGCGG

CATTACAAGA 

dsRNA 

synthesis 

FmLC6-R8 TAATACGACTCACTATAGGGAATAGTG

AGAACCTCCAGAA 

GFP-F ATGAGTAAAGGAGAAGAACT  

GFP-R TTATTTGTATAGTTCATCCATG  

GFPT7-F TAATACGACTCACTATAGGGATGAGTA

AAGGAGAAGAACT 

 

GFPT7-R TAATACGACTCACTATAGGGTTATTTG

TATAGTTCATCCAT 

 

VP15-F GCGATCGCTATGGTTGCTCGAAGCTC Expression of 

VP15 

VP15-R GTTTAAACTTAACGCCTTGACTTGCGG

GCT 

 

VP28-F GCGATCGCTATGGATCTTTCTTTCACT Expression of 

VP28 

VP28-R GTTTAAACTTACTCGGTCTCAGTGCCA  

VP39A-F GCGATCGCTATGTCGTCTAACGGAGA Expression of 

VP39A 

VP39A-R GTTTAAACCTAAAAAACAAACAGATT

GAAA 
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Fig. S1 The complete nucleotide and deduced amino acid sequence of FmLC6. 

The start codon (ATG) is represented as M while stop codon (TAA) is in bold and 

marked with asterisk. The putative signal peptide sequence is shown in italics. A CRD 

region is shaded (positions 36–169 and 199–332). The QPD and EPQ motif that are 

important for the ligand-binding specificity are boxed. The ND and FRD motifs that 

contain Ca2+ binding sites are bold and italic. Twelve cysteine residues that are 

involved in the formation of six disulfide bonds in two CRDs are shown in bold 

letters and underlined. 
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Fig. S2 Multiple alignments between FmLC6 and other C-type lectins from F. 

merguiensis. Numbers on the left indicate the amino acid position of different 

sequences. Identical amino acids are shaded in black. Other conserved, but not 

consensus amino acids, are shaded in gray. 

 

 

 



114 

VITAE 

 

 

Name                 Miss Pattamaporn Kwankaew 

Student ID        5810230025  

Educational Attainment 

 

     Degree               Name of Institution      Year of Graduation 

       Bachelor of Science         Prince of Songkla University                  2011 

     (Medical Technology)                 

                               

Scholarship/Awards during Enrolment 

 Prince of Songkla University through the government budget, 

Scholarship Awards for Thai Ph.D. Students under Thailand's Education Hub for 

Southern Region of ASEAN Countries (Grant No. PHD/2558) via the Graduate 

School. 

 The Academic Strengthening Program in Biochemistry, Faculty of 

Science 

 Scholarship for an Overseas Thesis Research Study 

 

List of Publication and Proceeding  

Runsaeng, P., Kwankaew, P., Utarabhand, P. 2018. FmLC6: An ultimate dual-CRD 

C-type lectin from Fenneropenaeus merguiensis mediated its roles in shrimp 

defense immunity towards bacteria and virus. Fish Shellfish Immunol. 80, 

200-213. 

Kwankaew, P., Praparatana, R., Runsaeng, P., Utarabhand, P. 2018. An alternative 

function of C-type lectin comprising low-density lipoprotein receptor domain 

from Fenneropenaeus merguiensis to act as a binding receptor for viral protein 

and vitellogenin. Fish Shellfish Immunol. 74, 295-308. 

 

 



115 

Kwankaew, P., Prapanratana, R., Runsaeng, P., Rattanaporn, O. Utarabhand, P. 2016. 

Gene cloning of lectin containing low-density lipoprotein receptor domain 

from Fenneropenaeus merguiensis: The 5th International Biochemistry and 

Molecular Biology Conference 2016 (BMB2016), 26-27 May 2016, Songkhla, 

Thailand. 

Kwankaew, P. and Utarabhand, P. 2016. Characterization of lectin containing low-

density lipoprotein receptor domain from Fenneropenaeus merguiensis: The 

28th Annual Meeting of the Thai Society for Biotechnology and International 

Conference (TSB2016), 28-30 November 2016, Chiang Mai, Thailand. 

 


	Title
	Abstract
	Contents
	Chapter1
	Chapter2
	Chapter3
	References
	Vitae

